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1. Introduction

Agriculture is facing the challenge of a transition to sustainability to meet the growing
demands for food, feed, and several other renewable nonfood raw materials under a
changing climatic scenario. Research on innovative agronomic practices can help to guide
this change, and can benefit the understanding of the complexity of agroecosystems.
The optimization of the spatiotemporal combination of plants in farming systems (crop
sequence, cover cropping, and intercropping), the reduction in the dependence on external
energy input (soil tillage, agrochemicals, and mineral fertilizers), the set-up of innovative
agronomic practices, and the increase in the use efficiency of native resources (radiation and
rainfall, Ny, CO,, HyO, etc.) represent the driving forces behind this paradigmatic change.
This approach will ensure the enhancement of the territorial vocation in productive and
qualitative terms, also promoting several ecosystem services, from carbon sequestration to
landscape ecology.

2. Overview of the Special Issue

In this Special Issue, we focus on the recent advancements in the wide scientific area of
field crops in order to identify strategies and tactics calibrated site-by-site for eco-friendly
and efficient agronomic management. It is a compilation of thirty-seven research articles
and two reviews, where five are Editor’s choice articles, and one is a feature paper. For
simplicity, these original papers can be grouped into five groups:

Crop adaptation;

Weed management;

Fertilization;

Crop diversification;

Innovative cropping systems and agronomic practices.

IS

2.1. Crop Adaptation

Climate change is nowadays affecting agricultural production in many areas world-
wide. Consequently, it is of key importance to not only understand the impact of climate
change on soil and atmosphere components of an agroecosystem, but also the study of
the suitability of crops (i.e., plant species and cultivars) to changing climatic conditions
and agronomic management. The studies of Mahmud et al. [1], Tuttolomondo et al. [2],
and Ismael et al. [3] follow this direction, investigating the adaptability of orange fleshed
sweet potatoes (Ipomoea batatas (L.) Lam.) to the riverbank inhabitants of the Gaibandha
and Rangpur districts of Bangladesh, the productive and qualitative characteristics of
three Sicilian Salvia sclarea L. populations, and the dynamics of rice (Oryza sativa L.) farm-
ing systems in Southern Mozambique to guide smallholder farmers. In another article,
Zhou et al. [4] studied the effects of temperature and solar radiation on milling and the
appearance quality of a number of rice varieties sowed at different times in the lower
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reaches of Huai River (Jiangsu, China). The authors found that temperature, compared to
solar radiation, was the main environmental factor affecting the milling and appearance
quality of rice in the studied area, and indicated the optimal thermal ranges and sowing
dates to obtain a relatively high yield as well as good milling and appearance quality of rice
in the lower reaches of Huai River. Similarly, Wang et al. [5] explored the characteristics
of heat occurrence during maize flowering in the Huaibei Plain (Anhui, China) in order
to advise summer maize cropping strategies in the studied region and in other semiarid
cropping systems.

2.2. Weed Management

The increasing intensification of weed control practices has posed serious environ-
mental issues, such as the leaching (and consequently water contamination) of glyphosate
herbicide and its main degradation product aminomethylphosphonic acid (AMPA), as
evaluated by Milan et al. [6]. The search for sustainable weed management techniques is of
outstanding importance to reduce the negative effects associated with weed control and
increase the resilience of cropping systems. This Special Issue involves two review articles
that discuss two important and innovative aspects of weed management, i.e., the exploita-
tion of allelopathy [7] and the use of encapsulated herbicides in organic formulations [8].
Of course, the choice of the weed management practice used should be associated with the
context of the cropping system. For instance, Nazir et al. [9] found that the lowest rate of
nutrients removed via weeds in rice across temperate climates depended on the combina-
tion between the establishment method (transplanting, direct seeding, or a system of rice
intensification) and the adopted weed management practice. Furthermore, to contrast the
increasing infestations of indigenous and exotic weeds in temperate regions, Iqbal et al. [10]
studied the potential fit of forage cowpea (Vigna unguiculata (L.) Walp) in the temperate
Himalayan region of Pakistan by dissecting the interactive effect of genetic potential and
row configuration on weed density, growth attributes, biomass yield, and the nutritional
quality of the crop.

2.3. Fertilization

The Special Issue published five research articles on this topic. In the first article,
Singh et al. [11] applied the soil test crop response (STCR) in the fertilizer approach instead
of the generally recommended dose (GRD) methodology to markedly enhance the pro-
ductivity, profitability, and nutrient use efficiency of rice. In the second article, 17-year-old
integrated nutrient management under a maize-wheat cropping system was studied by
Dhaliwal et al. [12] for the buildup of organic carbon, microbial communities, and soil
nutrient status. Nevertheless, this Special Issue dealt with technical aspects of fertilization,
such as the subsurface application of mineral fertilizers to decrease the accumulation of
nutrients in the top soil layers under no-tillage systems [13], the application of compost
by microdosing to double the fertilized area and improve sorghum (Sorghum bicolor [L.]
Moench) productivity in Southern Mali [14], or the use of plasma-treated cattle slurry to
produce nitrogen-enriched organic fertilizers [15].

In addition, in the present Special Issue, attention has also been paid to the combined
effect of fertilization with weed management [16], irrigation [17,18], the crop establishment
method [19], crop variety [20], sowing density [21,22], seed priming [23], and fungicide
application [24]. For instance, with regard to the fertilization—irrigation combination,
Abdou et al. [17], in light of the water shortage caused by climate change, proposed
a new agro-management practice (deficit irrigation and higher nitrogen fertilizer) for
lowland rice in semiarid conditions as an alternative to the flooding system. In a similar
experiment, Bhatt et al. [18] suggested the optimal potassium application rate for sugarcane
(Saccharum officinarum L.) cropping systems under the potassium-deficient water-stressed
conditions of Northern India.
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2.4. Crop Diversification

The optimization of the spatiotemporal arrangement between crops through cover
cropping, intercropping, or crop rotation is an ancient practice that has been gaining pop-
ularity in recent years by virtue of its numerous ecosystem services [25]. Five research
articles have been published in this Special Issue on this topic. In the study of Johnson and
co-authors [26], the interseeding of winter camelina (Camelina sativa (L.) Crantz) and winter
rye (Secale cereale L.) into soybean (Glycine max (L.) Merr.) was investigated in the northern
plains of the USA. Abbas et al. [27] demonstrated that maize—green gram intercropping
is a sustainable agronomic practice to increase maize production and reduce weed infes-
tations for smallholder farmers in semiarid environments. Kumar and co-workers [28],
analyzing different crop diversification schemes under jute (Corchorus olitorius L.)-based
cropping systems, suggested a jute-rice-baby corn scheme for system productivity and a
jute-rice—pea scheme for system sustainability, with both productivity and sustainability
being higher when the recommended doses of fertilizers were applied with crop residue
incorporation. The management of cover crops shows outstanding importance in increasing
their efficacy in agroecosystems [25]. The works of Salama and Abdel-Moneim [29] and
Cottney et al. [30] deal with cover crop management. The former article evaluated the
manipulation of sowing schedule and maize harvest regime in a soybean—fodder-maize
intercropping system in Northern Egypt, whereas in the latter one, the choice of cover crop
genotype and sowing date and their effects on the subsequent cash crop were studied in
Northern Ireland.

2.5. Innovative Cropping Systems and Agronomic Practices

In order to contrast the harmful effects of climate change and to meet the needs of a
growing global population, in this Special Issue, several innovative cropping systems and
agronomic practices have been proposed. The aim of the study by Larkin et al. [31] was to
examine four different potato cropping systems designed to address specific management
goals (soil conservation, soil improvement, disease suppression, and a status quo standard
rotation) for potato crop growth and yield characteristics under both irrigated and rainfed
conditions in Maine (USA). Bunyangha et al. [32], comparing two paddy rice farming
pathways (smallholder and large-scale commercial) and an adjacent natural wetland in
the Mpologoma catchment (Uganda), highlighted that large-scale commercial paddies not
only had higher richness and diversity than natural wetland and smallholder paddies,
but also underscored the role of soil in influencing the macroinvertebrate community in
rice paddies. In light of the production increase in quinoa worldwide (Chenopodium quinoa
Willd.), Alvar-Beltran et al. [33] quantified, for the first time, greenhouse gas emissions
(CO,, CHy, and N,0O) and crop productivity (yields and biomass) under conventional
(urea) and organic (digestate) fertilization. Analyzing agronomic management (tillage,
weed control, growth regulation, rate of nitrogen and sulfur fertilizers) in the production of
winter oilseed rape (Brassica napus L.), the most important oilseed crop in the temperate
climates, Sokdlski and co-authors [34] found that the chemical components of seeds were
differently affected by tillage systems, that an increase in the N rate application enhanced
the total protein content and decreased the crude fat content, and that sulfur fertilization
increased glucosinolate concentrations. In another work, Akinseye et al. [35], adopting
the Agricultural Production Systems sIMulator (APSIM) model in the three major agro-
ecologies of North-Eastern Nigeria, identified the optimal sowing time and cultivar choice
for sorghum productivity to overcome the low soil fertility and early terminal drought in
the studied zone.

Regarding the innovative agronomic practices proposed here, Sun and co-workers [36]
studied the border effects (in terms of dry matter, photosynthetic characteristics, and yield
components) of winter wheat under hole sowing cultivation, a new wheat agricultural
technology integrating rain, drought resistance, and the efficient utilization of light and
heat resources. Madala et al. [37] evaluated, for the first time, the effects of planting pre-
germinated buds on stand establishment in sugarcane, while Li et al. [38] assessed the effect
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of mechanized transplanting properties on sweet potato growth and yield. Investigating
the combination between soil management systems (conventional and no-tillage) and
pre-harvest desiccation on the physiological quality of soybean seeds, Silva et al. [39]
reported that the use of desiccant is dependent on the soil management system and that
soybean seed longevity was higher in the no-tillage system, although desiccant application
reduced it. Investigating the optimization of planting density in alpine mountain strawberry
cultivation (South Tyrol, Italy), Soppelsa et al. [40] indicated that a middle planting density
can be a fair compromise in terms of plant growth, yield, and farm profit.

3. Conclusions

In summary, the manuscripts collected in this Special Issue provided a relevant knowl-
edge contribution to the cropping systems and agronomic management practices of field
crops under a climate change scenario. We sincerely thank all of the contributing authors
and reviewers, as well as the Academic Editors and the Managing Editor Amanda Li, for
the time that they have dedicated to this successful Special Issue.
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Abstract: Hole sowing is a new and efficient cultivation method with few studies. This study
investigated the effects of different sowing densities and nitrogen topdressing at the jointing stage on
dry matter, quality, and yield under wheat hole sowing to provide a theoretical basis for integrating
wheat fertilizer and density-supporting technology. In this study, a two-factor split-plot design was
used. The sowing density was the main plot, and four levels were set: D1, D2, D3, and D4 (238, 327,
386, and 386 suitable seeds-m~2). The four sowing levels were sown according to 8 grains/hole,
11 grains/hole, 13 grains/hole, and 16 grains/hole, respectively, with a row spacing of 25 cm and
a hole spacing of 13.5 cm; the amount of nitrogen fertilizer applied at the jointing stage was the
sub-area, with four levels: N1, N2, N3, and N4 (0, 60, 120, and 180 kg~ha_1). After two years of
experimental research, the following main conclusions are drawn: the use of high sowing density
and nitrogen topdressing is helpful to improve the dry matter quality of wheat spikes at the maturing
stage; the sowing density had significant or highly significant effects on protein content, starch
content, and sedimentation value. The yield from 2018-2019 reached a maximum of 8448.67 kg~ha’l
under D4N4 treatment, and the yield from 2019-2020 reached a maximum of 10,136.40 kg-ha’1 under
D4N3 treatment. Therefore, the combination of 225 kg-ha~! sowing density and 120-180 kg-ha '
nitrogen topdressing at the jointing stage can be used in field production, which can help improve
wheat production potential. Similarly, understanding the interaction between wheat hole sowing
and different sowing densities and nitrogen topdressing amounts provides a practical reference for
high-yield wheat cultivation techniques.

Keywords: wheat; Triticum aestivum L.; hole sowing; cultivation techniques; yield

1. Introduction

With the growth of the population, food security has become a severe problem for the
world. In 2015, among the world’s 7.3 billion people, an estimated 654 million people were
malnourished [1-3]. By 2019, 864 million people were considered malnourished. In order
to meet global food demand, food production needs to increase by 70~100% by 2050 [4-6].
Wheat is an important food source for humans worldwide, with 20% of the world’s wheat
consumption by 50% of the world’s poorest people [7-10]. More than 50% of the world’s
wheat comes from developing countries, and more land is planted for wheat than for any
other crop in the world [11,12].

In wheat cultivation, sowing density and nitrogen fertilizer are critical factors affecting
wheat population structure and yield formation [13-16]. Suitable sowing density can make
wheat make full use of water, nutrients, and light energy [17,18], alleviate the competition

Agronomy 2023, 13, 1733. https:/ /doi.org/10.3390/agronomy13071733

https:/ /www.mdpi.com/journal /agronomy



Agronomy 2023, 13,1733

between populations and individuals, and help to construct a reasonable population
structure [19,20]. Rational use of nitrogen fertilizer can promote the healthy growth of
wheat, improve grain quality, increase yield, and achieve sustainable development of
agriculture [15,21,22]. Many experts and scholars have carried out much research on the
level of nitrogen supply in crops. If the application of chemical fertilizer is stopped, it
will half the total global crop yield [23-25]. In addition, the unreasonable use of nitrogen
fertilizer will also lead to environmental problems such as groundwater pollution [26],
greenhouse effect, soil acidification [27], and so on. Therefore, the rational use of nitrogen
fertilizer while achieving high yield and quality of wheat is significant for wheat production.

As a new cultivation technology, wheat hole sowing is an efficient agricultural tech-
nology integrating rain, drought resistance, and efficient utilization of light and heat
resources [28,29]. Due to the characteristics of wheat hole sowing cultivation, each hole
has a noticeable border effect. The outer wheat of each hole has more solar energy, better
ventilation, and less nutrient competition than the inner wheat [30]. Therefore, in the
actual field production, the boundary advantage of hole sowing itself helps to improve
productivity and bring more economic benefits and value to people.

In this study, from 2018 to 2020, through wheat cultivation with the hole sowing
method, its border effect was measured. Different amounts of nitrogen fertilizer were
applied according to different sowing densities and jointing stages to explore the effects
of different sowing densities and nitrogen topdressing amounts and their interaction on
the dry matter, quality, and yield of wheat. We assumed that different sowing density,
nitrogen topdressing, and their interaction would have different effects on dry matter of
wheat spikes, grain quality, and yield. The objectives of this study were to: (1) explore the
effects of different sowing density and nitrogen topdressing on dry matter of wheat spikes;
(2) evaluate the effects of different sowing density and nitrogen topdressing on grain
quality; (3) evaluate the effects of different sowing density and nitrogen topdressing on
yield and components. This study’s results will help provide new ideas and references for
future research on wheat hole sowing to help scholars quickly lock in relevant knowledge
and insights in the field.

2. Materials and Methods
2.1. Test Designs

This experiment was conducted at the Doukou Crop Experimental Demonstration
Station of Northwest A & F University from 2018 to 2020. The experimental demonstration
station is located in Xinglong Village, Yunyang Town, Jingyang County, Xianyang City,
Shaanxi Province, China, 108°52 E, 34°37’ N. The precipitation during the two-year growth
period of wheat was 84.57 mm and 122.68 mm, and the average temperature was 9.53 °C
and 10.65 °C, respectively (Figures 1 and 2). The soil in the test field was loam. Before
sowing, 0-40 cm soil samples were randomly drilled at 5 points. After air drying, grinding,
and screening, the soil’s basic nutrient content was determined: organic matter content
(potassium dichromate method) 18.02 g-kg ™!, total nitrogen content (inorganic and organic,
semi-micromethod of Kay’s fixed nitrogen) 1.39 g-kg~!, available nitrogen content (nitric
acid powder test method) 86.8 mg-kg ™!, available phosphorus content (ultraviolet spec-
trophotometry colorimetry) 16.83 mg-kg !, available potassium content (flare photometer)
232.07 mg~kg*1, pH value 7.93, with medium fertility.

The “XN805” wheat variety was selected as the experimental material. The variety is a
semi-winter mid-early-maturity variety, with semi-stowing seedlings, dark green leaves,
medium tillering ability, high panicle rate, medium winter cold resistance, medium late
spring cold resistance, and average plant height of 66.9 cm and of a compact plant type. The
main area was sowing density, and four sowing density levels were set: D1 (238 suitable
seeds-m~2), D2 (327 suitable seeds-m~2), D3 (386 suitable seeds-m~2), D4 (475 suitable
seeds-m~2). The sub-area was the amount of nitrogen topdressing at the jointing stage
(P, K fixed), and four nitrogen fertilizer application levels were set. The nitrogen fertilizer
(nitrogen content 46.4%) and the base fertilizer were wheat special slow-release fertilizer
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(N: P,05: K,0 mass fraction 24: 15: 5) 750 kg-ha~!, and the base fertilizer was applied once
during rotary tillage. Nitrogen fertilizer without basal fertilizer was applied at the jointing
stage: N1 (no urea), N2 (urea 60 kg-ha~!), N3 (urea 120 kg-ha~'), N4 (urea 180 kg-ha~1).
The sowing method was hole sowing. After calculating the four sowing density levels, the
sowing was carried out according to 8 grains/hole, 11 grains/hole, 13 grains/hole, and
16 grains/hole, respectively. The row spacing was 25 cm and the hole spacing was 13.5 cm.
Each plot was 3.5 m x 2 m =7 m%. Sowing was carried out manually on 5 October 2018
and 1 October 2019, weeding and pest control were carried out at different crop growth
stages throughout the wheat growing season, and other management measures were taken
to ensure consistency with local high-yielding farmland. During the experiment, the wheat
was sown for 10 days, in mid-November, March, and May of the second year, and irrigated
according to the actual situation in the field. The two-year processing was consistent and it
was harvested on 4 June 2019 and 1 June 2020.

60 I Monthly average precipitation (mm) ==@== Monthly average temperature (°C) 5
50
40

30
10
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Figure 1. Total precipitation and monthly mean temperature during wheat growth stage from
October 2018 to June 2019.
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Figure 2. Total precipitation and monthly mean temperature during wheat growth stage from
October 2019 to June 2020.

2.2. Determination Items and Methods

Dry matter of wheat spikes: 20 plants with uniform growth were randomly selected in
each hole at the booting stage, heading stage, flowering stage, filling stage, and maturing
stage. On the same day as harvesting, the wheat spikes were baked in an oven at 105 °C
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for 30 min, then the temperature was reduced to 60-80 °C, and the drying was continued
for about 8 h so that it was quickly dried and then removed. Finally, the sample continued
to dry for 4 h, with weighing again until the weight was constant, then the final weight
was measured.

Wheat grain quality: After two months of physiological after-ripening, the protein
content, stability time, starch content, and sedimentation value of wheat grain samples
after harvest were measured by the Danish FOSS Infratec TM 1241 (Manufactured by FOSS
China Co., Ltd., Beijing, China) near-infrared grain quality analyzer.

Yield composition statistics: After the wheat matured, the effective panicles in the 1 m
double-row sample section of each plot were counted. After harvest, the samples were
sun-dried to remove impurities and a few plates of 1000 grains were weighed, which was
repeated 3 times and the average value was taken for the 1000-grain weight. In each plot,
20 plants with uniform growth were randomly selected, and the grains per spike were
counted to obtain the average value. Due to the small area of the plot, the hole sowing
had an obvious border effect. In order to eliminate the influence of the border effect on the
yield, 1 m? wheat was randomly taken from each plot in the middle and threshed with a
thresher, dried in the sun, and weighed with an electronic balance to calculate the grain
yield (kg-ha™1).

2.3. Statistical Analysis of Data

Microsoft Office Excel 2021 and SPSS 26.0 were used for statistical analysis. RStudio
was used for linear regression analysis, correlation analysis, and figure drawing. The
significance level (p < 0.05) was used to judge the average difference by the minimum
significant difference test.

3. Results
3.1. Effects of Different Sowing Density and Nitrogen Topdressing on Dry Matter of Wheat Spikes

The dry matter of wheat spikes at different stages (booting stage, heading stage,
flowering stage, filling stage, and maturing stage) was measured and analyzed (Table 1).
It can be seen from Table 1 that the effect of sowing density on the dry matter under
different treatments designed in this experiment was very significant in the heading stage,
flowering stage, filling stage, and maturing stage from 2018-2019 and 2019-2020. The effect
of nitrogen topdressing amount on the dry matter under different treatments was highly
significant at the filling stage and maturing stage from 2018-2019 and 2019-2020, and there
were also significant differences between the heading stage and the flowering stage from
2019-2020. There was no significant difference in the dry matter of wheat spikes in different
years; there were significant differences in heading stage, flowering stage, filling stage, and
maturing stage of wheat between different years and sowing densities.

Table 1. Effects of different sowing density and nitrogen topdressing on dry matter of wheat spikes
in different stages.

Sowing Nitrogen Booting Heading Flowering o Maturing
Year Density Topdressing Stage Stage Stage Filling Stage Stage
2018-2019 D1 N1 1.12ab 1.35 cde 1.65 def 1.68¢g 1.75k
N2 1.06 ab 1.42 abcde 1.78 bedef 1.89 fg 2.08 jk
N3 113 ab 1.56 abc 1.79 bedef 2.21 bed 2.35 hij
N4 1.12ab 1.39 bede 1.74 cdef 2.18 bed 2.42 ghij
D2 N1 0.98 ab 1.23 de 1.62 ef 1.92 efg 2.24jj
N2 1.03 ab 1.27 de 1.58 f 1.92 efg 2.29 hij
N3 1.07 ab 1.38 bede 1.74 cdef 2.01 def 2.59 defgh
N4 0.96 ab 1.19e 1.93 abed 2.17 bede 2.53 efghi
D3 N1 1.12 ab 1.48 abed 1.92 abed 2.07 cdef 2.44 fghi
N2 0.94b 1.26 de 1.99 abc 1.99 def 2.77 cdef
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Table 1. Cont.

Sowin Nitrogen Bootin, Headin; Flowerin O Maturin;
Year Densit?f Topdre;gsing Stageg Stage ® Stage s Filling Stage Stage s
N3 0.88b 1.42 abcede 1.88 abcde 2.13 cdef 2.81 cde
N4 122a 1.36 bede 1.92 abed 2.39b 3.07 abc
D4 N1 093b 1.57 abc 1.91 abcde 2.19 bed 2.75 cdefg
N2 0.97 ab 1.57 abc 1.91 abcde 2.3 bc 2.92 bed
N3 1.06 ab 1.62 ab 2.04 ab 299a 3.19 ab
N4 1.22a 1.66 a 213 a 3.09a 3.39a
F value FD 1.117 14.17 *** 10.608 *** 54.44 ** 214.04 ***
EN 1.95 1.95 2423 39.23 ¥** 79.96 ***
FD x FN 2.15 0.893 1.209 4.109* 0.047
2019-2020 D1 N1 0.98 cd 117 1451 1.83 f 1.90 h
N2 1.06 bed 1.34 def 1.66 ghi 1.77 f 2.04 gh
N3 1.13 bed 144 cd 1.73 fghi 1.89 ef 2.14 gh
N4 1.16 abc 142 cde 1.8 defgh 1.88 ef 216¢g
D2 N1 0.98 cd 1.41 cde 1.75 efghi 1.96 ef 2.07 gh
N2 1.03 bed 1.34 def 1.59 hi 1.83 f 2.08 gh
N3 1.07 bed 1.41 cde 1.62 hi 1.86 f 191 gh
N4 0.99 cd 1.48 cd 1.73 fghi 2.09 de 245 f
D3 N1 1.12 bed 1.54 be 1.96 cdefg 224 cd 2.52 ef
N2 0.94 cd 1.24 ef 1.81 defgh 2.27 cd 2.71 cde
N3 091d 1.31 def 2.01 cdef 243 c 2.57 ef
N4 1.25 ab 1.46 cd 2.06 bede 241c 2.88 bed
D4 N1 093 cd 1.37 cdef 2.13 bed 234 ¢ 2.64 def
N2 lcd 1.49 cd 2.35 ab 2.84b 2.95 bc
N3 1.09 bed 1.73 ab 2.24 bc 2.96 ab 3.08 ab
N4 1.39a 1.81a 2.67a 3.08a 33a
F value FD 2.876* 8.932 *** 46.67 *** 91.733 *** 105.9 ***
EN 0.728 5.437 ** 16.16 *** 6.903 *** 15.8 ***
FD x FN 1.093 5.205 *** 1.206 6.291 *** 3.128 **
FY 1.058 1.428 1.878 2234 2.467
FY x FD ns o * o *
FY x FN ns ns ns ns ns
FY x FD x FN ns ns ns ns ns

Note: Y, D, and N represent different years, sowing density, and nitrogen topdressing, respectively. Different
letters in the same column mean significant difference at 0.05. ns, not significant at 0.05 probability level; *, **, and
*** refer to significant differences at 0.05, 0.01, and 0.001 level, same as Tables 2 and 3.

At the late filling stage, the assimilates of wheat plants are transported to the grains in
large quantities, and their dry matter reaches the maximum at the maturity stage, eventually
affecting their yield. Therefore, compared with other growth stages, the dry matter of the
wheat maturity stage has a more significant impact. With the increase in sowing density, the
overall performance of dry matter in the maturing stage was N4 > N3 > N2 > N1; with the
increase in the amount of nitrogen, the overall performance of dry matter in the maturing
stage was D4 > D3 > D2 > D1. As the dry matter of wheat spikes in the maturing stage was
the most prominent, different sowing densities and nitrogen topdressing amounts were
significantly different at this stage. In our study, we further explored the effects of sowing
density (Figure 3) on the dry matter of wheat spikes at the maturing stage from 2018-2020
by linear regression analysis. Through the analysis of the two-year experiment, it can be
found that the sowing density has a significant influence on the dry matter of wheat spikes,
and it is significant.

The results showed that, at the maturity stage, the dry matter weight of wheat spikes
treated with D4N4 was higher than that of other treatments, and the dry matter weight of
wheat spikes treated with D1IN1 was lower than that of other treatments.
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Figure 3. Linear regression analysis of different sowing density on dry matter of wheat spikes at the
maturity stage from 2018-2020.

3.2. Effects of Different Sowing Density and Nitrogen Topdressing on Grain Quality

By analyzing the effects of different sowing densities and nitrogen topdressing on
grain quality (Table 2), from 2018 to 2019, in terms of protein content, D2N4 treatment
had the largest, 14.65%, and D4N3 treatment had the smallest, 13.46%; with the increase
in sowing density, the protein content increased first and then decreased. The protein
content was the highest at the D2 sowing density level, which was 14.42%, and the D2 level
was significantly higher than the D3 level. The starch content increased with increased
sowing density and nitrogen topdressing amount. Under the conditions of different sowing
densities, the settlement value of grains increased first and then decreased with the increase
in sowing density. Compared with D1, D3, and D4, the value of D2 increased by 3.50%,
8.93%, and 13.22% respectively.

From 2019 to 2020, the protein content increased first and then decreased with the
increase in sowing density, and the specific performance was D3 > D2 > D1 > D4. Compared
with D2, D1, and D4, the value of D3 increased by 0.20%, 6.73%, and 5.00%, respectively.
The level of D3 was significantly higher than that of D4. The effect of nitrogen topdressing
on protein content was D4 > D2 > D3 > D1, but there was no significant difference among
different levels. The stabilization time increased first and then decreased with the increase
in sowing density, and reached the maximum at the D2 level, and the stabilization time
decreased with the increase in nitrogen topdressing. The starch content increased with the
increase in sowing density and nitrogen topdressing amount. The sedimentation value of
grains decreased with the increase in sowing density, and the value D1 was significantly
higher than those of the other three sowing density levels, reaching 67.22 mL.

Table 2. Effects of different sowing density and nitrogen topdressing on grain quality of wheat at the
maturity stage.

Year Sowing Nitrogen Protein Stabilization Starch Content Settlement
Density Topdressing Content (%) Time (min) (%) Value (mL)
2018-2019 D1 N1 14.22 abc 6.85 ab 67.5d 50.77 abed
N2 14.37 abc 4.86 bed 68.47 abed 51.61 abc
N3 14.49 ab 3.37d 67.68 cd 52.06 abc
N4 14.53 ab 297d 67.67 cd 51.73 abc
D2 N1 14.56 ab 8.10a 67.63 cd 53.84a
N2 14.38 abc 4.31 bed 68.11 bed 50.66 abed
N3 14.08 abc 3.52cd 67.83 cd 48.65 abced
N4 14.65 a 3.31d 67.41d 53.73 ab
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Table 2. Cont.

Year Sowing Nitrogen Protein Stabilization Starch Content Settlement
Density Topdressing Content (%) Time (min) (%) Value (mL)
D3 N1 13.76 abc 8.26a 68.39 abcd 47.25 abed
N2 13.49 ¢ 3.17d 68.46 abcd 43.60d
N3 14.04 abc 3.98 bed 68.76 abc 49.51 abed
N4 14.09 abc 3.81 bed 68.48 abcd 49.59 abed
D4 N1 13.57 ¢ 7.25 abc 68.77 abc 46.25 bed
N2 13.65 be 3.84 bed 69.38 a 46.15 cd
N3 13.46 ¢ 2.25d 68.79 abc 45.05 cd
N4 13.57 ¢ 2.89d 69.17 ab 45.28 cd
F value FD 9.731* 0.518 13.854 *** 7.398 *
FN 0.596 17.575 ** 2.012 0.663
FD x EN 2.397 % 3.945 ** 0.508 2.090 *
2019-2020 D1 N1 14.46 ab 5.80 ab 66.69 fg 64.71 cd
N2 14.73 ab 3.21de 67.38 defg 67.35 ab
N3 15.41 ab 3.23 de 6634 g 67.85 ab
N4 15.58 a 2.47 de 67.57 def 68.97 a
D2 N1 14.43 ab 790 a 66.97 efg 63.63 cd
N2 15.56 ab 4.47 bed 67.79 cde 62.94d
N3 15.41 ab 4.63 bed 68.17 bed 64.22 cd
N4 15.47 ab 3.04 de 67.74 cdef 65.88 bc
D3 N1 15.22 ab 8.03a 68.72 abc 63.22 cd
N2 15.49 ab 4.00 cde 67.79 cde 64.07 cd
N3 15.25 ab 3.45de 68.43 bed 63.48 cd
N4 15.02 ab 3.04 de 68.14 bed 63.75 cd
D4 N1 14.49 ab 6.59 abc 69.1 ab 62.61d
N2 14.67 ab 3.95 cde 69.05 ab 63.18 cd
N3 14.28 b 152e 69.13 ab 63.48 cd
N4 14.66 ab 2.47 de 69.5a 63.41 cd
F value FD 3.193 * 2.107 28.464 *** 19.318 **
FN 1.68 23.404 ** 0.761 3.835*
FD x FN 1.552 5.425 ** 2.524 % 5.343 **
FY 14.533 *** 4.392 68.157 56.828 ***
FY x FD ns ns ns ns
FY x FN ns ok ns ns
FY x FD x FN ns ns ns ns

The results showed that sowing density had significant effects on protein content,
starch content, and settlement value but did not significantly affect stabilization time from
2018 to 2020. The amount of nitrogen topdressing had a significant effect on stabilization
time. The interaction between sowing density and nitrogen topdressing significantly
affected protein content, stabilization time, and settlement value from 2018-2019. From
2019-2020, it significantly impacted stabilization time, starch content, and settlement value.
Different years had significant differences in protein content and settlement value, and the
interaction between different years and nitrogen topdressing showed significant differences
in stabilization time.

3.3. Effects of Different Sowing Density and Nitrogen Topdressing on Yield and Components

By analyzing the effects of different sowing densities and nitrogen topdressing rates on
yield (Figures 4 and 5) and yield components (Table 3), it was observed that sowing density
had a significant effect on grain per spike, effective spikes, and yield from 2018-2020. The
amount of nitrogen topdressing only had a significant effect on grain per spike and yield
from 2018-2019. The interaction between sowing density and nitrogen application rate had
significant effects on grain per spike, effective spikes, and yield.
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Figure 4. The dynamic changes in wheat yield under different sowing density and nitrogen topdress-
ing from 2018-2019.
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Figure 5. The dynamic changes in wheat yield under different sowing density and nitrogen topdress-
ing from 2019-2020.
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Table 3. Effects of different sowing density and nitrogen topdressing on yield and yield components.

. . . . Effective
Year ]S)Z:;ﬁg T;\h(;roge.n Grsau'lkper Thowus.anlilt-(G;'am Spikes Yield (kg-ha=1)
y pdressing pike eight (g (x10%-ha-1)
2018-2019 D1 N1 37.30 bc 47.05 462.52d 5491.63 e
N2 38.46 ab 46.57 462.01d 5536.10 de
N3 38.78 a 46.21 471.09d 5647.27 de
N4 38.82a 46.51 476.74 d 5758.43 de
D2 N1 37.18 bc 46 516.04 cd 5847.37 de
N2 37.37 bc 45.98 515.59 cd 6670.00 cd
N3 37.66 abc 46.44 518.48 cd 6981.27 be
N4 37.84 abc 46.47 521.59 be 7181.379 bc
D3 N1 36.63 cd 47.74 578.96 bc 7270.30 abc
N2 36.87 cd 45.99 580.29 bc 7514.872 abc
N3 37.18 bc 45.62 594.01 ab 7826.17 abc
N4 37.26 bc 46.27 604.87 ab 7937.40 ab
D4 N1 35.81d 46.4 624.76 ab 7314.60 abc
N2 35.78d 45.02 657.93 a 7336.83 abc
N3 35.80d 45.33 634.60 ab 7714.97 abc
N4 36.85 cd 45.81 643.18 ab 8448.67 a
F value FD 22.766 ** 1.887 51.404 ** 30.285 **
FN 4104 * 1.357 1.298 4.165*
FD x FN 5.749 ** 1.554 14.061 ** 7.199 **
2019-2020 D1 N1 33.17 ab 46.64 ab 526.06 d 7972.82 f
N2 33.76 a 46.13 ab 553.73 cde 8235.37 ef
N3 3393 a 48.13 a 536.27 cd 8441.39 cdef
N4 3356 a 47.51 ab 551.61 cd 8614.47 bedef
D2 N1 32.13 abc 47.82 ab 562.62 bede 8220.78 ef
N2 32.26 abc 47.12 ab 558.95 bede 8356.01 def
N3 31.57 abed 46.92 ab 565.78 abcde 8695.35 bedef
N4 31.52 abed 46.88 ab 574.29 abcde 8916.96 abcdef
D3 N1 30.29 abced 46.10 ab 578.07 abcde 8457.04 cdef
N2 30.88 abed 4551 b 591.50 abcde 8772.18 bedef
N3 30.50 abed 45.27 b 595.80 abced 9346.59 abcde
N4 29.43 bed 45.50 b 603.10 abed 8821.08 bedef
D4 N1 28.32d 46.85 ab 631.22 a 9656.50 abc
N2 29.20 cd 46.24 ab 621.45 abc 9599.63 abed
N3 32.64 abc 46.351 ab 626.31 ab 10136.40 a
N4 31.95 abed 46.69 ab 622.16 abc 9758.71 ab
F value FD 7.556 ** 5.796 ** 7.122 ** 12.187 **
FN 0.822 0.759 0.172 1.943
FD FN 2.362 ** 2230 * 2267 * 2.987 **
FY 34.397 *** 46.409 567.549 7889.954 ***
FY x FD ns ns ns ns
FY x FN ns ns ns ns
FY x FD x EN ns ns ns ns

From 2018 to 2019, with the increase in sowing density, the number of grains per spike
and 1000-grain weight decreased gradually, and the number of effective spikes increased
continuously. In terms of the number of grains per spike, the high sowing density (D4)
significantly decreased it by 6.32% compared with the low sowing density (D1). There
was no significant difference in 1000-grain weight among different levels. The number of
effective spikes in the D4 treatment increased significantly by 6.65%, 23.17%, and 39.13%,
respectively, compared with D3, D2, and D1. With the increase in nitrogen topdressing, the
number of grains per spike increased gradually, and the specific performance of 1000-grain
weight was N1 > N4 > N2 > N3. The number of effective spikes increased first and then
decreased, and the number of effective spikes under N2 treatment was the highest, which
was 525.86 kg-ha 1. From 2019 to 2020, with the increase in sowing density, the number of
grains per spike decreased gradually, and the level of D1 was significantly higher than that
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of other levels. The 1000-grain weight performance was D2 > D1 > D4 > D3. The effective
spike number of the D4 treatment was significantly higher than that of D1 by 17.70%, and
there was no significant difference among the other three sowing density levels.

From 2018 to 2019, the yield increased with the increase in sowing density. Compared
with D3, D2, and D1, the value of D4 treatment increased by 66.59 kg-hafl,
1033.77 kg-ha~1, and 2095.41 kg-ha !, respectively. The yield increased with the increase in
nitrogen application. Compared with N3, N2, and N1, the value of N4 treatment increased
by 289.05 kg-ha~!, 567.02 kg-ha~!, and 850.49 kg-ha~!, respectively. From 2019 to 2020,
there was a positive correlation between sowing density and yield. Compared with D1, D2,
and D3, the value of D4 increased by 17.70%, 14.53%, and 10.51%, respectively. There was
no significant difference among D1, D2, and D3 levels. The yield increased first and then
decreased with the increase in nitrogen application. D4N3 treatment reached the maximum
value of 10136.40 kg-ha~!.

3.4. Correlation Analysis of Different Indexes of Wheat

Correlation analysis of different wheat indicators from 2018 to 2020 was carried out
(Figures 6 and 7). It can be seen from Figure 6 that the sowing density was significantly
positively correlated with effective spikes, starch content, and yield from 2018 to 2019.
Sowing density was significantly negatively correlated with grain per spike, protein content,
and settlement value. Nitrogen topdressing was significantly positively correlated with
grain dry matter. It was significantly negatively correlated with stabilization time. From
2019 to 2020, sowing density was significantly positively correlated with effective spikes,
starch content, yield, and grain dry matter. The sowing density was significantly negatively
correlated with settlement value and grain per spike. Nitrogen topdressing was only
significantly negatively correlated with stabilization time.
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Settlement value
Density

Effective spikes
Starch content
Yield

Grain.dry. matter

£ 3
o =
w C
o O
[T
o C
c g
g 5
O o

Nitrogen

Grain per spike

Protein.content
Settlement.value
Thousand grain weight
Stabilization.time

Density

Effective spikes

Starch.content

Grain dry matter

Nitrogen

Figure 6. Correlation analysis of different wheat indexes from 2018-2019 (different colors in the
figure represent positive and negative correlation, and color depth represents the correlation size.
The bluer the color, the greater the positive correlation coefficient; the redder the color, the greater the
negative correlation coefficient. X axis and Y axis represent different indexes, r values in the figure
are in different colors, *: p < 0.05, **: p < 0.01, ***: p < 0.001, the same as Figure 7).
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Figure 7. Correlation analysis of different wheat indexes from 2019-2020.

In summary, the increase in sowing density mainly promoted effective spikes, starch
content, and yield and inhibited settlement value and grain per spike. The increase in
nitrogen topdressing amount mainly inhibited the stabilization time.

4. Discussion

Sowing density is a limiting factor for plants to obtain environmental resources [31]. It
is considered to be one of the most influential cultivation methods for grain yield and other
agronomic traits. Changes in sowing density are particularly important in wheat crops and
have a direct impact on grain yield and its components [14]. The dynamics of nitrogen and
its loss trend create a challenging environment for the effective management of this nutrient
in topdressing [32], which is mainly due to various reactions and instability in the soil. The
low efficiency of nitrogen is attributed to the volatilization, leaching, and surface runoff
of ammonia [20]. Some studies have found the effects of sowing density and nitrogen
on crops. For example, Kanwal et al. [33], by evaluating the effects of different sowing
densities and nitrogen doses on oat forage yield, found that the interaction of sowing
density and nitrogen amount significantly changed the yield and quality attributes of oat
green forage. The sowing rate of forage oat crops should be 90 kg-ha~! and supplemented
with 120 kg-ha~! nitrogen, producing a higher yield, better quality, and better return.

Our research group has previously proved that hole sowing has an excellent effect on
the growth characteristics of wheat by comparing the wheat hole sowing method with the
traditional sowing method. Wu et al. [28] studied the effects of different sowing methods
(drill sowing, wide sowing, and hole sowing) on the yield and quality of wheat. It was
found that the hole sowing treatment increased the flag leaf area of wheat, the nitrogen
application increased the dry matter quality of the above-ground part of the hole sowing
treatment, and the actual yield of the hole sowing treatment was the highest. However,
most of the field experiments on wheat sowing density and nitrogen topdressing in the past
were carried out by drilling technology and the influence of the hole sowing cultivation
method was not explored [34-37]. Under the conditions of this experiment, the density
had a very significant effect on the number of effective spikes and yield. Increasing the
sowing density would reduce the number of grains per spike and thousand grain weight,
significantly increase the number of effective spikes per unit area, and expand the number
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References

of populations, which could compensate for the lack of individuals. Increasing the amount
of topdressing nitrogen had little effect on protein content and settlement value, which
may be due to the high nutrient content in the soil before sowing in this experiment, so
topdressing had little effect on the experiment. The results of our experiment were also
slightly different between years. Different years had significant effects on dry matter of
wheat spikes, protein content, settlement value, grain per spike, and yield. The dry matter
of wheat spikes, the number of effective spikes per unit area, yield, protein content, and
settlement value of each treatment from 2018-2019 were lower than those from 2019-2020.
The main reason may be that, from 2019-2020, the precipitation and average temperature
during the wheat growth period were higher than from 2018-2019, and abundant rainfall
and suitable temperature were conducive to crop growth and development.

5. Conclusions

After two years of research on the use of different sowing densities and nitrogen top-
dressing amounts of wheat under hole sowing conditions, we found that field production
can use a combination of a sowing density of 475 suitable seeds-m 2 and 120-180 kg-ha !
of nitrogen topdressing at the jointing stage, which can fully tap the production potential of
wheat. The experimental results fill the gap in wheat research on the cultivation method of
hole sowing and provide valuable references and help for future researchers. In addition,
there are still some limitations and deficiencies in this experimental study. The experiment
was only over a two-year research period, and due to the significant difference in climatic
conditions between the two years, although the overall trend is consistent, the regularity
and universality of individual index changes are not strong. It is necessary to further carry
out long-term positioning experiments to more accurately grasp and lay a theoretical basis
and technical support for fully tapping wheat’s high-quality and high-yield potential under
hole sowing conditions.
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Abstract: The sweet potato transplanters of diverse transplanting configurations have been shown
to produce various planting properties in relation to different raised bed cropping systems, thus
affecting crop growth and yield in sweet potato cultivation. In Shandong Province, a field experiment
assessed the effects of three treatments (RB1, mulched raised beds with a finger-clip type transplanter;
RB2, bare raised beds with a finger-clip type transplanter; and RB3, bare raised beds with a clamping-
plate type transplanter) on soil temperature, plant growth, yield, and economic benefits. With the
lowest coefficient variation of plant spacing and planting depth, the RB1 with the finger-clip type
transplanter had 6.4% and 6.0% higher temperature at 5-10 cm soil layer by using the plastic-mulch
for rapid early slips growth as compared with the RB2 and the RB3, respectively. Consequently,
the leaf area index in the RB1 was increased by 5.6% and 6.4% as compared to the RB2 and the
RB3, separately. This finally contributed to 57.5-70.8% greater fresh vines weight and 23.8-33.8%
higher tubers yield in the RB1 compared with both the RB2 and the RB3 treatments, respectively. In
general, in the mulched raised bed system of the Huang-Huai-Hai region of China, the finger-clip
type transplanter could be a suitable option for the transplanting of sweet potato slips. In the bare
raised bed system, meanwhile, the clamping-plate type transplanter has the potential to increase the
production of sweet potatoes.

Keywords: crop performances; planting properties of sweet potato transplanter; planting system;
yield

1. Introduction

Food security is one of the greatest challenges facing humankind [1]. Agriculture is at
the forefront of these challenges [2]. Sweet potato (Ipomoea batatas [L.] Lam) is one of the
five most important crops in the world, rich in carbohydrates, and can serve as a source of
protein, carotenoid, and essential vitamins for the survival needs of mankind [3,4]. This
crop is widely cultivated from tropical to temperate regions, such as Asia, Africa, and Latin
America [5,6]. There is an increasing need to produce more sweet potatoes on existing
arable land given the challenges of both labor scarcity and population growth [7].

Sweet potato yields can vary significantly due to factors such as the soil, weather,
crop variety, and cultivation management [8,9]. Under certain soil, weather, and sweet
potato variety conditions, many efforts have been made to find cultivation modes that are
more effective at enhancing productivity. Parwada et al. [10] established the proper ridging
height and planting orientation in order to enhance constant reliable root yield and vine
length among sweet potato producing farmers in Zimbabwe. Chagonda et al. [11] proposed
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that the horizontal vine orientation provided a significant storage root diameter, while
there was no significant difference between the ridge tillage and mound tillage systems.
Abdallah et al. [12] evaluated the performance of sweet potato clones under different
watering strategies in the coastal lowlands of Kenya. Ribeiro et al. [13] conducted a study to
evaluate the plant growth, yield, uptake, and removal of N by sweet potato plants fertilized
with N and treated with paclobutrazol during two planting seasons. Pep6 [14] showed that
a 0.75 m row spacing was more favourable than a 1.0 m one in Hungary.

China is the largest producer of sweet potatoes in the world [15]. Sweet potatoes are
widely cultivated in over half of the globe’s poor counties due to their wide ecological
adaptation, strong tolerance to drought, and low requirement of soil fertilizer [16]. The
cultivation areas for sweet potatoes in China are generally divided into the northern China
area, the Yangtze River area, the southern China area, etc., which are distinguished by
climatic conditions, cultivation systems, and soil conditions [17]. As shown in Figure 1,
the Huang-Huai-Hai region of China is one of the most important traditional sweet potato
production regions in China, accounting for 30% of national sweet potato production [18,19].
Many studies have shown that sweet potato cultivation on raised beds mulched with plastic
film can be beneficial to sweet potato yield because it improves soil water moisture, soil
bulk density, and soil porosity [20,21]. At present, farmers plant sweet potato on bare raised
beds or raised beds mulched with plastic film in this area [17].

Northwest China with
spring sweet potato

Northeast China with
spring sweet potato
Huang-Huai-Hai region
with spring and summer
sweet potato

Middle and lower reaches of
the Yangtze River with

A LSRN Y Y A summer potato

Southern China with

- summer and autumn sweet
potato
Southern China with
autumn and winter sweet
potato

600 1200 Kilometers

Sweet potato planting area ¢ 1 Dot=300 ha

Figure 1. Traditional regional distribution and planting area of sweet potato cultivation in China.

However, most sweet potato production in the Huang-Huai-Hai region of China still
occurs by the use of manual transplanting, which has caused this area to suffer from a labor
shortage [22]. Sustainably producing the sweet potato crop in this region is thus a great
challenge. There were, indeed, not even any special transplanters for transplanting sweet
potato slips until Chen et al. [23] and Hu et al. [24] modified and improved the commercial
clip-on-chain type transplanter for the horizontal transplanting of sweet potatoes in bare
raised beds. These are mainly applicable for the bare raised bed cultivation system in
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rain-fed farming areas that have high soil moisture and that are rainy, so no additional
watering is required. The two machines cannot be used to mechanically transplant the
sweet potato slips in drought-affected areas, though, due to the lack of a timely watering
function. Supplementary irrigation is thus required at the time of planting for proper
sprouting and establishment, although the prolific root system of sweet potato does make
it a drought-tolerant crop [25,26]. Since the Huang-Huai-Hai region of China has limited
water resources, there is a need for sweet potato transplanters in this area to accomplish the
planting operation for raised beds mulched with plastic film system and the bare raised bed
system. After several years of development, sweet potato transplanters with a slip taking-
planting mechanism have been developed [27,28], and some have now been manufactured
commercially. These transplanters have encouraged the development and extension of
sweet potato production in Huang-Huai-Hai region of China, but the literature contains
little information about their impact on planting properties and crop performance [29,30].
This paper compares two of the most widely used sweet potato transplanters (the finger-clip
and the clamping-plate ones) for different planting modes (raised beds mulched with plastic
film or the bare raised bed systems with varying placement), and it investigates their effects
on planting quality, crop growth, and subsequent yield in 2021 in the Huang-Huai-Hai
region of China.

2. Materials and Methods
2.1. Equipment Description
2.1.1. Finger-Clip Compound Transplanter

The finger-clip compound transplanter, designed by the Shandong Academy of Agri-
cultural Machinery Sciences and Shandong Huorong Agricultural Technology Develop-
ment Co., Ltd. (Qingzhou, China), was used for sweet potato slips cultivation of bare raised
beds and mulched raised bed systems. It mainly comprises a transmission box, a rotary
component, a ridging board, a film pressing wheel, a height adjustment mechanism, a slip
taking-planting mechanism, a drive system, a slip delivery mechanism, etc. (Figure 2a). It
can accomplish land preparation, ridging, film mulching, drip-irrigation belt laying, and
transplanting on two ridges at the same time. During transplanting, the rotary component
completes the soil crushing and the soil preparation operations at 300~350 r/min, driven by
power from the transmission box, which is connected to the tractor’s power take off (PTO).
The ridge board squeezes the crushed soil to form two rows of trapezoidal ridges with a
height of 30 cm at 85 cm spacing under the traction of the tractor and the pressure of the
hydraulic cylinder simultaneously. The drip irrigation laying device and the plastic-film
frame mulches the ridge and lays the drip irrigation belt, respectively, and then the slip
transplanting apparatus transplants the sweet potato slips by using the slip taking planting
mechanism and the slip delivery mechanism at a rotary speed of less than 60 r/min, driven
by the ground wheel. Slips are manually placed in the seedling delivery mechanism by the
operators sitting on the seats.

(b)

Figure 2. Two kinds of transplanters used for the experiment: (a) finger-clip compound transplanter
with its slip transplanting apparatus; (b) clamping-plate compound transplanter with its seedling
delivery mechanism.
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2.1.2. Clamping-Plate Compound Transplanter

The clamping-plate compound transplanter (Shandong Jinshuwang Agricultural Ma-
chinery Manufacturing Co., Ltd., located in Tengzhou, China) is made up of a suspension
frame, rotary blades, a ridge plough, a driving shaft, a slip conveying clamping-plate, a
gear box, a soil loader, a slip fixing wheel, etc. (Figure 2b). The transplanter mounts with
the tractor by the suspension frame. During the operation, the rotary blades smash soil at
340~360 r/min, driven by the tractor’s PTO shaft. The soil is raised and enclosed by the
ridge plough to form the raised beds of 30 cm height. Operators place the sweet potato
slips in the seedling clips, which are installed on the slip conveying the clamping plate. The
slips are then put horizontally vertical on the raised beds with the rotation of the conveying
clamping-plate at 30~40 r/min. After this, the sweet potato slips remain covered with soil
delivered by the soil loader. The fixing wheel presses the soil over the slips to finish the
transplanting in the bare raised bed system. The key parameters of these two transplanters
are presented below in Table 1.

Table 1. The key parameters of the two compound transplanters for sweet potato slips.

Parameter Finger-Clip Compound Transplanter Clamping-Plate Compound Transplanter

Matched power 120-180 hp 120-180 hp

Working width 1.7m 1.7m

Number of ridges 2 2

Transplanting part Finger-clip type slip taking-planting mechanism  Clamping-plate type slip taking-placing mechanism
Transplant spacing 20-30 cm 20-30 cm

Transplanting depth 4-10 cm 4-10 cm

Slips placement Boat-shape placement Horizontal vertical placement

Suitable system

Productivity

Mulched raised beds system and bare raised
beds system

Bare raised beds system

0.08-0.13 hah~1! 0.1-0.2hah~!

2.2. Site Description

Field trials were conducted at Zhanggqiu (36°41’ N, 117°32’ E), located in the south-
east of the Huang-Huai-Hai region of China, with three crop rotation treatments. In the
five years before the experiment, this area had a monsoon climate with an annual aver-
age temperature of 10~20 °C, a frost-free period of 167~218 days, and annual rainfall of
450~1100 mm. The accumulated temperature of >0 °C is about 5401 °C [31]. In this double
cropping area, winter wheat to summer maize is the main crop rotation. When the sweet
potato was planted, the winter wheat (end of September to the middle of June) to summer
maize (middle of June to end of September) to spring sweet potato (end of April or early
May to end of September) rotation is used. According to the USDA texture classification
system, the soil in the experiment plots is silt loam, clay (12.3%), silt (74.8%), and sand
(12.9%), on average. In the top 30 cm soil layer, soil bulk density, soil moisture, and pH
were 1.35 g/ cm’, 12.8%, and 8.3, respectively.

2.3. Experimental Design

In the experiment, three treatments were compared: the finger-clip compound sweet
potato transplanter for the mulched raised beds system (RB1) (Figure 3a), the finger-clip
compound sweet potato transplanter for the bare raised beds system (RB2) (Figure 3b), and
the clamping-plate compound sweet potato transplanter for the bare raised bed system
(RB3) (Figure 3c). The three treatments were designed in a randomized block with 3 repli-
cations. Each plot was 3.5 m wide and 30 m long with an access pathway and guard strip
between each. The spring sweet potato slips (variety Jishu 26, and a length of 30 cm~35 cm)
with five top nodes were transplanted on 6-7 May and harvested on 8-9 October. Drip irri-
gation was immediately applied after the transplanting. In the RB1 system, a high-density
black polyethylene film (0.02 mm thick, 1.0 m wide) was used as the mulching plastic. In
the treatments RB1 and RB2, the sweet potato slips were transplanted as a boat-shape along
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the ridge direction by using the finger-clip compound sweet potato transplanter, while the
sweet potato slips were transplanted as a horizontal vertical placement in the treatment
RB3 by using the clamping-plate compound sweet potato transplanter.

(b)

Figure 3. Three designed treatments in this experiment: (a) RB1, finger-clip compound transplanter
working under mulched raised beds system; (b) RB2, finger-clip compound transplanter working
under bare raised beds system; (c) RB3, clamping-plate compound transplanter working under bare
raised beds system.

The sweet potato slips were planted with the district-recommended plant density of
about 49,000 plants/ha with 24 cm x 85 cm plant spacing and planting depth of 5~10 cm.
The compound fertilizer [N-P,O5-K,O 10-8-24] (containing total nutrients > 42%, humic
acid > 3%, controlled-release K fertilize > 4%) was applied as the basal fertilizer at the rate
of 375 kg/ha at transplanting, while 33% pendimethalin EC herbicide (JiangSu Longdeng
Chemical Company, Kunshan, China) was sprayed onto the soil surface according to the
manufacturer’s protocol during the transplanting. About 1.5 months after the transplanting,
80% flumetsulam WG herbicide (Jiangsu Ruibang Pesticide Factory Co., Ltd., Changzhou,
China) was carefully used in the three treatments.

2.4. Measurements
2.4.1. Missing Seedling Rate and Qualified Rate of Transplanting Population

The missing seedling rate and the qualified rate of the transplanting population,
representing the transplanting quality, were counted—-120 theoretical sweet potato slips
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that should be planted at the 12 split-plots in 3 complete randomized blocks [32,33]. They
were calculated using the following equations:

_ Niz

Qum N’

x 100% 1)

~ N7 — (Npm + Nym + Nez + Nsw)
Q: = u

where Qy is the missing seedling rate (%), Qz is the qualified rate of the transplanting (%),
Nr is the total planted counts of the sweet potato slips, N is the theoretically planted counts,
Npz is the missed planted counts of the sweet potato slips, Ny is the exposed planted
counts of the slips, Ny is the buried counts of the planted slips, N¢7 is the replanted
counts of the slips, and Ny, is the injured counts of the planted slips.

x 100% @)

2.4.2. Precision of Seedling Placement

To calculate the plant spacing of the sweet potato slips, 60 successively planted sweet
potato slips were measured of the randomly selected planting row in each plot. To calcu-
late the seeding or the planting depth of crops, the chlorophyll-free stem and coleoptile
length (from seed remnants to the onset of green stem) was usually measured as effective
depth [34]. For sweet potato slips, the chlorophyll-free stem lengths were not obvious.
After 10 days of planting, a mark was made on the five seedlings at the ridge level in each
plot. The vertical distance from the lowest position to the marked point was taken as the
effective planting depth, and then the sweet potato slips were dug out and the entire stem
length below the mark was taken as the effective planting length. The mean planting length
was easily obtained. The plant spacing coefficient of variation and the qualified rate of
transplanting depth were calculated to assess the transplanting accuracy in each plot using
the following equations [32]:

Y X 2
\/1111 Z?:l (Xi - nl )
CVy =

o 100% 3
X X ®)
n
Ny
Vg = — x 100% 4
H =y, X 100% 4
Lyn (pg_ TaHiy?
n—1 Zi:l ( i n )
CVy = x 100% (5)

i—1 Hi
n
where CVy is the plant spacing coefficient of variation; n is the measured number of the
planted slips; X; is the measured plant spacing, cm; V is the qualified rate of transplanting
depth; Nj, is the sweet potato counts of qualified depth; CVp is the plant depth coefficient
of variation; and H; is the measured plant depth, cm. As the designed transplanting depth
was 60 mm, we assumed that the qualified depth was 60 + 10 mm.

2.4.3. Soil Temperature and Plant Growth

In different treatments, soil temperature was measured at 5 and 10 cm soil depths
at 08:00 (Tg.0p), 14:00 (T14:00), and 20:00 (T2p.00). A high precision soil temperature and
humidity sensor (JXBS-3001-TR), connected with the weather station, was used. The mean
daily soil temperature (T) for 10 days during the period from 10 days to 1 month after
transplanting was calculated as follows [35]:

T =(2 x Tg00 + T1a:00 + T20:00)/4 (6)
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The leaf number, the plant height, and the leaf area were all measured to estimate
the growth of the spring sweet potato. The samples were measured and obtained within
randomly selected areas of 1 m x 1 m from three areas in each plot 1 month after planting.
Plant height was calculated from the stem tip to the soil surface. To obtain the leaf area, the
leaves were cut and analysed by the LA-S series plant image analysis system (Hangzhou
Wanshen Testing Technology Co., Ltd., Hangzhou, China) in a laboratory. After that, the
Leaf Area Index (LAI) was calculated as follows [36]:

LAI=LA/GA (7)

where LAI is the leaf area index, LA is the leaf area in the selected area (m2), and GA is the
ground area of the selected area (m?).

2.4.4. Weight of Fresh Vines with Leaves and Tuber Yield

At harvest time (i.e., the beginning of October), the weight of the vines with leaves,
the number of vines, and the length of the longest vine per plant, which were removed
manually in the experiment, were all measured [37]. In each plot, we chose 10 plants
randomly.

The tuber yield that was observed in this study included the number of tubers (per
plant), the fresh weight of tuber (g plant™'), and the yield (t ha~!). During manual
harvesting, we collected 10 plants, with an area of the harvest bed that was 170 cm wide
and 120 cm long (sampling size), which was taken randomly from each plot. The average
number of tubers per plant was measured and categorized as large marketable tubers
(>500 g), medium marketable tubers (>200 g), and non-marketable tubers (<200 g, or
else damaged by insects and diseased tubers) [16]. The total yield per hectare was then
calculated using the following equation [38,39]:

Yield (t ha™!) = (10,000/scale of sampling plot) x yield of sampling plot ()]

2.4.5. Economic Benefit

Input (sweet potato slips, fertiliser, labour, etc.) quantities and the direct cost of all
mechanical operations was recorded throughout the field trial, together with the value of
outputs (crop yield value), on a common basis (US$ ha~1) [40].

2.5. Data Analysis

The SPSS analytical software package was used for all of the statistical analyses. Mean
values were calculated for each of the measurements, and ANOVA was used to assess the
effects of the two sweet potato transplanters on both the planting properties and the crop
performance of the measures. When the ANOVA indicated a significant F-value, multiple
comparisons of annual mean values were performed by the least significant difference (LSD)
method. In all analyses, a probability of error smaller than 5% (p = 0.05) was considered
statistically significant.

3. Results
3.1. Missing Seedling Rate and Qualified Rate of Transplanting Population

Table 2 shows that the mean missing seedling rate Qy; under RB3 treatment of 0.6%
appeared to be 59.7% and 77.6% lower (p > 0.05) than that under RB1 treatment of 1.4% and
RB2 treatment of 2.5%, respectively. This difference was only relevant to the missed counts
of the sweet potato slips, while the theoretical planted counts were the same according to
Formula (1). To evaluate transplanting quality, the replanted count number Nz in RB3 of
0.7 was significantly (p < 0.05) greater than that in both RB1 and RB2 treatments. However,
the difference of exposed counts Ny, buried counts Ny, and injured counts Ny of the
planted sweet potato slips were all non-significant (p = 0.05) under the three treatments.
The qualified rates were also similar in the three treatments.
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Table 2. The transplanting quality under the three treatments. Means within a column followed by
the same letters are not significantly different (p = 0.05).

Treatment

Mean Value Transplanting Quality

Theoretical

Planted Planted

Counts Rate
Niz Nim Nvm Ncz Nsp o Qu (%)
Nr (%)

Counts
N’

Total Missing

Qualified
Rate Qz

Missed Exposed Buried Replanted  Injured

Counts Counts Counts Counts Counts Seedling

RB1
RB2
RB3

120.0 a
1200 a
1200 a

1183 a 1.7a 2.7 a Oa Oa 03a l4a 96.1 a
117.0a 30a 20a 03a Oa Oa 25a 95.6 a
119.7 a 0.7 a 33a Oa 0.7b Oa 0.6a 96.1 a

3.2. Precision of Seedling Placement

The planting spacing in the RB1 and RB3 treatments were marginally higher (p > 0.05)
than that in the RB2 treatment (Table 3). However, the plant spacing coefficient of variation
in RB1 of 5.1% was 75.2%, significantly smaller (p < 0.05) than that in RB3 treatment of 8.9%.
The mean planting length in the three treatments were all around 200 mm. The planting
depth in the RB1 treatment was 4.0% (p > 0.05) and 32.2% (p < 0.05) deeper than that in the
RB2 and RB3, respectively, and the relative coefficient of variation was slightly lower than
in the other treatments. Meanwhile, the qualified rate of the planting depth in the three
treatments was nearly the same, and all were above 95%.

Table 3. Precision of seedling placement under the three treatments. Means within a column followed
by the same letters are not significantly different (p = 0.05).

Treatment

Plant Spacing Planting Depth

Spacing Value Coefficient of

(cm)

Mean Planting

Length (mm) Depth Value Qualified Rate Coefficient of

Variation (%) (mm) (%) Variation (%)

RB1
RB2
RB3

243 a
239 a
242a

51a 201.8a 78.1a 97.1a 8.7a
6.1 ab 1982 a 754 a 96.9 a 92a
89b 202.9 a 59.2b 97.5a 10.6 a

3.3. Soil Temperature and Plant Growth

In general, a soil temperature at 5 cm depth was marginally higher than that at 10 cm
depth in the three treatments (Table 4). At 5 cm depth, the RB1 increased soil temperature
by 0.3-1.5 °C and 0.1-1.5 °C, respectively, as compared to the RB2 and the RB3 treatments
within the month after the transplanting day. The soil temperature was 5.2%, significantly
higher in the RB1 than in the RB2 treatment on the 30th day after transplanting. The
difference between the RB1 and the RB3 on the 10th day and the 30th day was significant
at p = 0.05 level, independently. Similar results were found in the 10 cm soil depth where
RB1 increased the temperature by 6.4% and 6.0% as compared to the RB2 and the RB3,
respectively, on the 30th day after transplanting.

As shown in Table 5, the difference of leaf number, plant height, and leaf area were all
not significant (p > 0.05) in the RB1, RB2, and RB3 treatments 1 month after transplanting.
The leaf number in the RB1 was 10.8% and 26.3% higher than that in the RB2 and the RB3,
relatively, and the RB1 increased the plant height by 8.7% and 6.4% as compared with the
RB2 and the RB3, respectively. Meanwhile, the leaf area index in the RB1 was increased by
5.6% and 6.4% compared to the RB2 and RB3 treatments.
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Table 4. Soil temperature at 5 cm and 10 cm depth soil layer in three treatments. Means within same
transplanting days in the same soil layer followed by the same letter are not significantly different
(p =0.05).

Mean Daily Soil Temperatures (°C)

Soil Layer Depth
Treatment (cm) 10 Days after 20 Days after 30 Days after
Transplanting Transplanting Transplanting
RB1 20.0a 23.4 ab 29.4b
RB2 5 19.0a 23.1a 28.0a
RB3 18.6a 233b 28.0b
RB1 183 a 215a 275a
RB2 10 172a 21.1a 258 a
RB3 172a 21.4Db 259b

Table 5. Plant growth of the three treatments one month after transplanting. Means within a column
followed by the same letters are not significantly different (p = 0.05).

Treatment Leaf Number Plant Height (mm) Leaf Area Index
RB1 72a 83.6a 0.125a
RB2 65a 76.9 a 0.118 a
RB3 57a 78.6a 0.117 a

3.4. Weight of Fresh Vines with Leaves and Tuber Yield

As shown in Table 6, the RB1 treatment had 7.7% (p > 0.05) and 30.2% (p < 0.05) more
branches in the growth period of nearly five months as compared with the RB2 and RB3,
respectively. Meanwhile, the relative weight of the fresh vines with leaves in the RB1 was
significantly (p < 0.05) increased by 57.5% and 70.8% compared to that in the RB2 and
the RB3, respectively. However, the length of the longest vine of each plant was similar
(1.5-1.7 m), which may be determined by the growth characteristics of the same sweet
potato variety.

Table 6. Weight of fresh vines and tuber yield in three treatments during the experiment. Means
within a column by the same letters are not significantly different (p = 0.05).

Vines (/Plant) Tubers (/Plant)
Treatment Total Lf:;fﬂ;s(:f W;;‘c’:;;()f Total Large Medium Fresh Standard (tY ]11:191)
Number ong . Number Tubers No.  Tubers No. = Weight(g)  Deviation
Vine (m) Vines (g)
RB1 56a 1.7a 949.7 a 40a 1.0a 3.0a 875.2a 27.0% 429a
RB2 5.2 ab 15a 602.8b 42a 1.0a 3.0a 653.8 a 24.5% 32.1a
RB3 43b 1.7a 556.1b 52a 09a 42a 706.8 a 26.6% 34.6a

In this research, the mean tuber number per plant in each treatment was 4-5, while
the number of large tubers was about 1 and the number of nedium tubers was about
3—4. The weight of single tubers in the RB3 was slightly more uniform than that in the
RB1 treatment, even when it had higher variation of plant spacing and planting depth.
The tuber yield per plant was 875.2 g plan’c*1 in the RB1 compared to 653.8 g plant*1 in
the RB2 and 706.8 g plant~! in the RB3, which indicated that the tubers yield in RB1 was
23.8-33.8% higher than that in the RB2 and the RB3. As a result, the fresh tuber yield was
32.1-42.9 t ha~! in the three treatments.

3.5. Economic Benefit

As shown in Table 7, mean annual input costs for the three treatments varied from
3203.0 US$ ha~! in RB2 to 3337.6 US$ ha! in the RB1. The RB1 cost the most due to using
plastic mulch, even though it used less herbicide and water. Meanwhile, the RB3 cost
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the least in terms of the labour use of transplanting due to the higher productivity of the
machine. However, the difference of input costs among the three treatments was marginal.
Since the RB1 had a greater fresh tuber yield, the farmer profit for the RB1 was 43.8% and
30.2% greater than that for the RB2 and the RB3, respectively.

Table 7. Economic benefit analysis for three treatments.

Treatment RB1 RB2 RB3
Inputs
Sweet potato slips (US$ ha~1) 765.6 765.6 765.6
Fertilizer (US$ ha~1) 210.9 210.9 210.9
Herbicide (US$ ha~1) 81.8 93.8 93.8
Plastic mulch and drip irrigation pipe (US$ ha~1) 632.7 485.1 485.1
Mechanical operation cost in transplanting (US$ ha~1) 2344 2344 2344
Labour in transplanting (US$ ha~1) 125.0 117.2 113.3
Irrigation (US$ ha™1) 21.6 304 37.8
Mechanical operation cost in other process (US$ ha™1) 703.1 703.1 703.1
Labour use in other process (US$ ha—1) 562.5 562.5 562.5
Total (US$ ha~1) 3337.6 3203.0 3206.5
Outputs
Yield (US$ ha—1) 429 32.1 34.6
Price (US$ kg™1) 0.39 0.39 0.39
Income (US$ ha™!) 16,731.0 12,519.0  13,494.0
Farmer income (US$ ha—1) 13,393.4 9316.0 10,287.5

4. Discussion

The clamping-plate compound sweet potato transplanter had the least missed trans-
planting counts and the greatest exposed transplanting counts (Table 2). This was due to
the reduced action of taking-planting the sweet potato slips, which was one of the typical
differences between the clamping-plate type and finger-clip type compound sweet potato
transplanters. In the RB3, the planting depth (59.2 mm) was the shallowest and its variation
was the greatest, as shown in Table 3. The reason for this is that sweet potato slips were
placed on the ridge through lifting and through covering the soil on the slips by using the
clamping-plate compound sweet potato transplanter. The plant spacing variation (8.9%)
of the clamping-plate compound sweet potato transplanter by using the soil-covering
method was in agreement with that of the other horizontal transplanter [41], which has a
similar method of placing the slips. The transplanting depth qualified rate (96.9-97.1%)
and planting length (198.2-201.8 mm) in the RB1 and the RB2 of the finger-clip compound
sweet potato transplanter were in accordance with Murakami et al. [27]. Available water
for the plant is necessary for rapid early slips growth [10]. The shallower the slips were
planted in the RB3 treatment, the more irrigation was needed. All the transplanting quality
and precision in the RB1, RB2, and RB3 treatments satisfied the sweet potato transplanting
requirements [17].

Soil temperature is an important environmental factor for plant growth and devel-
opment [42,43]. The Huang-Huai-Hai region of China was usually suffering a sudden
temperature drop from the end of April to the beginning of May. The soil temperature in
the 5-10 cm soil layer of the RB1 treatment was 0.3-1.7 °C and 0.1-1.7 °C higher during
the first month after transplanting than that of the RB2 and the RB3, respectively, with
the help of the plastic mulch. Rao et al. [44] also pointed out that mean soil temperatures
(19.9 °C) were significantly higher under mulched plots compared to non-mulched soil
(19 °C) during their three-year experiment.

The proper soil temperature tended to promote the sweet potato growing processes,
as shown previously by Bandara et al. [45]. The higher temperature in the RB1 treatment
in the first transplanting month could help to produce better growing conditions, and the
plant height and leaf area index were both improved in the RB1 treatment in the initial
growing period in this study. The improvements may also be caused by the fact that more
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moisture was retained and by enhanced mineral N (29-87%) in the mulched soil for the dry
season, as previously indicated by Kundu et al. [46].

Mulched soil enhanced mineral N, P, and K availability is applied for sweet potato [46],
while all of those chemical properties are critical for the yield increasing. The mulched
raised beds in the RB1 contributed to the significant (p < 0.05) increase of 346.9 g plant*l of
the aboveground growth and the marginal increase of 221.4 g plant™~! of the fresh tubers
weight compared with those of the RB2. These results are consistent with those found
by Rao et al. [44]. Moreover, using plastic mulch in cool climates seems to increase the
aboveground growth of sweet potato significantly, while the storage root yield was less
affected [47]. In the RB3, the total tubers number was higher than the other treatments
under the horizontal vertical placement by using the clamping-plate compound sweet
potato transplanter. The increased number of the fresh tubers in the RB3 was offset by the
decrease in the weight of each fresh tuber, and the size of the tubers was more consistent
and more popular for fresh sweet potatoes. The yield in the RB3 was slightly higher than
that of the RB2 while its weight of the fresh vines of each plant was marginally lower than
the RB2, possibly due to the horizontal vertical placement with the varying slips orientation.
In RB3, the slips were grown above the ridge furrow by being placed horizontally and
vertically to the ridge, while in the RB2, the slips were grown above the ridge by being
placed along the ridge during the first few growing months of the growing period. As a
result, the distribution of the solar energy in the RB3 was much greater on the ridge areas
than that of the RB2, which is crucial for tuber growth as they are planted in the ridge.

The positive effects of mulching and horizontal vertical placement on crop growth
and yield were probably responsible for the increased economic benefits in the RB1 and
the RB3 treatments. The results agree with those of Hou et al. [21] and Rao et al. [44]. The
proportion of labor costs in the mechanized sweet potato production process of this study
was 20.1%, which dropped significantly compared with the study of Kassali, in which no
machine was used, and in which the labor cost accounted for 68% of the total cost [48]. The
use of mechanization in sweet potato production increased the economic benefits. Tang
et al. [49] also found that the labor cost was 46.5% of the total cost during sweet potato
production in which the transplanting process was accomplished manually. It seems that
the use of the mechanized transplanting reduced the labor cost by 26.5%. Yan et al. also
pointed out that the labor volume of sweet potato transplanting accounts for about 23% of
the whole production process [41], but the labor cost only accounted for 3.7% in this study
because of the use of mechanical transplantation. The replacement of labor transplanting
with mechanized transplanting thus contributed significantly to the improvement of the
economics of sweet potato production.

5. Conclusions

In this study, considerable changes in crop performances and yield due to mulched
raised beds and horizontal vertical transplanting placement were observed. The finger-clip
compound sweet potato transplanter and the clamping-plate compound sweet potato
transplanter satisfies the requirement of sweet potato transplanting among three raised
bed cropping systems. With the lowest coefficient variation of plant spacing and planting
depth, the finger-clip compound sweet potato transplanter produced the raised beds with a
higher temperature by using the plastic mulch for the growth of rapid early slips in the RB1
treatment, thereby improving 57.5-70.8% of the weight of fresh vines and 23.8-33.8% of the
yield of tubers compared to both the RB2 and RB3 treatments. However, when the plastic
mulch was not used, the clamping-plate compound sweet potato transplanter provided a
7.8% higher yield than the finger-clip compound sweet potato transplanter by placing the
slips horizontally vertical to the raised beds. In general, in the areas of the mulched soil
planting system, the finger-clip compound sweet potato transplanter could be a suitable
option. In the areas without mulch, though, the clamping-plate compound sweet potato
transplanter has the potential to increase production.
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Abstract: Plasma treatment offers an approach to enhance the nitrogen (N) content of livestock slurry
and biogas digestate, thereby increasing the efficacy of organic fertilizers. This innovative method
is used to produce nitrogen-enriched organic fertilizer (NEO) containing a double concentration of
plant-available N. Over three years, we conducted a comprehensive study in 14 spring wheat and
barley field trials in Norway. The primary objective was to assess and compare the cereal grain yield
achieved by applying NEO to other conventional fertilizers. The NEO utilized in our research was
derived from the unit developed by the Norwegian company N2 Applied. The results indicated that
120 kg N ha~! in NEO yielded in the same range of cereal grains as 95 kg N ha~! in mineral fertilizer.
Moreover, the combination of untreated slurry and 55 kg N ha~! in mineral fertilizer Opti-NS yielded
the same as 120 kg N ha~! in NEO. Surprisingly a combination of 12 kg N ha~! in mineral fertilizer
at sowing day and 108 kg N ha~! in NEO at the three-leaf stage led to a higher yield in spring wheat
than 120 kg N ha~! NEO spread at sowing day in two out of three experimental years. Moreover,
applying NEO directly to plants has shown no visible signs of harm. Lastly, filtering the slurry
resulted in higher cereal grain yields than the untreated slurry. In conclusion, despite possessing
the same N content, utilizing NEO yielded a 15-20% lower cereal grain yield than mineral fertilizer.
Nonetheless, 20-30% more yield than the native amount of cattle slurry it derived. However, we
have observed an unexplained loss of approximately 17% of the nitrogen in NEO, which does not
translate into increased grain yield or nitrogen productivity.

Keywords: agronomy; field crops; fertilization; innovation; wheat; barley; nitrogen

1. Introduction

Global food production systems encounter numerous challenges due to rising food
demand, which coincides with population growth [1]. Simultaneously, the detrimental
effects of global warming and soil degradation are progressively diminishing production
capacity [2]. In this context, agroecosystems face substantial societal pressure to foster
sustainable food production [3-6].

The beneficial impact of nitrogen (N) fertilization on plant productivity has been
extensively studied and widely acknowledged [7,8]. Moreover, the availability of nitrogen
(N) is a fundamental necessity in plant production [9,10], and as such, the utilization of
N in agroecosystems has undergone a significant transformation in recent decades [11].
Nevertheless, the excessive application of nitrogen fertilizers can give rise to significant
drawbacks and unfavorable outcomes, despite their initial positive effects [12]. Beyond that,
the production process of mineral fertilizers results in environmental pollution, disturbance
of natural processes, and substantially adverse effects on biodiversity and the climate [13].
This clarifies the necessity of developing sustainable agricultural amendments based on
organic principles.

Over the last twelve years, the Norwegian company N2 Applied has developed a unit
to enhance the nitrogen content of slurry or digestate, with electricity and air as the only
inputs [14-16]. The process uses electrical energy to generate an air plasma, where oxygen
and nitrogen combine to form a reactive nitrogen gas. The NOx is subsequently absorbed
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34



Agronomy 2023, 13, 1549

in the slurry as nitrate and nitrite, enriching the slurry with plant-available nitrogen and
reducing the pH. The plasma-treated slurry is termed Nitrogen Enriched Organic fertilizers
(NEO). The unit is currently accessible for scientific use and testing by producers, with
plans for potential commercial availability in Europe in 2023.

The company reports that their units require 50 kWh of electricity per kg N added to
the slurry. Consequently, based on an average addition of 1.65 kg N ton~! slurry, the unit
would require 82.5 kWh of electricity per ton of treated slurry. Additionally, the company
reports that the N2 Applied unit has a daily 5-8 tons capacity.

Since NEO is a novel product, assessing its impact on plant yield and its effectiveness
compared to conventional fertilizers, e.g., mineral fertilizers, cattle slurry, etc., is essential
before considering its commercialization. Thus, to accomplish this, we at Inland Norway
University of Applied Sciences (INN) conducted comprehensive trials to document and
compare the effects of NEO on soil health [17,18] and plant yields in the growing cham-
ber [19] and cereal and grass fields at different locations in Norway over three years (2020
to 2022).

The current study investigates and compares the effects of NEO made from cattle
slurry on grain yields of spring barley (Hordeum vulgare L.) and spring wheat (Triticum
aestivum L.), hereafter termed barley and wheat, to other conventional fertilizers used in
agriculture. Additionally, we anticipate publishing the results from our grass trials in a
forthcoming paper.

Since NEO is a novel product with potentially beneficial gains, its effects on plant
yields should be elucidated before introducing it into the global markets. Therefore, this
study aims to determine the effects of NEO made from cattle slurry on cereal yields in
Norway compared to farmers’ alternatives, such as mineral fertilizers and untreated cattle
slurry. Therefore, the research questions were: (1) What is the fertilization effect of NEO
compared to the other alternatives; and (2) Can NEO be spread at three leaf stage without
harming the plants, and if so, would such an application produce a higher yield than NEO
spread at the sowing day.

We hypothesized that: (1) NEO could produce the same grain yields as mineral
fertilizer, and (2) spreading NEO at the three-leaf stage does not harm the plants but instead
boost growth and yield compared to spreading NEO on sowing day.

2. Materials and Methods
2.1. Experimental Design

The experimental design consisted of a randomized complete block design with four
replicates, encompassing Series 1 and Series 2. In Series 1, the fertilizer plots measured
10 x 3 m, with a harvested area of 1.5 x 8.5 m within each plot. The larger plot size in
Series 1 was necessary to facilitate extensive soil sampling for analyzing soil organisms and
overall soil health. In Series 2, the fertilizer plots were smaller, measuring 2.5 x 8 m, with
harvest plots at 1.5 x 6.5 m.

The results obtained in 2020 provided indicative evidence supporting the notion that
filtered slurry yields positive effects. As a result, the plots receiving the filtered slurry
treatment in 2020 were transformed into control treatments with no fertilizers in Series 1 for
the 2021 and 2022 trials. Additionally, another finding from 2020 indicated that applying
NEO at the three-leaf stage of grain plants resulted in lower yields than NEO applied on
sowing day. Consequently, a separate series of trials in Series 2 was designed, omitting the
NEO application at the three-leaf stage treatment. Furthermore, the N-level treatments in
mineral fertilizers were increased to assess the nitrogen effect of NEO better.

2.2. Trials Location

The field trials were located at four representative areas for cereal production in
Norway: 1. Tonsberg; 2. Arnes; 3. Hamar; and 4. Stjerdal (Figure 1). Details on the
locations and soil types are provided in Table 1.
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Figure 1. The map showing the locations in the southern part of Norway, where the field trials were

conducted in 2020, 2021, and 2022: Tensberg 1, Arnes 2, Hamar 3, and Stjordal 4.

Table 1. The trial numbers, location coordinates, and soil quality information at the trial sites. The

barley and wheat were all spring-sown types.

Series  Trial Location  Crops, Varieties, and Years Detall.ed Location and Soil Type and Key Soil
Coordinates Parameters
1 1 3 Barley’ Salome’ 2020, Wheat 3 km east of Hamar Loam. 4.5% organic.
‘Betong’ 2021, Barley’ Bente’ 2022  (60.81830° N. 011.17968° E) pH74
1 2 3 Wheat ‘Mirakel” 2020, Barley’ 3 km east of Hamar Loam. 4.5% organic.
Anita’ 2021, Wheat ‘Betong’ 2022 (60.81830° N. 011.17968° E) pH74
, . 3 km west of Arnes Silt loam. 4.0% organic.
! 3 2 Wheat "Helmi” 2021 (60.12604° N. 11.39471° E) pH 6.0
, , 3 km west of Arnes Silt loam. 4.0% organic.
! 4 2 Barley “Brage’ 2021 (60.12604° N. 11.39471° E) pH 6.0
, , 5 km west of Tensberg Silt loam. 6.5% organic.
2 5 1 Wheat “Betong’ 2021 (59.294937° N.. 10.318813° E) pH 6.2
, , 15 km north of Tensberg Silt loam. 4.8% organic.
2 5 1 Wheat “Betong” 2022 (59.384537° N. 10.232651° E)  pH 6.9
, , 4 km north of Stjerdal Loam. 2.7% organic.
2 6 4 Barley ‘Thermus’ 2021 (70.41109° N. 59.3647° E) pH 6.1
; o .
5 6 4 Barley “Thermus’ 2022 4 km north of Stjerdal Loam. 2.7% organic.

(70.37496° N. 59.7733° E)

pH 6.1

2.3. Fertilizers

In the trials, we used the following fertilizers:

e  Untreated slurry: Cattle Slurry from the Norwegian University of Life Sciences farm.

e NEO (Nitrogen Enriched organic fertilizer): This is the same slurry as «Untreated
slurry» processed through the N2 Applied unit. The available nitrogen in NEO is
around 50% ammonia, 30% nitrate, and 20% nitrite, and the acidity is down to around
pH 5.2. The relative levels of nitrate and nitrite vary quite a lot. See Table 2.

e Mineral fertilizer 18-3-15: A commercially available mineral fertilizer produced by
Yara [20] with 18% nitrogen (N), 3% phosphorus (P), and 15% potassium (K). The 18%
N consists of slightly more ammonia than nitrate. This fertilizer was chosen due to the
similarities in plant available nutrients to NEO.
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e  Mineral fertilizer Opti-NS (27-0-0) [21]: This is an N fertilizer combined with sulfur (S)
(3.6%), where the N consists of equal amounts of ammonia and nitrate.

Table 2. Amounts of mineral N, ammonia N, nitrate N, nitrite N, total N (kg N ton’l), and pH in the
NEO and untreated cattle slurry used over the three years (average over several analyses per year).

Fertilizer and N-Min NH* NO3- NO2- Total N -
Year (kgton™1) (kgton—1) (kgton~1) (kgton—!) (kgton~1) P
NEO 2020 3.4 1.68 1.24 0.52 47 53
Untreated 2020 1.7 1.7 0 0 2.8 7.1
NEO 2021 3.2 1.5 0.92 0.8 438 5.59
Untreated 2021 1.5 1.5 0 0 2.68 7.17
NEO 2022 3.55 1.66 1.19 0.69 Not analyzed  5.15
Untreated 2022 1.75 17 0 0 Not analyzed  7.35

During the production process in N2-Applied’s plasma reactor, the untreated slurry
undergoes filtering to remove solid particles larger than 5 mm using a screw press, which
reduces the original volume by 10%. As a result, the filtered material has a consistency
similar to soft coarse peat. This filtering, combined with the plasma treatment, transforms
the liquid fertilizer into NEO, which exhibits enhanced soil permeation compared to the
untreated liquid slurry.

To determine the appropriate quantities of NEO and other fertilizers for the dif-
ferent trial plots, the company sent samples to AnalyTech Environmental Laboratory
in Denmark. In 2021 and 2022, the analysis was conducted on the untreated manure
and the pre-produced NEO two weeks before their application in the experimental sites.
Table 2 provides the nitrogen and pH values of NEO and untreated slurry for 2020, 2021,
and 2022.

In 2020, N2 Applied conducted a test production of NEO in March and sent samples
for nitrogen content testing to the Danish lab. The fertilizer amounts for the 2020 trials were
calculated based on the results. Unfortunately, an error occurred during the production
of NEO intended for the field trials, resulting in lower nitrogen content than initially
calculated. As a result, the results from the 2020 trials remain valid but cannot be directly
compared. Instead, they serve as supporting material for the results obtained in 2021
and 2022.

The primary objective of our studies was to assess the impact of NEO on crop yield
in comparison to other farmer alternatives. Therefore, we established a baseline of
120 kg N ha~! for both wheat and barley, considering it as a typical level for barley in
Norway’s grain regions, albeit slightly lower than what is commonly used for spring
wheat. To achieve the desired nitrogen level of 120 kg per hectare, approximately 40 tons
of cattle slurry were processed through the N2 Applied’s plasma process unit after
filtering. The process converted 40 tons of cattle slurry into 37 tons of NEO containing
120 kg of nitrogen.

In 2020, we conducted two trials in series 1. Unfortunately, due to the abovementioned
production error, the nitrogen content in the cattle slurry-based treatments differed in 2020
compared to 2021 and 2022. Table 3 presents the treatments labeled (bold) in series 1 and 2
over three years.

Filtered slurry and NEO have different N contents from year to year. Considering this,
adjustments were made to keep the nitrogen content per hectare constant from year to year
as the most decisive factor.

In 2021 the N-content in NEO was 3.2 kg N ton~!, and we aimed for fertilization
with 120 kg N ha—! in NEO, accordingly 37.5 tons ha—!. As mentioned, 10% of cattle
slurry is filtered through NEO production. Thus, the farmers’ alternative is to spread
41 tons ha~! of untreated slurry. In 2021 the N-content in the untreated slurry was
1.5kg N ton~!. This year, applying 41 tons ha=! of untreated slurry to the trial plots
provided 61.5 kg N/ha~!. In 2022 the NEO had 3.55 kg N ton !, resulting in 34 tons ha~!
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of NEO reaching 120 kg N ha~!. The untreated had 1.75 kg N ton~!, and with a 10% higher
volume than NEO, we applied 37 tons ha™! of untreated slurry—resulting in 65 kg N ha=!.
With this clarification, we used 65 kg N ha~! in the graph labels for the untreated slurry for

2021 and 2022.

Table 3. The treatments and their labels (bold text) used in our trials.

Treatments in Series 1 in 2020:

Treatments in Series 1 in 2021 and 2022:

Treatments in Series 2 in 2021 and 2022:

MaF51: 51 kg N ha~! in Filtered
untreated slurry.

NoF: No fertilizer

NoF: No fertilizer

Ma56: 56 kg N ha~! in untreated slurry

Maé65: 65 kg N ha~! in untreated slurry
(manure).

NEO120: 120 kg N ha~! in NEO

NEO102: 102 kg N ha~! in NEO

NEO120: 120 kg N ha~! in NEO

Maé65: 65 kg N ha~! in untreated slurry.

MiNEO 104: 12 kg N ha~! in mineral
fertilizer 18-3-15 applied to the trial plots
before sowing and 92 kg N/ha~! in NEO
at Zadoks GS13 three leaves stage.

MiNEO 120: 12 kg N ha~! in mineral
fertilizer 18-3-15 applied to the trial plots
before sowing and 108 kg N/ha~! in
NEO at Zadoks GS13 three leaves stage.

MaMi120: 65 kg N ha~! in untreated
slurry and 55 kg N ha~! in mineral
fertilizer Opti-NS.

Mi51: 51 kg N ha~! in mineral fertilizer
18-3-15

Mi65: 65 kg N ha~! in mineral fertilizer
18-3-15

Mi30: 30 kg N ha~! in mineral fertilizer
18-3-15

Mi91: 91 kg N ha~! in mineral fertilizer
18-3-15

Mi91: 91 kg N ha~! in mineral fertilizer
18-3-15

Mib55: 55 kg N ha~! in mineral fertilizer
18-3-15

Mi123: 123 kg N ha~! in mineral fertilizer
18-3-15

Mi120: 120 kg N ha~! in mineral fertilizer
18-3-15

Mi80: 80 kg N ha~! in mineral fertilizer
18-3-15

MaMi123: 56 kg N ha~! in untreated
slurry combined with 6.7 kg N ha™! in
mineral fertilizer Opti-NS

MaMi120: 65 kg N ha~! in untreated
slurry combined with 55 kg N ha=! in
mineral fertilizer Opti-NS

Mil05: 105 kg N ha~! in mineral fertilizer
18-3-15

Mi120: 120 kg N ha~! in mineral fertilizer
18-3-15

Itis also necessary to clarify a point regarding the mineral fertilizer plus NEO treatment
(MiNEO120). In earlier testing of NEO, the N2 Applied company had experienced that
NEO could be applied to cereals after germination. Therefore, we agreed to test this in series
1 by forming the MiNEO120 treatment, where we applied 12 kg N ha~! in mineral fertilizer
Yara Mila complete fertilizer 18-3-15 (Yara, Oslo, Norway) to the trial plots before sowing,
combined with 108 kg N ha~! in NEO applied at three leaves stage Zadoks GS13 [22]. All
the other treatments were applied on sowing day by spreading the fertilizers on the trial
plots and mixing them into the soil using a disc harrow. The grain was sown a few hours
after fertilization.

2.4. Weather Conditions

Table 4 presents May’s average temperature, precipitation, and corresponding average
values in all trial locations over 2020-2022. Series 1 had trials in Hamar and Arnes. In 2020,
Hamar was 1.4 °C colder than average and had less than half of the normal precipitation.
In 2021, Hamar and Arnes had a normal average temperature but about 20% more precipi-
tation than normal. In 2022, Hamar had a normal average temperature but a dry month of
May with 23.2 mm less precipitation than the normal 55 mm. The trials in Series 2 were in
Tonsberg and Stjordal. Tensberg had 24 mm more rain than average in 2021 and about half
the normal precipitation in 2022. Stjordal had a dry month in May, with half the normal
precipitation in 2021 and average rainfall in 2022 [23].
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Table 4. Average temperatures, normal temperatures, precipitation, and normal precipitation for the
grain trial locations over the years 2020-2022.

Average Normal Average Normal
Year Location Temperature  Temperature Precipitation Precipitation
(@) Q) (mm) (mm)
2020 Hamar 8.5 9.9 23 55
2021 Tonsberg 9.9 10.8 95.1 71
2021 Arnes 9.3 10.2 88.4 59
2021 Hamar 9.5 9.9 77.9 55
2021 Stjerdal 9.6 9.0 33.1 63
2022 Tonsberg 11.4 10.8 36.5 71
2022 Hamar 9.8 9.9 31.8 55
2022 Stjerdal 9.6 9.0 72.6 63

2.5. Data Handling, Statistics, and Analysis

Field trial data were first analyzed using ANOVA and Duncan’s multiple-range tests
of the means. Then, the N effect of NEO was calculated against the nitrogen effect of
mineral fertilizer. This was possible as we included a mineral fertilization ladder ranging
from 0 kg N-min ha=!to 120 kg N-min ha—!. Next, a linear regression model expressed
the relationship between N provided in mineral fertilization (x axis) and grain yield (y
axis). The same was done for the N yield data. The regression equations were then used
to calculate the N effect of 120 kg N-min ha~! provided in NEO based on yield and N
yield data, respectively. This procedure was repeated for each of the trials and finally
across all trials, with 95% confidence intervals. Statistical analyses were done in SPSS 28
software (© 2023 IBM (New York, NY, USA). Excel (© 2023 Microsoft (Seattle, WA, USA),
and Minitab 21 (2023 Minitab, LLC (State College, PA, USA)), were used for the graphics.
Finally, we analyzed samples from all the trial plots for N percentage with the Dumas
method to find the Nitrogen yields.

3. Results
3.1. Barley and Wheat Grain and Nitrogen Yield—Series 1 2020

In 2020, when examining barley grain yield (Figure 2A), it was found that NEO102
produced a yield equivalent to that of MiNEO104, Mi91, and MaMi123. However, Mi123
exhibited a significantly higher yield than all other treatments. Additionally, MaF51 demon-
strated a yield of 448 kg ha~!, which was significantly higher than that of Ma56.

When considering wheat grain yield (Figure 2A), it was observed that NEO102 yielded
significantly more (469 kg ha~!) compared to MiNEO104 while producing a yield similar
to that of Mi91 and MaMi123. However, once again, Mi123 displayed a significantly higher
yield than the rest of the treatments. Notably, MaF51 demonstrated a significantly higher
yield of 756 kg ha~!, surpassing that of Ma56.

The trend in nitrogen yield for barley and wheat (Figure 2B) followed a similar pattern
to grain yield; however, the differences between the treatments became more pronounced.

3.2. Barley and Wheat Grain and Nitrogen Yield—Series One, 2021 and 2022

Here, we present the results from three separate trials conducted in barley and wheat
as part of Series one in 2021 and 2022. We have analyzed the data separately for grain yield
and nitrogen yield.

Regarding barley grain yield (Figure 3A) among the treatments, Mi120 demonstrated
the highest yield, surpassing MiNEO120, NEO120, and MaMi120 by 586 kg ha=1,610 kg ha?,
and 793 kg ha~!, respectively. Notably, MiNEO120 and NEO120 yielded alike, with both
treatments significantly outperforming Ma65 and falling within the range of Mi9l.
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Figure 2. (A) Grain yield (15% water content) in kg ha=! and (B) nitrogen yield in
kg N ha~! 4 standard error of the means. Results from the initial trials in 2020 with one trial in
barley (left) and one in spring wheat (right). The NEO102 kg N ha~! treatment stands out from other
treatments with its distinct yellow coloration.

Furthermore, regarding wheat grain yield (Figure 3A), unlike the barley results, Mi-
NEO120 yielded higher than other treatments; the difference was insignificant to Mi120,
NEO120, and MaMi120. NEO120 yielded in the same range as Mi91 but significantly
surpassed Ma65.

Regarding nitrogen barley yield (Figure 3B), the pattern observed mirrored that of
grain yield, displaying similar trends across the treatments. However, considering the
nitrogen wheat yield (Figure 3B), MiNEO120 exhibited the highest nitrogen yield, reaching
106.1 kg N ha~!. This result was significantly higher than both NEO120 and MaMi120,
and it exceeded Mi120 by an additional 8.7 kg N ha~!, although the latter difference
was insignificant.

3.3. Barley and Wheat Grain and Nitrogen Yield—Series Two, 2021-2022

In series two of the experiments conducted in 2021 and 2022, the barley grain yield
(Figure 4A) of MaMi120 was 5064 kg ha~!, which was similar to the yield of Mi120.
However, Mi120 yielded only 170 kg ha~! higher than NEO120, and the difference was
not statistically significant. On the other hand, NEO120 produced a grain yield that fell
between the yields of Mi105 and Mi120, with a significantly higher yield of 646 kg ha™!
compared to Ma65.
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Figure 3. (A): Grain yield (15% water content), and (B) nitrogen yield, in kg N ha~! + standard error
of the means. Results from Series 1 in 2021 and 2022, with three trials in barley (left) and three trials
in spring wheat (right). The NEO 120 kg N ha~! treatment stands out from other treatments with its
distinct yellow coloration.

Regarding wheat grain yield (Figure 4A), MaMil20 yielded significantly higher
(451 kg ha~!) than NEO120. On the other hand, NEO120 yielded similar to Mi80 but
significantly higher (695 kg ha~!) than ma65.

A similar trend in barley and wheat grain yield was observed for nitrogen yield
(Figure 4B). However, the differences between treatments were more pronounced, indicat-
ing increased variation in nitrogen yield.

3.4. Nitrogen Effects: Results from All 10 Trials in Series One and Two in 2021 and 2022

The Y axis in Figure 5 represents the nitrogen effect obtained from the range of mineral
fertilizers. NEO120 exhibited an equivalent effect on grain yield as 95 kg N ha~! in mineral
fertilizer and the same effect on nitrogen yield as 100 kg N ha~! in mineral fertilizer. In
simpler terms, 95 kg N ha~! in mineral fertilizer can be substituted with 120 kg N ha~! in
NEO when considering wheat and barley grain yield. Similarly, when assessing nitrogen
yield, 100 kg N ha~! in mineral fertilizer can be replaced by 120 kg N ha—! in NEO.
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Figure 4. (A): Grain yield (15% water content), and (B) nitrogen yield, in kg N ha~! + standard error
of the means. Results from Series 2 in 2021 and 2022, with two trials in barley (left) and three trials in
spring wheat (right). The NEO 120 kg N ha~! treatment stands out from other treatments with its
distinct yellow coloration.

Ma65 demonstrated a grain yield effect comparable to 50 kg N ha~! in mineral fertilizer,
but the nitrogen yield from Ma65 was slightly lower. MaMi120 also exhibited the same
grain yield nitrogen effect as 95 kg N ha~! in mineral fertilizer. However, the nitrogen yield
from MaMi120 was slightly lower in comparison.

3.5. Sum up All Average Yields

The following table, Table 5, presents the average barley and wheat grain yields from
the most noteworthy treatments in both series one and two in 2021 and 2022 (columns two
and three) and series one only (columns four and five).

When considering the combined results from all trials in barley and wheat (columns
two and three), MaMi120 yielded 5083 kg ha~! barley grain and 5290 kg ha~! wheat grain.
These results were equivalent to the barley yield obtained from NEO120, while in wheat,
MaMi120 outperformed NEO120 by 135 kg ha~!. MaMi120 and NEO120 yielded more
than 1000 kg ha~! compared to Ma65, with the largest increase observed in wheat. Mi120
yielded 425 kg ha~! higher barley grain and 968 kg ha~! higher wheat grain than NEO120.

Focusing on Series 1 alone (columns three and four), similar yield differences were
observed as in the combined results. Additionally, we included the MiNEO120 treatment
in this analysis. Regarding barley, MiNEO120 yielded similar to NEO120, while in wheat,
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it outperformed NEO120 by 743 kg ha~! and MaMi120 by 935 kg ha~!. Remarkably,
MiNEO120 even surpassed the wheat grain yield of Mi120.

HVYield EIN yield
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Figure 5. Nitrogen effect of 120 kg N ha™! in NEO (NEO120) compared to the nitrogen effect of
65 kg N ha~! in manure (Ma65) and 120 kg N ha~! in manure with mineral fertilizer (MaMi120).
Results are based on data from ten trials in Series 1 and 2 combined. Results are provided for grain
yield data and N yield (bars with light pattern).

Table 5. The average yields per ha of the Ma65, MaMi120, NEO120, and Mil20 treatments in all
5 trials in barley and 5 trials in wheat in 2021 and 2022 (Series 1 and 2 combined). Columns four and
five give the same only from the trials in Series 1 from the same years, also containing the average
yield effects from the MiNEO120 treatment.

Fertilization Average Yield (kgha—1)  Average Yield (kgha—1)  Average Yield (kg ha—1) Average Yield (kg ha—1)
Treatment All Trials 2021 and 2022 All Trials 2021 and 2022 Series 12021 and 2022 Barley  Series 12021 and 2022
Barley (5 Trials) Wheat (5 Trials) (3 Trials) Wheat (3 Trials)

Mab5 4068 4013 3931 3882

MaMi120 5083 5290 5102 5289

NEO120 5068 5155 5285 5481

MiINEO120 - - 5309 6224

Mil20 5443 6123 5895 6047

4. Discussion
4.1. Nitrogen Fertilization Effect of NEO

The present studies aimed to determine the comparative variances in yield and fertil-
izer efficacy among NEO, mineral fertilizers, cattle slurry, and other farmers’ alternatives.
The experiments were located in representative parts of Norway’s most crucial grain
production areas. The intended nitrogen (N) application level for the study was set at
120 kg N ha—!, which aligns with the average N level commonly used for barley and is
slightly lower (around 1-2 kg) than the average N level employed for wheat in practical
farming within the region. The yields obtained from applying 120 kg N ha~! using mineral
fertilizer fell within the same range as those observed in the official Norwegian variety
trials. [24].

During the initial two trials conducted in 2020, we observed a substantial increase in
wheat yield when utilizing filtered slurry compared to the untreated slurry, with a difference
of 756 kg ha 1. Similarly, in the case of barley, the filtered slurry resulted in a yield increase
of 447 kg ha~! compared to the untreated slurry. These findings indicate that by simply
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filtering the slurry, the fertilizer effect was enhanced by approximately 10-14 percent in
barley and wheat, respectively. It is worth noting that despite the reduced volume and
applied nitrogen amount due to filtration, the positive impact on yield was still significant.
This phenomenon can be attributed to the reduced carbon-to-nitrogen (C/N) ratio observed
in the filtered slurry, resulting in an enhanced nitrogen mineralization process [25,26]. This
can elucidate a portion of the positive yield effect achieved by implementing the N2
Applied technology.

Our study focused on assessing the potential of NEO as a substitute for nitrogen (N)
from mineral fertilizers. The results revealed that applying 120 kg N ha~! in NEO resulted
in a similar grain yield as using 95 kg N ha~! in mineral fertilizer, which is a 20% reduction
in yield compared to the 120 kg N ha~! in mineral fertilizer. However, NEO exhibited
slightly better performance when considering nitrogen yield, with 120 kg N-min ha~! in
NEO yielding comparable results to 100 kg N ha~! in mineral fertilizer (a 16.7% reduc-
tion) [27-29].

We also examined the impact of combining untreated manure with mineral fertilizers
on grain yield. Notably, applying 65 kg N ha~! in untreated manure supplemented with
55 kg N ha~! in mineral fertilizer yielded the same as using 95 kg N ha~! in mineral
fertilizer and 120 kg N ha~! in NEO for both barley and wheat grain yield. Interestingly,
within 120 kg N ha~! in NEO, 60 kg N is added to the manure through plasma treatment.
These findings indicate that NEO may suitably replace the combination of untreated manure
with mineral fertilizers, which can be an effective strategy to reduce reliance on mineral
fertilizers while maintaining comparable yields.

To further analyze the results, we examined the average wheat and barley yields, as
presented in Figures 2—4 and Table 5. Our grain trials set the targeted nitrogen value at
120 kg N ha~1. To achieve this level using NEO, we applied 37.5 tons ha—!and 34 tons ha~!
in 2021 and 2022, respectively, considering the varying nitrogen content in NEO. Corre-
spondingly, the amounts of untreated slurry applied were 41 tons ha~! and 37 tons ha™!,
resulting in an average of 39 tons ha~! of untreated slurry. Using this information, we
calculated the yields obtained from different combinations of 39 tons ha~! of cattle slurry
and mineral fertilizer:

When applying 39 tons ha~! of untreated cattle slurry (Ma65), we harvested a barley
yield of 4068 kg ha=! and a wheat yield of 4013 kg ha~!. By combining 39 tons ha~!
of untreated slurry with mineral fertilizers (Opti-NS) up to 120 kg N ha~! (MaMi120),
we observed improved yields, with barley reaching 5083 kg ha~! and wheat reaching
5290 kg ha 1.

To explore the potential of alternative fertilization techniques, we filtered 39 tons of
untreated slurry. Then, we processed it through the N2 Applied unit, resulting in 35 tons of
NEO with a nitrogen content of 120 kg N. Applying 35 tons ha~! of NEO (NEO120) yielded
a barley yield of 5068 kg ha~! and a wheat yield of 5155 kg ha~!, the same level as the
combination of cattle slurry and mineral fertilizer up to 120 kg N ha~'.

Furthermore, we examined the effects of solely using mineral fertilizers with a nitrogen
content of 120 kg N ha~!, specifically Yara 18-3-15 (Mi120). This approach resulted in even
higher yields, with barley reaching 5443 kg ha~! and wheat reaching 6123 kg ha=1.

4.2. NEO at Three Leaf Stage

Interestingly, throughout our trials, we consistently observed no evidence of damage
to barley and wheat plants when NEO was applied during the three-leaf stage. This
finding indicates that applying NEO at this particular growth stage does not result in any
discernible harm to the crops.

The treatment known as MiNEO120 involved the application of NEO (108 kg N ha—1)
at the three-leaf stage, while a small quantity (12 kg N ha~!) of mineral fertilizer was
applied on the sowing day. This approach yielded a crop production increase of 743 kg ha~!
compared to the sole application of NEO (NEO120) at sowing, based on six trials conducted
in 2021 and 2022. Additionally, the MiNEO120 treatment demonstrated slightly higher
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wheat yields than the application of 120 kg N ha~! as mineral fertilizer on the sowing day
(Mi120). However, when it came to barley, no significant yield improvement was observed
with the MiNEO120 treatment compared to the NEO120 treatment. In fact, the MiNEO120
treatment decreased yield by 586 kg ha~! when compared to the Mi120 treatment.

In contrast, our trials conducted in 2020 using the MiNEO treatment with an N
application rate of 104 kg N ha~! resulted in significantly lower yields. Specifically, there
was a decrease of 469 kg ha~! compared to using the NEO102 treatment in wheat. However,
in the case of barley, both treatments yielded approximately the same results in 2020. These
findings highlight the diverse effects that different nitrogen application methods and rates
can have on wheat and barley yields.

However, the high yield observed in the MiNEO120 treatment can be partially at-
tributed to trial number three out of the six trials conducted in series one during 2021 and
2022. MiNEO120 yielded a notably higher yield in this particular trial than MiNEO120
in the remaining five trials. We have thoroughly analyzed the weather conditions in the
weeks following sowing and the application of NEO in the MiNEO treatment. However,
our investigation did not yield any definitive explanations for this discrepancy.

On the other hand, it is widely acknowledged that wheat has a later nitrogen uptake
during the growing season compared to barley [30]. This difference in nitrogen absorption
timing may help explain why MiNEO120 consistently resulted in higher wheat yields than
barley in most of our trials. Another contributing factor could be the high nitrification
potential of NEO, which leads to greater availability of plant-accessible nitrate over a
concentrated period of 3—4 days following application [18]. This rapid release of nitrate
may particularly benefit wheat [31,32].

It is important to note that all other fertilizer treatments, apart from MiNEO120, were
applied solely on the sowing day. Therefore, our experiments do not provide insights into
how these alternative treatments would have performed if they had been applied partially
on the sowing day and partially at the three-leaf stage, similar to the MiNEO120 treatment.
Consequently, the only valid comparison is between MiNEO120 and NEO120.

4.3. Limitations and Further Research

The ammonia and nitrate levels in NEO and the mineral fertilizer used in our ex-
periments are similar. However, despite this similarity, it is astonishing that the crop
yield obtained from 120 kg N ha~! in NEO is equivalent to the yield achieved from just
95 kg N ha~! in the mineral fertilizer. Furthermore, the yield obtained from 120 kg N ha~!
in NEO is the same as that obtained from the combination of untreated slurry and mineral
fertilizer Opti-NS at the same nitrogen application rate. However, The nitrogen yields
obtained from NEO were slightly superior, delivering an equivalent nitrogen effect as
that of 100 kg N ha~! in mineral fertilizer. This suggests that approximately 20 kg ha~1,
corresponding to 17% of the plant-available nitrogen in NEO, is lost through other means.

Regrettably, we cannot provide a conclusive explanation for these unexpected out-
comes. Notably, the low pH in NEO should typically mitigate the majority of ammonia
leakage [33]. Nevertheless, one possibility to consider is that the high soil nitrification
potential in the initial days following the application of NEO could lead to nitrate losses
without adequate plant absorption. Additionally, there is a risk that nitrogen could be
lost as nitrous oxide through denitrification, further exacerbating the situation. Therefore,
additional research investigating the emissions or leaching potential of NEO is necessary to
gain a clearer understanding of this phenomenon.

5. Conclusions

The current study aimed to investigate and compare the effects of Nitrogen Enriched
Organic fertilizer (NEO) made from cattle slurry on barley and wheat grain yields to other
conventional fertilizers used in agriculture. The results indicated that 120 kg N ha~! in NEO
yielded in the same range of cereal grains as 95 kg N ha~! in mineral fertilizer. Moreover,
the combination of untreated slurry and 55 kg N ha~! in mineral fertilizer Opti-NS yielded
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the same as 120 kg N ha~! in NEO. Surprisingly, the combination of 12 kg N ha~! in mineral
fertilizer applied at sowing, alongside 108 kg N ha~! in NEO administered at the three-leaf
stage, resulted in higher wheat yields compared to the application of 120 kg N ha~! of
NEO solely spread at sowing in two out of three experimental years. Additionally, the
direct application of NEO onto the plants exhibited no observable signs of harm. Lastly,
it is worth noting that filtering the slurry yielded higher cereal grain yields compared
to using the untreated slurry. Thus, while NEO and mineral fertilizers have similar N
content, utilizing NEO resulted in a cereal grain yield 15-20% lower than that achieved
with mineral fertilizer. However, it still yielded 20-30% higher than the native amount of
cattle slurry it originated. Nevertheless, it is worth noting that approximately 17% of the
nitrogen in NEO appears to be lost through unidentified means without contributing to
grain or nitrogen yields.
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Abstract: Optimizing profitability is a challenge that strawberry farmers must face in order to remain
competitive. Within this framework, plant density can play a central role. The aim of this two-year
study was to investigate how planting density can induce variations in plant growth and yield
performances in an alpine mountain strawberry cultivation (Martell Valley, South Tyrol, Italy), and
consequently quantify the farm profit. Frigo strawberry plants cv. Elsanta were planted in soil on
raised beds and subjected to five different planting density levels (30,000 and 45,000 as large spacing;
60,000 as middle spacing; 90,000 and 100,000 plants ha~1! as narrow spacing, corresponding to a plant
spacing of 28, 19, 14, 9, and 8.5 cm, respectively). Our findings indicate that the aboveground biomass
in plants subjected to low planting density was significantly increased by +50% (end of first year) and
even doubled in the second year in comparison with plants in high planting density. Those results
were related to higher leaf photosynthetic rate (+12%), and the number of crowns and flower trusses
per plant (+40% both) (p < 0.05). The low yield (about 300 g plantfl) observed in the high planting
density regime was attributable to smaller fruit size during the first cropping year and to both a
reduced number of flowers per plant and fruit size during the second year (p < 0.05). Although the
highest yield (more than 400 g plant~!) was obtained with wide plant spacing, the greatest yield per
hectare was achieved with high planting densities (28 t ha~! in comparison with 17 t ha~! with low
plant density level). However, the farm profit must take into account the costs (especially related to
the plant material and harvesting costs) that are higher under the high planting density compared
with the other density regimes. Indeed, the maximum farm profit was reached with a density of
45,000 plants ha~! which corresponded to EUR 22,579 ha~! (over 2 years). Regarding fruit quality,
fruits coming from the low plant density level showed a significantly higher color index (+15% more
red color) than fruits from high plant density (p < 0.05). In conclusion, our results suggest that a
middle planting density can be a fair compromise in terms of plant growth, yield, and farm profit.

Keywords: Fragaria x ananassa; plant spacing; altitude; flowering; fruit quality

1. Introduction

Strawberry is a herbaceous perennial plant belonging to genus Fragaria of the family
Rosaceae [1]. There are around 24 species of Fragaria in the world, mostly concentrated
in China, making it the country with the largest genetic resources of wild strawberry [2].
Nevertheless, the strawberry species cultivated today derives from a natural hybridization
that occurred in European gardens around the mid-1700’s, between two species native to
America (the South American F. chiloensis and the North American F. virginiana) [3]. Shortly
thereafter, that new hybrid species, Fragaria x ananassa, was destined to become a popular
fruit crop with a significant economic value [3]. Being a plant with great environmental
adaptability, it is geographically distributed in various parts of the world [1]. According
to data from the Food and Agriculture Organization of the United Nations (FAO), the
worldwide production of strawberry was around 8.8 million tons in 2020 [4]. China is the
largest strawberry producer in the world (3.3 M tons), followed by United States of America
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(1.1 M tons), Egypt (0.6 M tons), Mexico (0.6 M tons), and Turkey (0.5 M tons). The leading
European country in strawberry production is represented by Spain (0.3 M tons) [4].

According to the Italian National Statistics Institute (data updated to 2021), the national
production of strawberries is around 121 thousand tons of which 29 thousand in open fields
(1871 ha) and 92 thousand in greenhouses (2631 ha) [5]. Although much of the production
is concentrated in southern and central Italy, the significant contribution provided by the
northern regions, such as Emilia-Romagna, Veneto, and regions located along the Alpine arc
(Piedmont and Trentino-South Tyrol), must not be overlooked, and thanks to this variability
of Italian environments, a fresh product is guaranteed throughout the year.

Several areas of strawberry cultivation can be identified in the province of Alto
Adige/Stidtirol/South Tyrol (in Italian, German, and English, respectively), from Martell
Valley to Isarco Valley and Pusteria Valley, thus covering an area of about 100 ha [6]. More
in detail, the Martell Valley on the southern side of Venosta Valley allows the cultivation of
strawberry (and other berries) in an alpine mountain environment. The beginnings of the
“heroic strawberry cultivation” in Martell Valley originated in the 60 s, when a group of
farmers, with the help of the Department of Agriculture of the Autonomous Province of
Bolzano/Bozen, identified the potential of the strawberry to be grown in this microclimate.
The production of strawberries extends from 900 to 1800 m a.s.1., hence the name “Martell
Strawberry Valley”. Due to the altitude of the growing areas, Martell Valley is considered
the highest cultivation area for strawberries in Europe. Late spring planting systems with
cold-stored plants are currently the most adopted way by the farmers of the valley. These
plants guarantee two crops, one in the year of planting, the other in the following year. The
“Martell strawberry” ripens very slowly, in this way the fruits take on unique aromas and
fragrances, and make themselves available from June to September, a period in which great
national and European productions are absent [7].

Although the Italian strawberry acreage has drastically collapsed over the years
(11,000 ha in 1989 to the current 4500 ha in 2021), yield per hectare, however, has resulted in
an increase of 47% [5,8]. This improvement is attributable to two factors: breeding programs
and growing systems. The first case results in the release of new, more productive cultivars
with higher fruit quality parameters and plant resistance/tolerance to pathogens. In the
second case, a traditional cultivation system (soil cultivation in open field or protected) has
often been replaced by an advanced soilless system [9]. Nevertheless, some strawberry
areas are linked to the tradition of the past with a soil cultivation in open field and with
historical cultivars (e.g., cultivar Elsanta); this is the case of Martell Valley with very
low yields per plant due to both the limiting environmental conditions and the lack of
information on some correct agronomic practices (e.g., suitable planting density).

Plant density is simply expressed as the number of individuals per unit ground
area [10]. According to several studies conducted primarily on herbaceous crops, plant
morphology and productivity are influenced by the manipulation of plant density, more
specifically synthesis of chlorophyll, photosynthesis, plant growth, floral induction, and
flower formation are affected by different crop spacing [11-15]. The right crop density is
certainly essential to obtain a maximum yield and income in strawberry cultivation [16].
Both low and high plant densities can reduce yield and total revenue. In other words,
individual plants grown with a large spacing perform their best growth in terms of yield
per plant but a low productivity per hectare [16]. On the contrary, as the distance between
the plants decreases, a competitive relationship intensifies among individuals for limiting
factors such as light, water, and nutrients, leading to a worsening of plant performances [17].
Irrigation and fertilization in open-field conditions are consolidated management practices
to overcome or avoid abiotic stresses in relation to water-shortage or nutrient deficiency,
respectively [18]. High plant density leads to mutual shading and self-shading of the leaves,
thus hindering a correct interception of light [19]. Consequently, plants grown in that
condition are subjected to morphological and anatomical changes, producing less biomass
(i.e., leaves, roots), delaying flowering more than plants in full sunlight [20]. Looking at
scientific literature, the interaction between reproductive phenology in strawberry plant
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and some environmental parameters (e.g., light intensity, light quality /photoperiod, and
temperature) is a topic of particular interest as evidenced by some studies [21-25].

An optimal plant density is calculated by identifying a density threshold beyond
which the increase in individual plants does not lead to an increase in revenues [26]. In the
study conducted by Wamser et al. [27], the fruit yield of tomato plants cultivated in humid
subtropical climate in Calmon, State of Santa Catarina, Brazil (1208 m a.s.l.) was optimized
with a plant density of 23,000 plants ha~!, while increasing the number of individual plants
increases yield but not the profit.

In another study, also conducted in Brazil on tomato cultivation, Carvalho et al. [28]
found an optimal plant density of around 30,000 plants ha=!in Ipameri, State of Goias
(altitude 794 m).

Although many studies were conducted to determine an optimal plant density in
several vegetable and fruit crops such as strawberry [14,29-34], the results that emerge
from those research publications depend on some environmental and cultivation factors,
and therefore they have a practical significance in the conditions in which the tests were
carried out. A geographical climatic factor such as altitude that affects temperature and
radiation has a fundamental role in changing plant responses (e.g., photosynthetic behavior,
floral induction, fruit quality) [35-38].

As far as we know, no previous research has investigated the interaction between
flowering/yield of strawberry plant and high altitude, combined with different plant
densities. The present study aimed to investigate the effects of different plant densities on
the growth, flowering, yield, fruit quality, and economic aspects of strawberry plants cv.
Elsanta cultivated in a unique alpine mountain environment.

2. Materials and Methods
2.1. Field Management and Experimental Design

The experiment was conducted over two growing seasons (years 2020 and 2021) in an
experimental strawberry field managed by the Laimburg Research Centre and located in
the municipality of Martell (46°33/30.618" Nj; 10°46/53.649” E; 1.312 m a.s.l.) in South Tyrol,
Italy. Martell Valley, a side valley of Venosta Valley included in the Stelvio National Park,
is famous for berry production, in particular strawberry and a typical alpine mountain
climate characterizes the valley. The soil properties of the 0-20 cm soil layer before planting
in May 2020 were as follows: humic loamy sand, pH = 5.1, no free carbonate, organic carbon
expressed as humus of 7.3%, phosphorus = 5.0 mg 100 g~!, potassium = 8.0 mg 100 g1,
and magnesium = 18.0 mg 100 g~!. Meteorological trends during the growing seasons
(from May to August 2020 and 2021) were recorded by iMETOS® weather station with the
cloud platform “FieldClimate” (Pessl Instruments, Weiz, Austria) and data are reported
in Table 1.

Table 1. Climatic conditions (monthly air temperatures, relative humidity, and rainfall) measured
from May to August 2020 and 2021 during the first and second cropping year, respectively.

Air Temperature (°C)
Relative

Minimum Maximum Mean Humidity (%) Rainfall (mm)
Temperature Temperature Temperature

2020

May 0.1 222 10.9 67.9 56.8

June 34 27.6 13.8 76.0 97.6

July 5.8 31.0 16.8 74.6 70.5
August 6.0 317 16.3 80.1 1204

2021

May 0.0 214 9.3 64.9 130.8

June 6.6 30.0 17.5 64.0 39.8

July 7.6 27.8 17.0 71.6 135.0
August 6.2 292 15.9 71.8 137.4
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In our experimental test, frigo strawberry plants cv. Elsanta (heavy waiting bed (HWB)
plants from the nursery: Neessen Aardbei and Aspergeplanten, Grashoek, Netherlands)
were planted in soil conditions, precisely on raised beds with white plastic mulch films on
the 31 May 2020 and subjected to five different plant density levels (30,000 and 45,000 as
large spacing; 60,000 as middle spacing; 90,000 and 100,000 plants ha~! as narrow spacing,
corresponding to a plant spacing of 28, 19, 14, 9, and 8.5 cm, respectively) (Figure 1). Plants
were managed in the same way in terms of watering, fertilization, and pest control. The
field received standard horticultural cares in accordance with the regulation governing
integrated production. The experiment setup was organized as a completely randomized
block design with 4 replicates composed of 40 plants per experimental unit (i.e., 120 plants
per plant density level).
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Figure 1. Strawberry plants cv. Elsanta planted in a double row on raised beds and subjected to
different plant spacing.
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2.2. Evaluated Parameters
2.2.1. Morphological and Gas Exchange Parameters

Main characteristics related to plant flowering were evaluated by counting the number
of developed flower trusses per plant by destructively sampling ten randomly selected
plants in each replicate after each harvest period. Thus, each flower truss was carefully
assessed through a lens to determine the flower number (counted flower pedicel scars) per
truss and per plant. Plant growth as affected by plant density level was determined by
dissecting the same ten plants per plot previously mentioned. Then, each selected plant
was separated into roots and aerial parts (leaves, crowns, flower trusses, and runners)
and weighed fresh (g fresh weight (FW) plant~!). The number of crowns per plant was
evaluated by distinguishing between the main crown and branch crown. Afterwards, all
plant organs were put in an oven (ED 56, Binder GmbH, Tuttlingen, Germany) at 65 °C
until they reached a stable weight and the dry mass was recorded (g dry weight (DW)
plantfl). In the flowering stage, the net assimilation rate (A, umol m 2 s 1) of leaves
was evaluated using a portable infrared gas exchange analyzer (CIRAS-2, PP-Systems®,
Hitchin, UK), attached to a PLC-6 cuvette having a measuring window of 2.5 cm?. The
CO, concentration (380 mmol mol 1), PPFD (1500 ptmol m~2 s~1), leaf temperature (25 °C),
and air humidity (80%), were controlled by the device. Measurements were performed
on a sun-exposed (clear and sunny days between 11:00 a.m. and 13:00 p.m.), young, fully
expanded single leaf of four randomly selected plants per planting density.

2.2.2. Yield Parameters

Ripe strawberry fruits (uniformly red) were harvested every four days during the
period from mid-July to mid-August 2020 (first harvest year) and throughout the month
of July until the 7 August 2022 (second harvest year). From each experimental unit and at
each picking time, the commercial production (healthy fruit with a diameter >22 mm) and
the waste, represented by small fruit (diameter <22 mm), deformed and with the presence
of rot, were weighed with a digital scale (Valor™ 2000, OHAUS Europe GmbH, Nénikon,
Switzerland). The total production per plant (g fruit~1) was calculated by dividing the
harvested total fruit weight by the number of plants (considered 30 plants per experimental
unit). The average fruit weight (g fruit~!) was estimated by randomly sampling 10 fruits at
each picking time.

2.2.3. Fruit Quality

Fruit quality was assessed on ten healthy strawberries per replicate which corresponds
to 40 fruits analyzed per treatment. The fruits were sampled at two intermediate picking
times for each harvest year. Flesh firmness was expressed with the Durofel index (DI)
which represents the elasticity of the skin of the fruit (Agrosta® Winterwood instrument,
Agrosta Sarl, Serqueux, France). The total soluble solids (°Brix) were determined with a
refractometer (REM840, Bellingham-Stanley Ltd., Kent, UK), whereas the titratable acidity
(g L1 of citric acid) was measured with a titrator (Flash Automatic Titrator, Steroglass,
Perugia, Italy) by titrating strawberry pulp to pH 8.2 using 0.1 M NaOH. The external
fruit color was assessed with a colorimeter (CR-400, Konica Minolta, Tokyo, Japan) by
measuring the same ten fruits at three different positions around the equatorial side of
each fruit. The colorimetric coordinates (L*, a*, b*) were used to calculate the color index
[CI= (1000 x a)/(L x b)] with higher CI value, indicating a more intense red color in
the fruit [39].

2.2.4. Economic Analysis

A cost-benefit analysis was carried out for each plant density system. Profit is calcu-
lated by subtracting all farm'’s costs (variable and fixed) from the total revenue. Variable
costs vary in relation to production volume, and in our case they referred to labor, plant
material, mulch film, pesticides, fertilizers, and fuel. Instead, fixed costs remain the same
regardless of production level and we considered the depreciation and maintenance quotas
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of durable capital (tunnel structure, irrigation system, machinery, and buildings), admin-
istrative costs, and interest. Revenue is the total income generated from the sale of the
strawberry fruits. Data are presented as total revenue, total costs, and farm profit for two
consecutive years of cultivation according to planting density. Moreover, the profitability
index, calculated by the ratio between gross income and total costs, is also reported in order
to provide an indication of which option (i.e., planting density) is more profitable.

2.3. Statistical Analysis

Data normality was examined with the Shapiro-Wilk test, and homogeneity of vari-
ance was confirmed using Flinger—Killeen’s test. A two-way ANOVA was performed on
data collected from both years and mean separation of the dependent variables obtained
with the LSD Fisher’s test (p < 0.05). In case of significant interaction between “treat-
ments” and “years”, results were presented separately for the 2 years in dedicated tables
or figures. A one-way ANOVA was performed on photosynthetic data coming from a
single cropping year (2021). For non-normal data, Kruskal-Wallis test was applied. No
statistical analysis was conducted for the economic part. All analyses were carried out in
Rv. 3.3.1. (R Development Core Team 2022). Values were expressed as mean =+ standard
deviation (SD).

3. Results
3.1. Morphological and Gas Exchange Parameters

We observed a worsening of individual plant biomass (roots and aerial part) by
reducing the space between plants (Figures 2 and 3). Low plant density treatments showed
plants with increased plant biomass (around +50%) in 2020 and doubled the biomass
per plant in 2021 compared with values obtained in high plant densities. This result
is not attributable to root biomass (no significant differences among treatments) but to
the development of the aboveground part intended as leaves, crowns, flower trusses,
and stolons.
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Figure 2. Total biomass (dry weight (DW)) composed of aboveground (green fill) and root biomass
(yellow fill) at the end of first (2020) and second (2021) cropping year, as affected by planting densities.
Vertical bars indicate means =+ SD (1 = 4). Within each year, the letters on the top of the bar (total
biomass) and the letters on a green background (aboveground biomass) indicate significant differences
according to LSD Fisher’s test; p < 0.05. Root biomass data were not statistically significant.

53



Agronomy 2023, 13, 1422

Figure 3. Strawberry plant biomass at the end of the second cropping year, as affected by
planting densities.
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The number of primary crowns and formed branch crowns (about three per plant)
was statistically not affected by plant spacing treatments in 2020 (Figure 4). In the sec-
ond year of growth (2021), plants at a larger plant spacing (30,000 or 45,000 plant ha~1)
showed more crowns than plants in 90,000 plant ha~! or 100,000 plant ha=! (7.5 and
5.5 crowns, respectively).
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Figure 4. Number of total crowns (main and branch crowns) at the end of first (2020) and second
(2021) cropping year, as affected by planting densities. Vertical bars indicate means + SD (n = 4).
Within each year, the letters indicate significant differences according to LSD Fisher’s test; p < 0.05
(ns: not significant).

The net assimilation rate (A, tmol m~2 s~!) was evaluated only in year 2021 (Figure 5).
A significantly higher leaf photosynthetic rate (+12%) was measured for leaves in plants
subjected to large planting density.
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Figure 5. Photosynthetic rate in strawberry leaves during flowering, as affected by planting densities.
Vertical bars indicate means + SD (1 = 4). The letters indicate significant differences according to
LSD Fisher’s test; p < 0.05 (ns: not significant).
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Floral characteristics were affected by planting density, depending on the cropping
year (Figure 6). As floral inductive conditions were the same during the nursery period, no
significant differences were observed during the first year. A completely different situation
in the second year highlighted the influence of plant density on flowering. Indeed, plants
subjected to large spacing were characterized by more flower trusses per plant than plants
cultivated in high density (8.4 and 5.9, respectively). The highest number of flowers per
truss was identified at 45,000 plant ha—!. More flower trusses and flowers per truss in
larger spacing plants implied that the total number of flowers per plant appeared to be
significantly greater in those plants compared with plants in high planting densities. The

medium plant density (60,000) was significantly similar to narrow plant spacing.
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Figure 6. Reproductive characteristics of strawberry plants (flower trusses per plant—(A); flowers
per truss—(B); total flowers per plant—(C) at the end of first (2020) and second (2021) cropping year,
as affected by planting densities. Vertical bars indicate means 4 SD (n = 4). Within each year, the
letters indicate significant differences according to LSD Fisher’s test; p < 0.05 (ns: not significant).

3.2. Yield Parameters

The strawberry production and its yield components are reported in Figures 7 and 8
and Table 2. Plants cultivated with wide-middle spacing were characterized by a signifi-
cantly higher total yield per plant during the first (+36%) and second cropping year (+51%)
than those in small spacing (Figure 7). Furthermore, there was a slight advance in fruit
ripening in low planting density regimes, highlighting how this agronomic technique can
influence the different phenological phases.
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Figure 7. Cumulative total yield of strawberry plants in the first (2020—(A) and second
(2021—(B) cropping year, as affected by planting densities. Vertical bars indicate means & SD (1 = 4).
The letters indicate significant differences according to LSD Fisher’s test; p < 0.05 (ns: not significant).
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Figure 8. Total yield, expressed as tons per hectare, at the end of first (2020) and second (2021) crop-
ping year, as affected by planting densities. Vertical bars indicate means & SD (1 = 4). Within each year,
the letters indicate significant differences according to LSD Fisher’s test; p < 0.05 (ns: not significant).

The analysis of yield components shows that the increased production per plant in
30,000 and 45,000 (and partially in 60,000) was due to the significantly highest quantity of
first-class commercial berries (+65%) and misshaped fruits (+45%) compared with 90,000
and 100,000. No significant differences emerged for small and rotten fruits (Table 2).

As plant density increased (from 30,000 to 90,000), the productivity, expressed as tons
per hectare, increased linearly (Figure 8). No significant difference was found between
90,000 and 100,000. Although the statistical differences were clear during the first cropping
year, the productivity values for middle planting densities (i.e., 60,000) were not signifi-
cantly different from the values displayed in low and high planting densities in the second
harvest year (Figure 8).
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Table 2. Yield parameters (first-class and second-class marketable yield), as affected by planting densities.

First-Class Yield Small Fruits Misshapen Fruits Rotten Fruits
(g Plant~1) (g Plant~1) (g Plant~1) (g Plant~1)
Plant density level (D)
30,000 394.60 + 61.18 ! A 39.93 £ 4.64 A 50.18 £ 0.02 A 1.94 £ 0.56 A
45,000 336.95 £ 45.23 AB 39.61 £ 7.55 A 4536 +£0.73 A 2714+0.14 A
60,000 266.74 £ 23.06 BC 4220 £2.33 A 4599 £297 A 1.89 £ 0.64 A
90,000 232.65 + 21.67 C 42.83 +£1.31 A 34.14 +0.17 B 1.26 +0.55 A
100,000 211.74 £17.33 C 32.03 £1.18 A 31.09 £+ 5.23 B 1.96 £ 0.50 A
Significance ot ns i ns
Year (Y)
2020 240.89 + 24.98 4413 +3.11 43.92 £ 3.58 2.63 +0.17
2021 336.18 £ 51.15 34.51 £+ 2.63 38.79 £ 5.14 1.28 +0.38
Significance o ** ns **
DxY ns ns ns ns

! Means =+ SD (n = 4) followed by the same letter do not significantly differ according to LSD Fisher’s test; p < 0.05.
Two-way ANOVA significant differences: *** p < 0.001; ** p < 0.01; ns: not significant.

In both cropping seasons (2020 and 2021), the mean fruit weight was significantly higher
(around +10%) in plants subjected to low planting densities (30,000 and 45,000) (Figure 9).
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Figure 9. Average fruit weight (g fruit~!) during the first (2020) and second (2021) cropping year, as
affected by planting densities. Vertical bars indicate means 4 SD (n = 4). Within each year, the letters
indicate significant differences according to LSD Fisher’s test; p < 0.05 (ns: not significant).

3.3. Fruit Quality

Strawberry qualitative traits assessed as flesh firmness (FF), total soluble solid (TSS),
titratable acidity (TA), and color index (CI) were partially affected by plant density treat-
ments (Table 3). As for FF, its average values were found higher in 2020 than in 2021,
whereas the plant density was ineffective on this parameter. No change on TSS and TA was
induced by different plant densities, as well as by the factor “year”. Plant density had a
visible and significant effect on CI, independently from the considered year. CI of fruits
presented values ranging from 34 to 40, from light red to red, respectively. The highest CI
value was observed in fruits coming from plants cultivated in wide spacing.
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Table 3. Fruit quality traits (firmness (FF); total soluble solid (TSS); titratable acidity (TA); and color
index (CI)), as affected by planting densities.

FF (Durofel Index) TSS (°Brix) TA (g Acid Citric L) CI
Plant density level (D)
30,000 36.66 + 4.87 1 A 7.39 £+ 0.09 A 6.67 £ 0.03 A 39.64 +1.78 A
45,000 36.19 £ 2.48 A 7.23 £0.12 A 6.50 £ 0.15 A 38.35 4+ 1.10 AB
60,000 35.73 4 2.63 A 7.04 £ 0.04 A 6.36 4 0.34 A 36.12 £ 2.20 ABC
90,000 36.23 £2.81 A 7.09 £0.01 A 6.64 & 0.04 A 35.86 + 1.33 BC
100,000 35.87 £3.47 A 7.15 £ 0.09 A 6.85 4 0.07 A 33.85 £ 1.82 C
Significance ns ns ns ok
Year (Y)
2020 40.74 +0.83 7.15 £ 0.05 6.77 £+ 0.06 3444 £1.25
2021 31.54 £ 0.59 7.21 £0.12 6.44 £ 0.18 39.09 £+ 1.09
Significance i ns ns i
DxY ns ns ns ns

I Means = SD (1 = 4) followed by the same letter do not significantly differ according to LSD Fisher’s test; p < 0.05.
Two-way ANOVA significant differences: *** p < 0.001; ns: not significant.

3.4. Economic Analysis

A synthesis of cost-benefit analysis is presented in the Figure 10. The total revenue
(EUR ha~! over 2 cropping years), estimated from multiplying the produced strawberries
by the local market price, increased linearly with decreasing the distance between plants
(from 30,000 to 90,000). Beyond the planting density of 90,000, there was no increase
from an economic point of view. Furthermore, the Figure 10 shows that a narrow plant
spacing required a large investment (total costs). Among the tested density treatments, the
two extremes (30,000 and 100,000) appeared economically unaffordable with regards to the
net farm profit (EUR ha~! over 2 years). A similar farm profit was obtained adopting the
planting densities of 60,000 and 90,000, while the maximum farm profit was reached with a
density of 45,000 which corresponded to EUR 22,579 ha~! (over 2 years).
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Figure 10. Revenue (green column: dark green = year 2020 and light green = year 2021), total costs
(gray column; over 2 years), and net profit (values next to the curly brace; over 2 years), as affected by
planting densities. Data are expressed as EUR ha~'. The dashed blue line represents the profitability
index (PI), as affected by planting densities.
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Considering the profitability index (dashed blue line in the Figure 10), all planting
density variants showed a value greater than 1. In particular, the widely spaced variants
recorded the highest value (around 1.25).

4. Discussion

A severe intraspecific interaction is caused by an excessive presence of individuals be-
longing to the same species in a given space, which compete for key input resources [40,41].
Light, nutrients, and water can be considered the three main resource groups [42]. Com-
petition between individual plants occurs primarily in the soil [43]. Root competition
intensity increases as resource availability in soil decreases due to resource depletion or
mechanisms of allelopathic interactions [44]. Although much research has indicated the
correlation between the increase in root biomass accumulation with the decreasing planting
density [45], our study did not highlight this relationship, but the increased plant biomass
in low density system was due to the aerial part (Figure 2). Poor light exposure for leaves
increases the aboveground competition intensity which can diminish with adequate light
supply [46]. A large spacing between individual plants allows to maximize the light in-
terception, avoiding negative effects that mutual and self-shading can have [19]. Indeed,
our strawberry plants grown with the widest spacing were characterized by leaves with
the greatest photosynthetic activity (+12% compared with plants in high planting density)
(Figure 5). In addition to plant photosynthesis, light triggers many other essential physio-
logical processes, for example, flower bud initiation and branching, as reported by Yang
and Jeong [47] in chrysanthemum plants. Our study confirmed that more flower trusses,
flowers, and branch crowns per plants were found in plants more exposed to light (i.e., in
low density systems) (Figure 6; Figure 4). However, these findings appeared only during
the second cropping year. Auxiliary buds form branch crowns and the apical meristems
of crowns develop into terminal inflorescences in autumn, depending on environmental
conditions such as daylength and temperature [23,48,49]. Since our plant materials came
from the same nursery and the induction/differentiation phase took place under standard
conditions for all plants, no significant differences were observed in the reproductive as-
pects during the first cropping year. On the contrary, subjecting plants to different growing
conditions (i.e., planting densities) in autumn 2020 (i.e., at the end of first harvesting year)
helped induce morphological changes that would have been evident the following year
(2021). Considering this explanation, the significant variations in total and commercial
yield in the first harvesting year must be found not in the number of flowers per plant
(instead, for the second cropping year) but in the average fruit weight (Table 2; Figure 9).
Plant-plant interaction for limited resources can lead to differentiated investment in their
growth and reproduction [50]. Strawberry plants under nutrient limitation responded by
favoring the vegetative growth (i.e., leaf and root biomass) to the detriment of the plant’s
reproductive investment, as evidenced by the low yield and very small size of the fruits,
observed by Soppelsa et al. [51].

Picking productivity of open-field strawberries (e.g., cultivar Elsanta) for the fresh
market is usually at 12-15 kg per hour [52]. In the cultivation area where we carried out the
trial, the productivity during harvesting is rather around 10-12 kg per hour (or less), for
the same variety. This lower picking productivity can be associated with hostile growing
conditions. For instance, the sloping land plots in Martell Valley slow down harvesting
operations. Moreover, the exceptional environmental conditions typical of this valley affect
pomological traits such as fruit weight. Indeed, Naryal et al. [53] reported that the apricot
fruit weight decreases by 0.5 g for every 100 m of increase in altitude. Since in our study
a significant difference emerged for the fruit weight parameter (i.e., greater fruit size in
low planting density), we took this aspect into account to calculate a differentiated picking
productivity in the economic analysis (Figure 10).

As reported in Figures 8 and 10, the increased yield per area with a high plant density
(90,000 or 100,000 plant hafl) led to an increase in total revenue (EUR ha™!) but the total
costs (EUR ha~!) also reached a considerably high level. We need an investment cost of
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EUR 75,000 per hectare with a low planting density, while more than EUR 130,000 are
necessary with a high density, which means an increase of about EUR 60,000 (i.e., +80%).
Harvesting costs account for more than 40% of total business costs. Similar percentage
among the various planting densities tested. Another important item is represented by the
cost of the plants (EUR 0.332 per plant + vat), which varies among the densities tested due
to the different number of plants transplanted.

High revenue is not synonymous with high profit, since costs also increase proportion-
ally. Therefore, the profit-maximizing planting spacing was achieved with 45,000 plants ha—1.
The result of our study is consistent with the findings by Matsumoto et al. [54] and Castel-
lanos et al. [55], who state that a middle planting density (or better to say not too high)
in upland rice or garlic cultivation is preferable for the highest farm profit. Furthermore,
the choice of the right planting density has a noticeable influence on opportunity costs, as
reported by Jettner et al. [56] comparing different sowing rates of faba bean (Vicia faba L.).

Under the described growing conditions, the different plant densities had no signif-
icant effect on the main fruit quality traits, except for the color index. With the decrease
in the spacing between individual plants, there is less sunlight exposure for fruits, which
affects their coloration (Table 3). These findings are confirmed by Martins de Lima et al. [16].
Sunlight has a remarkable effect on regulating the biosynthesis of phenolic compounds
such as anthocyanins, which is the major pigment in strawberry fruits [57,58]. Having more
intense red fruits sometimes reflects the ideal purchase intention of the consumer [59].

As mentioned before, not only can cultural practices affect availability of resources
but environmental factors (e.g., elevation) can also play an important role [60]. For ex-
ample, high-altitudinal levels were observed to change physiological and morphological
responses of plants, interfering precisely with resources such as radiation [35]. The positive
influence of high elevation on strawberry nursery materials was described by Maroto
et al. [61] and Pirlak et al. [62], showing an increased number of leaves, runners, and
flowers in that cultivation condition. Although the effects of an agronomic practice such
as planting density has been well-investigated on different vegetable and fruit crops,
including strawberry [10,11,14,32,63], no previous research has been conducted under our
imposed experimental conditions (i.e., in alpine mountain environment).

5. Conclusions

Optimizing the planting density is an effective strategy for improving yield and
farm profit, especially in alpine mountain environments. Given the results, as summa-
rized in Figure 11, recommendations from this study are: not to exceed the density of
100,000 plants ha~! (economically disadvantageous); adopt medium or low planting densi-
ties to have strong plants (e.g., for a third year of continuation); pay attention to correctly
manage the picking times with low planting density in order to avoid overripe fruits with
a dark intense red color; having fewer plants per hectare reduces the total costs but can
increase the business risk (e.g., loss of plants due to crown and root rot, loss of production
due to strawberry blossom weevil (Anthonomus rubi), etc.); and to encourage producers to
adopt wide spacing between plants for more sustainable strawberry growing (we observed
a lower incidence of powdery mildew on plants subjected to a low planting density). Fur-
ther research is needed to examine the agronomic and economic benefits of influencing
planting density in a soilless cultivation system for strawberries, a cultivation technique
that is increasingly gaining popularity in South Tyrol.
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Figure 11. Schematic representation of advantages and disadvantages by adopting different planting
densities in strawberry soil cultivation.
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Abstract: Sugarcane (a complex hybrid of Saccharum spp.) is propagated vegetatively by using stem
pieces of mature cane with healthy buds. Abiotic and biotic stress may cause pre-germination of
these buds, which may have an impact on both emergence and plant cane stand establishment.
There is very limited information available in the literature. A greenhouse study was conducted
with single-budded seed pieces of three levels of bud germination (ungerminated buds, Pop-eyes,
and Lalas) from three different cultivars (CP 96-1252, CPCL 05-1201, and CPCL 02-0926) planted in
pots and repeated over time. Data on growth parameters (tiller count, primary shoot height, SPAD,
and dry biomass of shoots and roots) at early growth showed that Lalas produced more tillers and
higher shoot dry biomass than Pop-eyes and ungerminated buds. Both Lalas and Pop-eyes produced
higher root dry biomass than ungerminated buds in one of the two experiments. The cultivar had a
significant effect on primary shoot height and SPAD. A small plot field experiment was conducted
with cultivar CP 96-1252 to validate the results of greenhouse experiments, and similar results were
reported for tiller count. The results indicate that pre-germinated buds may have a neutral or positive
effect on early sugarcane growth and establishment. Further on-farm research needs to be conducted
to confirm these results before using pre-germinated buds as a potential seed source for the late
season planting of sugarcane.

Keywords: sugarcane; ungerminated buds; Pop-eyes; Lalas; top visible dewlap leaf (TVD); SPAD
(Soil Plant Analysis Development)

1. Introduction

Sugarcane (Saccharum spp.) is an important row crop in Florida, with approximately
160,458 ha grown near Lake Okeechobee in southern Florida [1]. Sugarcane is vegetatively
propagated using the mature stems (also called stalks) with healthy buds from previous
commercial crops or grown specifically for seed cane. Commercial sugarcane in Florida is
commonly propagated by laying whole stalks horizontally in the furrow and then chopping
each stalk into three to four pieces (billets) with two to three buds on each billet. Buds, also
called eyes, sprout when planted in damp soil and, under ideal conditions, primary shoots
emerge within 2 to 3 weeks after planting [2]. Hence, seed cane quality (especially healthy
buds) is critical to achieving a good crop stand in plant cane. Multiple biotic and abiotic
conditions can impact buds and, thus, seed cane quality.

Bud germination before planting (also called pre-germination) occurs especially when
the apical growing point dies because of biotic (e.g., insect pest, disease) or abiotic stress
factors (e.g., freeze, lodging). This situation ceases the apical dominance and promotes the
growth of lateral buds [3]. Based on the level of germination, axillary buds are divided into
three categories: ungerminated buds, Pop-eyes, and Lalas (Figure 1). Ungerminated buds
do not show any signs of lateral shoot growth or an emergence of green leaf tissue. Some
buds only grow bigger and project buds, while others grow 2 to 3 cm, which are known as
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Pop-eyes. Pop-eye is a term used to describe the bulging buds on the cane stalk that have
the potential to grow into a full plant when planted in soil. Certain axillary or lateral buds
may continue to grow into full-fledged Lalas even if the apical bud continues to operate at a
very slow rate of growth but has temporarily lost dominance over the lateral buds. At each
node, Lalas are pale green side shoots or branches with wiry adventitious roots growing
from the buds. At this point, the buds connected with the oldest green leaves are typically
fully mature, and their development is blocked by hormones, such as auxins produced
by the meristematic tip, which renders the stem’s lateral buds dormant [4]. Sugarcane
cultivars deal with bud dormancy in different ways. When withered and decaying leaves
are plucked off growing cane, the buds continue to grow into side shoots called Lalas and
are never dormant [5]. If the leaves are not removed until they die naturally, buds become
dormant and likely would not germinate again.

Ungerminated bud Pop-eye Lalas

Figure 1. Sugarcane bud germination levels used for the experiment.

There is little understanding of the effects of planting pre-germinated buds on sug-
arcane stand establishment and early growth, and whether it varies among cultivars.
However, some efforts have been made in other countries, such as Brazil, with promising
results using pre-germinated buds as a novel method to establish sugarcane [6-9]. We
hypothesized that pre-germinated buds may have some negative effect on stand establish-
ment and the effect may vary with genetics. Therefore, a greenhouse study was conducted
to evaluate three levels of bud germination for their effect on the early growth of three
sugarcane cultivars.

2. Materials and Methods
2.1. Greenhouse Experiment Setup

Two greenhouse experiments were conducted at the University of Florida, Everglades
Research and Education Center (EREC) in Belle Glade, Florida, between January 2021 and
June 2021 to determine the effect of different levels of bud germination on early sugarcane
growth. The soil used for this study came from a field at EREC with a long history (almost
20 years) of sugarcane production. Soil type was Histosol or Dania series muck (Euic,
hyperthermic, shallow Lithic Haplosaprist) with pH of 7.0, 80% of organic matter content,
and 0.66 Mg m~> of bulk density. To eliminate large clods, topsoil (0 to 10 cm soil layer)
was excavated from a stubble-free and weed-free area and put through a sieve of mesh 5
(4-mm holes). The soil was air dried for 24 h before filling into the pots. A total of 54 plastic
pots of 6.28-L capacity (20 cm diameter x 20 cm depth) were then filled with 3.85 kg
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of soil. Single-budded seed pieces (with a 2-cm of stalk on either side) were obtained
from the middle of mature stalks of three sugarcane cultivars, CPCL 02-0926 [10], CP
96-1252 [11], CPCL 05-1201 [12], and were planted in pots and placed in a greenhouse at
EREC. Two seed pieces were planted per pot, widely apart in such a way that the buds
on the nodal section of the ungerminated seed piece faced upwards, and the Lalas were
kept above the soil surface, and this was conducted similarly for the Pop-eyes. The planted
seed pieces were covered with a 3 to 4 cm soil layer. The pots were watered until field
capacity (indicated by the drainage of excess water from the pots) and watered at regular
intervals (once a week throughout the experiment period). Fertilizers were not applied
in this experiment because the soil had enough concentration of all available or mobile
nutrients, as reported in lab tests (99.84 mg kg ! P, 470.4 mg kg~ ! K, 19,036 mg kg ! Ca,
3028.7 mg kg ! Mg, and 113.96 mg kg ! Si). The 54 pots were arranged in groups using a
factorial design with sugarcane cultivars and the level of bud germination as two factors.
There were six replications of each combination of the two factors. Identical experimental
and data-collection procedures were used in both experiments, with the second experiment
(March 2021) being a repetition of the first one (January 2021).

2.2. Field Experiment Setup

A field experiment was established in organic soils at EREC (Belle Glade, FL) in
March 2022. The experimental design was a randomized complete block design with
three treatments (bud germination levels) and four replications. The experimental area
comprised of 4 blocks with 3 plots, and each plot was 4.5 m long and 3 rows wide. A
3-row wide alley and 6.09 m long gap was maintained between the blocks and each plot,
respectively. With 30.2% of Florida’s total sugarcane land under cultivation, CP 96-1252 is
the state’s most popular commercial sugarcane cultivar and, thus, was used for the field
experimental trail [13]. At the time of planting, the sugarcane whole stalks with 3 levels of
bud germination (Ungerminated, Pop-eyes, and Lalas) were harvested manually and these
stalks were dropped in 15-20 cm deep furrows as pairs. This was followed by chopping
the cane stalks into billets (60-90 cm long with 3—4 buds/billet). The furrows were then
covered, and other management practices were conducted consistent with the standard
commercial sugarcane cultivation in the organic soils of Florida. Data on plant population
or tiller count were collected until 95 days after planting to determine the effect of bud
germination level on emergence, early growth, and establishment.

2.3. Meteorological Conditions

Whiteman et al. [14] previously documented the environmental impacts on the germi-
nation stage in sugarcane. Increases in leaf area were directly associated with the increases
in temperature. For sugarcane crop, in the early stages, a temperature of ~30 °C is ideal
for plant and stalk growth [15]. Since climatic conditions can influence the crop growth
rate, for this experiment, average temperatures and daily precipitation were obtained from
the EREC weather station positioned 500 m or less from the experimental location (FAWN
weather data). Average temperature and daily precipitation data are provided from January
to October 2022 to cover the experimental period (March-June) (Figure 2).

2.4. Growth Measurements

In greenhouse studies, the length of the primary shoot was measured from the base of
the plant to the base of the top visible dewlap (TVD) leaf to estimate plant height. Starting
at 30 days after planting (DAP), data on primary shoot height was collected every week for
10 weeks. The total number of primary, secondary, and tertiary shoots (known as tillers)
was counted at 30, 60, and 96 DAP. The leaf Soil Plant Analysis Development (SPAD)
readings were recorded at 70 DAP by using a SPAD-502 chlorophyll meter (Konica Minolta,
Tokyo, Japan). SPAD was measured at three spots (at the base of leaf, in the middle, and
at the tip of leaf) on the TVD in each pot and the average value was calculated. During
harvest at 100 DAP, the plants were uprooted, and the above ground biomass (stems and
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leaves) was cut from the base using sharp scissors. Similarly, roots were separated from
seed pieces and washed thoroughly on a sieve of mesh 10 (2-mm holes) to remove adhering
soil particles. The shoots and roots were air dried to remove excessive surface moisture and
were weighed on a precision balance (Mettler Toledo Balance XPR204S) to collect data on
fresh biomass. To estimate dry biomass, the shoots and roots were maintained in a drying
room at 60 °C for 10 days until a constant weight was reached. The dry biomass of shoots
and roots was measured using the same precision balance. For the field study, tillers (plant
population) were counted at 36, 43, 53, and 95 DAP to determine emergence and early
season crop establishment. There were no other data collection in this field experiment.
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Figure 2. Average temperatures and daily precipitation during the experimental year 2022 (FAWN, 2022).
2.5. Statistical Analysis

Greenhouse data were analyzed using the Proc mixed model in SAS v 9.4 (SAS
Institute, Cary, NC, USA). Sugarcane cultivar, bud germination level, and their interactions
were considered as fixed effects. Replication and its interaction with other fixed factors
were considered as random effects. Means were separated using Tukey’s HSD test when
treatments and interactions were significant at p < 0.05. Field data were analyzed using
2-way ANOVA using R programming language (R.4.0.0). Bud germination level treatment
was considered as a fixed factor and replication was considered as a random factor. Means
were separated using Least Common Difference (LSD) when treatments and interactions
were significant at p < 0.05.

3. Results and Discussion

There was a significant experimental effect on most of the parameters measured in this
study. Therefore, data from the first and second greenhouse experiments were analyzed
separately. In the first greenhouse experiment, bud germination level showed a significant
effect on the number of tillers (primary, secondary, and tertiary shoots) and shoot dry
biomass. Cultivar had a significant effect on primary shoot height, SPAD, and root dry
biomass, whereas the interaction between the bud germination level and the tested cultivars
presented significant effect for SPAD values (Table 1). In the second greenhouse experiment,
the bud germination level had a significant effect only on root dry biomass, and cultivar
had a significant effect on primary shoot height and root dry biomass. However, there was
no significant effect of the interaction cultivar and the bud germination level for any of the
measured parameters (Table 1).
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Table 1. ANOVA p-values for number of tillers and primary shoot height at 96 DAP, SPAD, shoot dry
biomass, and root dry biomass in response to sugarcane cultivar and bud germination level.

First Greenhouse Experiment

. Number Primary Shoot Shoot Dry Root Dry
Fixed Effects of Tillers Height (cm) SPAD Biomass (g) Biomass (g)
Cultivar 0.1378 0.0012 * 0.0002 * 0.0598 0.0452 *
BD level 0.0100 * 0.1325 0.3501 0.0001 * 0.1393
Cultivar x BD level 0.9154 0.5797 0.0584 * 0.1185 0.9582
Second Greenhouse Experiment

Cultivar 0.1687 <0.0001 * 0.8773 0.1521 <0.0001 *
BD level 0.1012 0.9216 0.9224 0.1942 0.0033 *
Cultivar x BD level 0.9022 0.8500 0.9240 0.3438 0.7147

Asterisk (*) denotes significant differences at p < 0.05, SPAD: soil plant analysis development, BD level: bud
germination level.

3.1. Tiller Count

Lalas produced more tillers per pot (4.61) than Pop-eyes (3.21) and ungerminated
buds (2.94) in the first greenhouse experiment, with no significant differences between
Pop-eyes and ungerminated buds (Table 2). In the second greenhouse experiment, there
was a trend toward increased tiller production with Lalas, but both bud germination
level and cultivar had no significant effect on the number of tillers (Table 1). Tillering is
primordial for sugarcane as it determines the number of millable canes (NMC). Among the
parameters associated with sugarcane yield, the population of stalks present the highest
correlation. Therefore, the profitability of the crop depends primarily on the tillers from
which the stalks are formed, determining the final number of harvestable stalks [16]. Tillers
are functional units, shoots with roots and stem, and leaves that become independent of
the mother-shoot and may produce their own tillers, too [17]. Tillering is also influenced by
genetic and environmental factors [18]. A higher tillering response in the Lalas and Pop-eye
bud germination levels can be attributed to the already existing root and shoot structures.
The developed leaves in Lalas and the protruding shoot structures in Pop-eyes can establish
faster when planted in soil, and can have a head start with photosynthesis. This might
have helped produce more tillers in the given period. In contrast, the ungerminated bud
took longer to establish and then produce the primary shoot and tillers within the same
time lapse. The genetic makeup of the cultivar also determines its tillering ability. Botanical
traits such as bud length, leaf length, and leaf width are higher in CPCL 05-1201, and it
has the tendency to produce more stalks (tillers) [12]. Similarly, the sugarcane cultivar
CPCL 02-0926 is known to produce more tonnage and is a high yielding cultivar in muck
soils [19]. These characteristics support the results where the cultivars CPCL 05-1201 and
CPCL 02-0926 reported higher tiller production than CP 96-1252.

Table 2. Mean tiller production and shoot dry biomass in response to different bud germination
levels in first greenhouse experiment .

Effect Treatment Tillers Pot~1 Shoot Dry Biomass (g)
Bud inati Lalas 4617 27477
u gfrm‘l“a ton Pop-eyes 321°P 19.80°
eve Ungerminated 294 17.74°

@ Means followed by different letters in a column are significantly different according to Tukey’s HSD at p < 0.05.

In the field study, the bud germination level had a significant effect on the emergence
and tiller production at the dates of data collection. Lalas had significantly higher tiller
counts compared to Pop-eyes and ungerminated treatments (Table 3). However, there
was no significant difference between Pop-eyes and ungerminated buds. Similar results
in the field study validate the results of greenhouse studies. In this sense, Lalas present
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an interesting alternative for sugarcane establishment and production, given that profuse
tillering is considered as a good crop establishment feature that counteracts eventual hydric
stresses and cumulative shooting and tillering failures in the following ratoons [16]. A high
number of tillers present a “physiologic compensatory continuum”, which imparts the
sugarcane plant an ability to overcome biotic and abiotic stresses [20].

Table 3. Mean number of tillers per hectare (Tillers ha~!) in response to bud germination levels in
field experiment .

Treatment 36 DAP 43 DAP 53 DAP 95 DAP
Lalas 82,0752 103,8722 113,021 2 240,304 2
Pop-eyes 37,135° 47,630° 52,474 128,620 °
Ungerminated 29,332P 41,172° 47,0920 157,960 ®

@ Means followed by different letters in a column are significantly different, DAP: days after planting.

3.2. Primary Shoot Height

Based on the primary shoot height data collected just before harvest, only cultivar
had a significant effect, where CPCL 05-1201 reported taller primary shoots than the other
two cultivars in both greenhouse experiments (Figure 3). The temporal variation in the
primary shoot height shows that CPCL 05-1201 was similar to the other two cultivars early
in the season (first couple of months), and then CPCL 05-1201 outpaced them (Figure 3).
Primary shoot height is an affordable visual observation parameter that could be easily
used to characterize the variations in crop growth stages, especially in the grass family [21].
Plant height was significantly affected by cultivar. CPCL 05-1201 reported in the second
greenhouse experiment the highest values compared to CPCL 02-0926 and CP 96-1252.
This could be attributed to genetic differences in plant height and some cultivars may
slow in early growth compared to others. Similar findings were reported by Edmé [12] for
CPCL 05-1201 cultivar, which reported a higher height in field plantings compared to the
reference cultivars CP 78-1628 and CP 89-2143.

First experiment Second experiment
60 60
50 50
E E 20
< <
= =
) 5
5 30 = 30
< <
= =
g =
S 20 S 20
& ~
10 10
0 0
1330 39 46 54 61 68 78 87 9% 13 30 39 46 54 61 68 78 87 9
Days after planting (DAP) Days after planting (DAP)
—o— CP 96-1252 —@— CPCL 02-0926 —e— CPCL 05-1201 —o— CP 96-1252 —@— CPCL 02-0926 —e— CPCL 05-1201

Figure 3. Primary shoot height of three sugarcane cultivars at different days after planting in the first
and second greenhouse experiment.

3.3. SPAD

Cultivar and its interaction with the bud germination level showed a significant effect on
SPAD values in the first greenhouse experiment (Table 1). SPAD is used to indicate relative
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chlorophyll content in the leaves of several crops, including sugarcane [22-24]. Among
cultivars, CPCL 02-0926 had statistically significant higher SPAD values (38.11) than CPCL
05-1201 (33.36) and CP 96-1252 (31.98) (Table 4), which can be attributed to genetic differences,
suggesting that this cultivar might be more tolerant to heat stress [25] and especially to water
stress, according to several studies that have found a high correlation between a high SPAD
index and drought tolerance in sugarcane [26-29]. Moreover, CPCL 02-0926 showed an
adequate Nitrogen (N) leaf concentration compared with the other two cultivars.

Table 4. Mean SPAD in different sugarcane cultivars in first greenhouse experiment 2.

Effect Treatment SPAD
CP 96-1252 31.98°

Cultivar CPCL 05-1201 33.36P
CPCL 02-0926 38.112

@ Means followed by different letters in a column are significantly different according to Tukey’s HSD at p < 0.05.
CP: Canal Point, CPCL: Canal Point and Clewiston, SPAD: soil plant analysis development.

Among the cultivars and bud germination interactions, Lalas had higher SPAD values
(36.18) than Pop-eyes (30.43) in CPCL 05-1201, but there was no significant difference between
the three bud germination levels in the other two cultivars (Table 5). In the present study,
SPAD readings showed a particular trend for the effects of the cultivars and their interaction
with the bud germination level. Interestingly, it was found that Lalas presented an enhanced
SPAD readings in cultivars CP 96-1252 and CP 05-1201, and did not significantly affect this
parameter in CPCL 02-0926 (Table 5), being the last cultivar with the highest N concentration
(Table 4). Taking into account that CP 96-1252 and CP 05-1201 reported SPAD readings below
34 (Table 4), Lalas interaction with these cultivars reached SPAD readings above 34, which
is considered the suitable N concentration for sugarcane [30]. In other words, Lalas might
represent a convenient effect for sugarcane establishment in terms of more efficient N uptake
and therefore better tolerance to water stress.

Table 5. ANOVA p-values for SPAD in response to the interaction between cultivar and bud germina-
tion level in first greenhouse experiment .

Cultivar Bud Germination Level SPAD
Lalas 34.67 bed

CP 96-1252 Pop-eyes 30.23 4
Ungerminated 31.044
Lalas 36.18 2bc

CPCL 05-1201 Pop-eyes 30.43 4
Ungerminated 33.48

Lalas 35.86 2b¢

CPCL 02-0926 Pop-eyes 39.90 2
Ungerminated 38.57 2b

# Means followed by different letters in a column are significantly different according to Tukey’s HSD at p < 0.05.
CP: Canal Point, SPAD: soil plant analysis development.

3.4. Shoot Dry Biomass

Shoot dry biomass was higher in Lalas than Pop-eyes and ungerminated buds in
the first greenhouse experiment with no significant difference in the second greenhouse
experiment. All cultivars produced similar shoot dry biomass in both experiments (Table 1).
Higher shoot dry biomass in Lalas (27.47 g) is attributed to higher tiller count and plant
height compared to the other bud germination levels (Table 6). Higher shoot dry biomass
may eventually result in higher sugarcane yield at maturity [31]. Sugarcane physiology is
poorly understood, but root-shoot relationships have the ultimate effect on the yield [32].
Milligan et al. [33] reported a positive correlation between cane yields with stalk charac-
teristics (stalk number and stalk weight). In the present study, the positive response of
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shoot dry biomass for the Lalas bud germination level was observed. This statement can be
supported by the fact that initial shoot growth of Lalas had a positive response on the total
biomass production and accumulation compared to Pop-eye and ungerminated bud levels.
Much of the energy produced from photosynthetic activity in Lalas is also consumed in
developing new structures, such as new leaves, which contribute for the increased plant
height and more biomass in each period compared to ungerminated bud level [17].

Table 6. Shoot dry biomass in response to different bud germination levels in the 2021 first
greenhouse experiment .

Effect Treatment Shoot Dry Biomass (g)
Lalas 27.472
Bud germination level Pop-eyes 19.80°
Ungerminated 17.74°

@ Means followed by different letters in a column are significantly different according to Tukey’s HSD at p < 0.05.

3.5. Root Dry Biomass

Root dry biomass was not significantly affected by the bud germination level in the
first greenhouse experiment (Table 1), but in the second greenhouse experiment, both Lalas
and Pop-eyes had a higher biomass than ungerminated buds (Table 7). The higher root
dry biomass values for the bud germination level of Lalas over the other two germination
levels (Table 7) were mostly attributed to the presence of pre-existing sett roots at the time
of planting. From the discussion above, it is understood that Lalas’s germination level is
highly efficient in developing new shoot structures within a given period over the other
two germination levels. This was similar in developing root structures. The developed sett
roots in the first weeks of germination supply water and nutrients to the growing shoot
and lead to the production of shoot roots in the later stages [34].

Table 7. Root dry biomass in different sugarcane bud germination levels in second
greenhouse experiment .

Effect Treatment Root Dry Biomass (g)
Lalas 13.40°
Bud germination level Pop-eyes 11.78 2
Ungerminated 8.78 P

@ Means followed by different letters in a column are significantly different according to Tukey’s HSD at p < 0.05.

Among cultivars, CPCL 02-0926 had a higher root dry biomass than CP 96-1252 in the
first greenhouse experiment. In the second greenhouse experiment, the trend was similar,
but CPCL 02-0926 had a significantly higher root dry biomass (14.85 g) compared to the
other two cultivars, and even CPCL 05-1201 (12.03 g) had a significantly higher root dry
biomass than CP 96-1252 (7.06 g) (Table 8). The data collected from both the trails indicated
that sugarcane cultivars had a significant effect on root biomass. In both the trials, CPCL
02-0926 had higher root biomass, which can be attributed to the efficiency of the cultivar to
establish itself in the muck soils.

Table 8. Root dry biomass in different sugarcane cultivars in first and second greenhouse experiments .

Root Dry Biomass (g)

Effect Treatment 1st Experiment 2nd Experiment
CP 96-1252 15.74b 17.06 ©
Cultivar CPCL 05-1201 19.63 2 12.03P
CPCL 02-0926 10.512 14.852

@ Means followed by different letters in a column are significantly different according to Tukey’s HSD at p < 0.05.
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4. Conclusions

Sugarcane planting late in the season often encounters the challenge of poor seedcane
quality, which may have been caused by environmental factors such as freeze, lodging due
to a hurricane, etc. In the case of freeze damage to the growing point, lateral buds may start
germinating into Pop-eyes and Lalas. In the current study, planting of pre-germinated buds
(Pop-eyes and Lalas) represent an interesting alternative for efficient sugarcane propagation,
as they may provide a head start in early sugarcane growth due to the already existing
root and shoot structures. Planting seed cane with Lalas and Pop-eyes may not have
any negative effect on yield. Moreover, Lalas show promising performance for a better
sugarcane establishment given their higher tillering and shoot dry biomass at early growth
(at 3 to 4 months after planting). However, it is important to consider that seedcane used in
current greenhouse and field studies was cut manually and handled carefully to avoid any
damage to pre-germinated buds. This may not be the case in commercial cane planting in
which seedcane is cut mechanically, and mechanical cutting may cause greater damage to
pre-germinated buds than ungerminated buds. In greenhouse studies, the Lalas were also
kept out of the soil at planting in the pots. Therefore, further on-farm research needs to
be conducted to confirm these results before using pre-germinated buds as potential seed
source for late season planting of sugarcane.
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Abstract: Soil management systems directly interfere in the soil-plant relationship. However, there
are still few studies evaluating the influence of long-term management systems on the physiological
quality of soybean seeds. Another little-known topic is the influence of pre-harvest desiccation on the
physiological quality of soybean seeds, especially on seed longevity. Thus, the aim of this research
was to evaluate the physiological quality of soybean seeds cultivated under conventional tillage and
no-tillage systems with and without desiccant use. The experiment was carried out in design is a split
plot in a randomized complete block design. The treatments consisted of soil management systems
(conventional tillage and no-tillage), with and without pre-harvest desiccation. In the treatment with
desiccation, the herbicide Paraquat was applied, when the plants were at the R7.3 phenological stage
(most of the seeds had a yellowish coat, with a shiny surface and were already detached from the pod).
Seed germination, vigor (first germination count, seedling dry mass, seedling length, time to reach
50% germination (T50), seedling emergence and emergence speed index) and longevity (P50) were
evaluated. Seeds cultivated under conventional tillage showed greater vigor for most traits evaluated,
with values of T50 and seedling length higher by 24.39% and 24.77%, respectively, compared to
NT. In addition, non-desiccation increased the seedling length and dry mass, in 15.45% and 21.59%,
respectively. The use of desiccant aiming at seed vigor is dependent on the soil management system.
Soybean seed longevity was superior in the no-tillage system, but desiccant application reduced
seed longevity.

Keywords: conventional tillage; desiccation; Glycine max; longevity; no-tillage; soybean seed

1. Introduction

Soybean [Glycine max (L.) Merill] has a great impact on the world economy, so any
factor that interferes with its development and yield has become relevant. Thus, soil
management systems are important to soybean farming, as they aim to promote ideal
soil conditions for crop development [1]. There are many different management systems;
however, conventional tillage (CT) and no-tillage (NT) are the most common [2].

CT is characterized by soil turning, usually to a depth of 0.20-0.30 m, promoting
weed control and satisfactory conditions for crop development. However, due to soil
mobilization, plant residues are incorporated, which accelerates the straw decomposition
process. In addition, the soil becomes more susceptible to water erosion [3-5].

NT represents a milestone in water and soil conservation in agricultural systems,
due to its precepts, such as no soil turning, crop rotation and soil maintenance through
straw covering [6]. This system promotes positive alterations in the physical, chemical and
biological soil quality, directly interfering in soybean productivity [7-9].

Although there are many reports about the influence of soil management systems on
their properties and in soybean yield [10,11], little is known about the influence of NT and
CT on soybean physiological quality, mainly seed longevity.
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Physiological quality is acquired during the phases of seed development and com-
prises the acquisition of germination, vigor and storage capacity (longevity) [12], during
embryogenesis, grain filling (maturation) and late maturation [13].

Physiological maturity is characterized by the moment when the seed no longer
receives nutrients from the mother plant [14]. However, research has revealed that for soy-
bean, the process of acquiring physiological quality continues after the seed is disconnected
from the plant [15], making evident the importance of the late maturation phase for the
acquisition of seed longevity [16]. During the late maturation phase, longevity increases
two-fold until the R9 stage, which corresponds to a mature seed [12,17].

Despite the importance of the late maturation process in soybean seeds for the com-
plete acquisition of seed physiological quality, the use of desiccants in seed production is
still common. Desiccation is usually carried out at stages R7.2 (plants with 51% to 75% of
leaves and pods yellow) or R7.3 (plants with more than 76% of leaves and pods yellow),
with the intent of anticipating the harvest, in order to reduce the seeds exposure to climatic
conditions and attacks of pests and diseases at the end of the crop cycle [18-20].

The desiccation process provides advantages related to seed moisture reduction, mat-
uration uniformity and, mainly, and preservation of seed physiological quality, due to the
shorter period of exposure in the field, minimizing the irreversible damages of deterioration
by moisture [20-22]. However, current research shows that the use of desiccants can reduce
the quality of soybean seeds [23-25]. In addition to this factor, it is still unknown whether
the soil management system interferes with the soybean seed response to the desiccation
process. Thus, the hypothesis of this research is that lower soil thermal amplitude, greater
soil moisture conservation and nutrient cycling provided by straw and crop rotation in the
no-tillage system, are less stressful for plants and favor greater nutrient absorption, thus
contributing to better acquisition of seed physiological quality even under desiccation use.
Therefore, the aim of this research was to evaluate the physiological quality of soybean
seeds cultivated under a conventional tillage and a no-tillage system with and without
desiccant use.

2. Materials and Methods
2.1. Site Description and Experimental Area

The field experiment was carried out at an experimental farm located at Botucatu, SP,
Brazil (22°48'57" S, 48°25'41” W; 786 m a.s.1.), on a typical Rhodudalf soil, classified as
clayey-textured, with chemical and textural characteristics shown in Table 1.

Table 1. Chemical, granulometric and physic soil analysis of seed production experimental area in
conventional soil tillage system (CT) and no-tillage (NT), at 0.00-0.20 m depth.

pH OoM P S H+ Al Ca Mg K Sand Silt Clay
Management System
CaCl, mg dm—3 mmol, dm—3 gkg1

CT 5.0 27.1 61.2 3.6 36.3 39.5 12.7 4.7
NT 54 309 844 44 296 435 148 33 & 29 el

Mac Mic TP Bd PR

cm® em 3 gcm3 MPa

CT 0.09 0.44 0.53 1.15 1.62
NT 0.07 0.44 0.51 1.33 3.33

pH: active acidity; OM: organic matter; P: exchangeable phosphorus; S: sulphur; H + Al: potential acidity;
Ca: exchangeable calcium; Mg: exchangeable magnesium; K: exchangeable potassium; Mac: macroporosity;
Mic: microporosity; TP: total porosity; Bd: bulk density; PR: penetration resistance; CaCl,: 0.01 M calcium
chloride solution; mg dm~3: milligram per cubic decimeter; mmol. dm~3: millimol charge per cubic decimeter; g
kg~ !: gram per kilogram; cm® cm~3: cubic centimeter per cubic centimeter; g cm~>: gram per cubic centimeter;
MPa: megapascal.

The study used seeds produced in a long-term experimental field, which has been
used since 1985 under conventional tillage (CT) and no-tillage (NT) systems. In plots
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managed under CT, soil preparation is carried out with plowing and harrowing, as shown
in Table 2. AIn a NT system, the soil has not been disturbed since 1985, as shown in Table 2.

Table 2. Soil management systems and crop succession used since 1985, highlighting management

and species cultivated in fall-winter and spring-summer seasons of each agricultural year.

Management System Season
Year Conventional Tillage No-Tillage Fall-Winter/Spring-
Fall Spring Fall Spring Summer
1985/86 Plowing + harrowing Plowing + harrowing }I: lowmg * No-tillage Wheat/soybean
arrowing
1986/87 to 1994/95 Plowing + harrowing Plowing + harrowing No-tillage No-tillage Wheat/soybean
1995/96 t0 1998/99  Without soil mobilization ~ Without soil mobilization =~ No-tillage No-tillage Fallow /fallow
1999/00 Plowing + harrowing Plowing + harrowing No-tillage No-tillage Black oat/maize
20286? } Oaznd Without soil mobilization =~ Without soil mobilization No-tillage No-tillage Fallow /fallow
20%5;)?0111(1 Plowing + harrowing Plowing + harrowing No-tillage No-tillage oat /n?ilialzlt(-bean
2004/05 and . . . . . . .
2005,/06 Plowing + harrowing Plowing + harrowing No-tillage No-tillage Black oat/maize
2006/07 Without soil mobilization =~ Without soil mobilization ~ No-tillage No-tillage Fallow /soybean
2007/08 Plowing + harrowing Without soil mobilization ~ No-tillage No-tillage Yellow oat/bean
2008/09 Plowing + harrowing Without soil mobilization No-tillage No-tillage Yellow oat/bean
. . . . - . . Black oat/maize +
2009/10 to 2011/12 Plowing + harrowing Without soil mobilization =~ No-tillage No-tillage brachiaria
2012/13 Without soil mobilization Plowing + harrowing No-tillage No-tillage ~ Brachiaria/soybean
2013/14 Without soil mobilization Plowing + harrowing No-tillage No-tillage Wheat/soybean
2014/15 Without soil mobilization Plowing + harrowing No-tillage No-tillage Safflower/soybean
2015/16 Without soil mobilization Plowing + harrowing No-tillage No-tillage Safflower/maize
2016/17 Plowing + harrowing Without soil mobilization ~ No-tillage No-tillage Black oat/maize
2017/18 Plowing + harrowing Without soil mobilization =~ No-tillage No-tillage Black oat/soybean
2018/19 Plowing + harrowing Without soil mobilization No-tillage No-tillage Sorghum/soybean
2019/20 Plowing + harrowing Without soil mobilization ~ No-tillage No-tillage Sorghum/soybean

The region climate, according to the Képpen classification, is CWa type, mesothermic
climate with dry winter. The data on maximum, average and minimum temperatures and
rainfall during the period of conducting the experiments in the crop seasons 2018/19 and
2019/2020 are shown in Figure 1.
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Figure 1. Cont.
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Figure 1. Maximum, average and minimum temperature and rainfall during the two soybean
Crop seasons.

2.2. Experimental Design and Management

The experiment was carried out in a randomized block design, in a split-plot scheme,
with four replications. The plots (50 m x 9 m) were constituted of two subplots (25 m x 9 m),
each with a different soil management system, conventional tillage (CT) and no-tillage
(NT). These subplots were further divided into two, one with desiccant application (D) and
one without (ND).

The experiment was performed during the 2018/19 (first season) and 2019/20 (second
season) seasons, using soybean cultivar TMG 7062. The first season sowing was carried
out on 17 December 2018 and the second on 6 December 2019, using a spacing of 0.45 m
between rows, aiming for a density of 300 thousand plants ha™1, using seeds treated with
fungicide Carboxin + Thiram, insecticide Thiamethoxam, inoculant Bradyrhizobium sp., and
micronutrients Co and Mo. Sowing fertilization was conducted with 60 kg ha—! of KO and
60 kg ha~! of P,0s, using KCl and simple superphosphate, respectively. In both seasons,
soybean was cultivated in succession to sorghum cultivated during fall-winter (Table 2),
which supplied the straw for the NT system (NT: 4500 and 4150 kg ha~! of straw in the first
and second season, respectively; CT: 3800 and 3200 kg ha~! of straw in the first and second
season, respectively). In CT, the soil was turned over only in April, before the sorghum
sowing, with a harrow at a depth of 0.00-0.20 m (Table 2).

Soybean phytosanitary management involved weed control with the application of her-
bicide Glyphosate (1.8 kg a.i. ha 1) associated with herbicide Sethoxidim (1.25 kg a.i. ha™1).
The fungicides Pyraclostrobin + Epoxiconazole (0.08 + 0.03 kg a.i. ha~!, respectively) and
Azoxystrobin + Cyproconazole (0.06 + 0.024 kg a.i. ha™!, respectively) and the insecticides
Thiamethoxam + Lambda-Cialotrin (0.028 + 0.21 kg a.i. ha~!) were applied preventively.

Pre-harvest desiccation was carried out using herbicide paraquat (0.4 kg a.i. ha™;
200 Lha—?! of spray volume) at the R7.3 stage, when most of the seeds had a yellowish
coat, with a shiny surface and were already detached from the pod [11,25,26]. The seed
water content was of 55 + 1% and more than 76% of the leaves and pods of the plants
in the field were yellow. The desiccant application was carried out with a Jacto Falcon
AM14/Vortex sprayer, with flat jet tips (fan) model ADI 11002, without wind and with an
air temperature of 20 °C.

In the ND treatment, seeds were harvested when they reached the R9 stage, known as
the harvest point, in which the seeds have a dry appearance and a water content below
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15% [12,26,27]. Phenological stage characterization at the time of harvest considered the
visual characteristics of the plants and seeds.

In the first season, harvest of treatments with desiccation (D) was carried out on
13 March 2019 and the treatments without desiccation (ND) on 16 March 2019; in the second
season the desiccated plants (D) were harvested on 15 March 2020 and the non-desiccated
(ND) on 19 March 2020. It should be noted that, during this period that the plants remained
in the field, after the plant desiccation, there was no rain, and the climatic conditions were
similar to the day of harvesting the seeds of the treatment with desiccation (Figure 1).

The pods were harvested and threshed manually and, later, the seeds were stored in a
cold chamber (10 °C and 40% relative humidity) for 15 days to stabilize the water content.

2.3. Seed Quality Assessment

After the storage period in a cold chamber, the seed water content was evaluated by
the oven method, at 105 =+ 3 °C for a period of 24 h [28], with three replications of 15 seeds.
Results were expressed as percentage of water on a wet basis.

The germination test was performed with four replications of 25 seeds, using a roll
of paper moistened with distilled water equivalent to 2.5 times the dry mass of the pa-
per. The rolls were placed in a germinator at 25 °C. The germination percentage was
scored by counting normal seedlings at five (first germination count) and eight days (total
germination) [28].

To evaluate radicle protrusion, four replicates of 25 seeds were used, arranged in
Petri dishes, using three sheets of filter paper as substrate, which were moistened with
distilled water equivalent to 2.5 times the paper dry mass. The Petri dishes were placed in
a germinator at 25 °C. The evaluations were carried out every 6 h, counting the number
of seeds that presented a radicle with two millimeters of length. The time required to
reach 50% germination of viable seeds (T50) was calculated by analyzing the cumulative
germination data using the curve-fitting model of the Germinator software [29] and the
results were expressed in hours.

For the length and dry mass of seedlings, four replications of 10 seeds from each batch
were used, arranged in a roll of paper moistened with distilled water equivalent to 2.5 times
the paper dry mass. The seeds were arranged on a line drawn longitudinally in the upper
third of the paper, with the seed hilum facing the lower portion of the paper, in order to
guide the seedling growth in a straighter line [30]. Paper rolls were conditioned and tilted
at 90° in a germinator at 25 °C in the dark. The seedling average length was measured on
the seventh day after the beginning of the test. After analyzing the length, the seedlings
were kept in an air circulation oven at a temperature of 60 °C to obtain the seed dry weight
and the result were expressed in grams.

To evaluate the emergence speed index (ESI), daily counts were performed, consid-
ering as emerged seedlings those whose cotyledons were above ground level, at an angle
greater than or equal to 90° in relation to the seedling stem, until there were no more emer-
gences. The ESI test was performed on sand under field conditions. Data were submitted
to the formula proposed by Maguire [31], in which:

ESI=E1/N1+E2/N2+... En/Nn 1)

where: E1, E2, ... En, refers to the number of emerged seedlings computed in the first,
second and last counts; N1, N2, ... Nn refers to the number of days from sowing to the
first, second and last count. At the end of the test, the total number of emerged seedlings
was determined.

For longevity assessment, seeds of each lot were kept at 75% RH (using saturated
NaCl solution) and 20 °C for 24 h and then stored in airtight boxes with a saturated NaCl
solution and stored at 35 °C and 75% RH [32]. Germination of the seeds was evaluated
from the fifth day after beginning of storage until the loss of protrusion capacity. For this,
at each moment of evaluation, 25 seeds were removed from each treatment to mount the
germination test. Since the intervals between evaluations were shorter at the beginning of
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storage, and from the moment that a marked loss of germination capacity of the seeds was
verified, the tests were carried out at intervals of longer days. From the results obtained,
the sigmoidal curve was analyzed for each batch and the longevity was expressed in P50
(time in days to loss 50% of viability) [27].

2.4. Determination of Nutrient in the Seeds

Sulfuric digestion was used to obtain an extract in order to determine the content of N,
while P, K, Ca, Mg, S, Cu, Fe, Zn and Mn content in seeds were extracted by nitroperchloric
acid digestion and determined by atomic absorption spectrophotometry, as described
by AOAC [33].

2.5. Statistical Analysis

Data were tested for normality using the Anderson—Darling test, and homoscedasticity
was checked using the Hartley test. Data were submitted to the analysis of variance and
the mean differences were discriminated by s test at 5% probability.

The variables of physiological quality and nutrient content of the seeds were submitted
to Pearson’s correlation analysis, at the level of 5% of probability. All statistical analyzes
were performed in the R software version 3.6.1.

3. Results

The seed water content ranged from 9.0 to 9.8%, without significant differences. The
soil management system and desiccant application, in both seasons, did not influence
soybean seed germination. However, there was significance for the isolated factors in the
vigor and longevity of the seeds (Table 3), but there was no significant interaction between
the tested factors.

Table 3. Mean values of germination (%), first germination count (FGC—%), time to reach 50%
germination (T50—hours), seedling length (cm), seedling dry mass (g), emergence speed index (ESI)
and mean time to loss of 50% viability during storage (P50—days) of soybean seeds as a function of
the soil management system and desiccant application.

First Season Second Season
Conventional Tillage No-Tillage Conventional Tillage No-Tillage
Germination 91.7 a 89.0a 92.0a 89.0 a
FGC 91.0 a 80.5b 83.0a 78.0 a
T50 48.0 a 544 a 57.0a 43.1b
Length 21.76 a 23.6a 21.8a 16.4b
Dry mass 0.3405 a 0.3609 a * *
ESI * * 9.09 a 7.84b
P50 40.84 a 41.03 a 31.21b 4430 a
With desiccant Without desiccant With desiccant Without desiccant
Germination 90.0 a 90.8 a 91.5a 89.5a
FGC 86.8 a 84.8 a 84a 77 a
T50 49.7 a 52.8 a 492 a 50.8 a
Length 20.8b 24.6 a 19.0 a 19.1a
Dry mass 0.3083 b 0.3932a * *
ESI * * 8.17 a 8.76 a
P50 37.20b 44.67 a 33.72b 41.80a

Means followed by the same lowercase letter on the row do not differ from each other by the ¢ test at the 5%
probability level. *: there was no isolated significance of the factors.

Regarding seed vigor, the soil management systems affected the variables of first

germination count (FGC), time for 50% of seeds to germinate (T50), seedling length and
emergence speed index (ESI).
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In the first season, the results of FGC in CT were higher than those obtained in NT. In
the second season, there was no difference between soil management systems (p > 0.05),
even with 6.02% more seeds germinated in FCG (Table 3) in CT.

The T50 and seedling length results were influenced by the soil management system
only in the second season, with higher values of 24.39% and 24.77%, respectively, in seeds
produced in CT (Table 3). Seeds produced in CT also showed higher ESI values in the
second season.

Regarding the desiccation factor, the effect on seed vigor was verified in the variables
of length and dry mass of seedlings in the first season. In this season, the ND treatment
favored seedling growth by 15.45% and dry mass accumulation by 21.59% (Table 3), when
compared to seedlings from seeds produced with pre-harvest desiccation.

Dry mass (second season), emergence (first and second seasons) and ESI (first season)
showed a significant interaction between soil management and desiccant application
factors (Table 4).

Table 4. Means values of dry mass of seedling (g), emergence of seedlings (%) and emergence speed
index of soybean seedlings from seeds produced under different soil management systems and
desiccant application.

Dry Mass (g)
First Season Second Season
With Desiccant Without Desiccant With Desiccant Without Desiccant

Conventional tillage ns ns 0.3058 bB 0.4143 aA

No-tillage ns ns 04312 aA 0.4493 aA

Emergence (%)

Conventional tillage 56.5bB 87.0aA 51.0bB 78.5aA

No-tillage 72.5aA 57.5bB 65.5aA 51.5bB

Emergence speed index

Conventional tillage 7.02bB 9.88 aA ns ns

No-tillage 6.99 aA 5.67 bB ns ns

Means followed by the same lowercase letter in the column and uppercase in the row do not differ from each
other by the t test at the 5% probability level. ns: there was no significant interaction between the factors.

In the second season, desiccation reduced the dry mass of seedlings by 26% in CT,
but did not affect this variable in NT. In the comparison between management systems,
significant differences (p < 0.05) were obtained only in treatments with desiccation, where
the dry mass of seedlings in chemical management in CT was 29% lower than that obtained
in NT (Table 4).

A similar behavior was observed for emergence (first and second seasons) and ESI
(first season), where in CT, the desiccant application reduced emergence and ESI by ap-
proximately 35% and 29%, respectively. In NT with desiccant application, these variables
increased by 21% and 19%, respectively (Table 4).

In general, conventional soil preparation provides more vigorous seed production.
However, the response to desiccant application varies depending on the soil management
system. In CT there is better seed quality without application, while in NT the desiccant
application favors the soybean seed vigor (Tables 3 and 4).

However, the same behavior was not observed in seed longevity (P50). For this trait,
the soil management system influenced the response only in the second season, with NT
providing a 30% increase in seed storage time without affecting their quality, compared to
conventional soil preparation (Table 3). The desiccant factor showed a difference in both
seasons, and the absence of desiccant increased seed longevity by 16.72% in the first season
and 19.33% in the second season (Table 3).

The physiological quality results of soybean seeds as a function of soil management
and desiccant application can be explained by the correlation between the physiological
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quality variables of the seeds and the nutrient contents exported to them, as can be seen
in Table 5.

Table 5. Correlation between variables of seed physiological quality and macro and micronutrient
content in soybean seeds produced in different soil management systems and desiccant application.

First Season

G FGC L DM E ESI T50 P50
Ca 0.070 0.093 0.084 0.397 0.408 0.541 * —0.338 0.659 **
Mg —0.108 —0.419 0.123 —0.071 —0.666 ** —0.772 ** 0.697 ** 0.179
K 0.258 0.263 —0.220 —0.453 —0.316 —0.291 0.110 —0.259
Cu —0.047 —0.465 0.484 0.705 ** —0.061 —0.238 0.334 0.713 **
Fe —0.006 0.128 0.151 0.554 * 0.713 ** 0.743 ** —0.308 0.559 *
Zn —-0.171 —0.535 * 0.149 0.067 —0.516 —0.734 ** 0.644 ** 0.313
Mn —0.156 —0.351 —0.237 —0.523 * —0.438 —0.665 ** 0.317 —0.585 *
P 0.006 —0.391 0.194 —0.026 —0.802 ** —0.929 ** 0.633 ** 0.081
S —0.079 —0.249 —0.236 —0.335 —0.461 —0.714 ** 0.423 —0.383
N —0.007 0.071 —0.265 —0.697 ** —0.548 * —0.512°* 0.126 —0.694 **
Second season
Ca 0.319 0.229 0.393 0.229 0.255 0.348 0.443 —0.356
Mg —0.38 —-04 —0.359 —0.532 % 0.303 —0.225 —0.625 ** 0.347
K 0.417 0.063 —0.367 0.405 —0.543 * —0.16 0.08 0.048
Cu —0.106 —0.315 —0.450 0.617 * —0.48 —0.155 —0.25 0.631 **
Fe 0.106 0.108 0.653 ** 0.217 0.542 * 0.661 ** 0.877 ** —0.697 **
Zn -0.117 0.108 0.346 0.565 * —-0.27 0.379 0.429 —-0.211
Mn 0.105 0.359 0.535 * 0.044 0.085 0.334 0.717 ** —0.854 **
P —-0.211 —0.560 * —0.469 0.326 0.001 -0.176 —0.435 0.837 **
S —-0.175 0.271 0.217 0.058 —0.623 ** —0.189 0.162 —0.462
N —0.245 —0.283 —0.681 ** —0.198 —0.436 —0.573 * —0.932 ** 0.780 **

G: germination; FGC: first germination count; L: seedling lenght; DM: seedling dry mass; E: emergence; ESI:
emergence speed index; T50: time to 50% germination; P50: longevity; *: significant at 5% probability; **: significant
at 1% probability.

Soybean seed germination showed no significant correlation with nutrients, in both
seasons. FGC was negatively correlated with Zn (first season) and with P (second season).
For seedling length (L), there were significant correlations only in the second season, being
positive for Fe and Mn and negative for N. The seedling dry mass variable, in the first
season, was positively correlated with Cu and Fe and negatively with Mn and N, and in the
second season there was a positive correlation with Cu and Zn, and a negative correlation
with Mg (Table 5).

In seedling emergence (E) there was a negative correlation for Mg, P and N and a
positive correlation for Fe (first season). In the second season, there was a positive correlation
with Fe and a negative correlation with K and S. For the ESI, in the first season, there was a
positive correlation with Ca and Fe and a negative correlation with Mg, Zn, Mn, P, S and N;
in the second season a correlation was observed only with Fe, which was positive.

For T50, in the first season, Mg, Zn and P were positively correlated. In the second
season, positive correlations were observed with Fe and Mn, and negative correlations with
Mg and N. As for seed longevity (P50), in the first season there was a positive correlation
with Ca, Cu and Fe, and a negative correlation with Mn and N; in the second season the
positive correlations were with Cu, N and P, and the negative ones with Fe and Mn (Table 5).

Despite not being the focus of this research, the results of the correlation analysis
showed that the micronutrient Fe was positively correlated with the variables of vigor
and seed longevity in both seasons, making its importance evident in the physiological
quality of soybean seeds. Thus, new studies aiming to explain the participation of this
nutrient in the seed can contribute to a better understanding of the process of soybean seed
physiological quality acquisition.
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4. Discussion

In this work, we evaluated the physiological quality of soybean seeds cultivated
under conventional tillage and no-tillage systems with and without desiccant use. Our
results showed that in the no-tillage system, it is common to have a higher soil compaction
index in the surface layers, when compared to the conventional system. Thus, it can
negatively affect the root development of crops and, consequently, the water and nutrient
absorption [34-36]. However, as this is an experiment performed in an area with long-term
no-tillage, in which the soil properties are already consolidated [8,9], these factors probably
did not harm the soybean plant development, to the point of affecting the seed germination
capacity (Table 3).

The lack of desiccation management effect on soybean seed germination is due to the
fact that the germination capacity is acquired at the R7.1 stage [12,17], and in this research
the pre-harvest soybean desiccation was carried out in R7.3, when the acquisition of this
capacity had already taken place. Studies on desiccant application at the physiological
maturity stage also revealed that there were no significant differences in germination
potential [20,37].

Although the soil management system did not affect seed germination, there was a
difference in vigor, through changes in the responses of FGC, T50, length and ESI of soybean
seedlings (Table 3). The soybean seed vigor evaluation characteristics were more sensitive
for detecting alterations, when compared to the laboratory germination test [28,38]. So,
despite the superficial physical and chemical characteristics of the soil managed under no-
tillage not having affected germination, these were able to negatively influence seed vigor.

The physiological quality is acquired throughout the plant development stage [12,13].
Thus, the negative results of desiccant application on the vigor (length and dry mass of
seedlings) and longevity of the seeds (Table 3), is due to this factor, since, possibly, the
desiccation impaired the process of acquiring physiological quality. It should be noted
that the desiccant used, paraquat, is a fast-acting contact herbicide, a factor that limits the
translocation of the product of photosynthesis into the seeds [39]. So, the negative effect of
the desiccant application on the vigor and longevity of the seeds, in this study, is due to
physiological processes.

The variables DM, E and ESI (vigor) showed a significant interaction between soil
management and desiccant application. So, it was possible to observe that in CT there was
better seed quality without desiccant application, while in NT the desiccant application
favored soybean seed vigor (Tables 3 and 4). Such results are probably related to the amount
of nutrients in the soil available for absorption by the plant (Table 1). Previous works show
that in the NT system there is greater nutrient accumulation in the surface layer of the soil,
where there is a greater amount of soybean roots [40,41]. Thus, a compensatory effect may
have occurred, since the greater supply of nutrients to the plant in NT may have promoted
greater accumulation in the seed, and even with the desiccant application, there was no
reduction in the nutritional content. In CT, despite having a lower nutrient content in the
soil, the non-application of desiccant allowed more time for the absorption of nutrients by the
plant and accumulation in the seed, resulting in seeds with greater vigor (DM, E and ESI).

It is worth mentioning that seed vigor is the set of properties that determine the
activity and performance of seed lots with acceptable germination, under a wide range of
environmental conditions [42]. Thus, from these test results, it was found that the need to
apply a desiccant on the soybean seeds is dependent on the soil management system.

Seed longevity is a characteristic that impacts the commercialization of lots, consider-
ing that low longevity is associated with loss of vigor and viability [12,32]. In addition to
the desiccant factor, soil management systems also affected seed longevity, with NT being
the one that promoted the longest storage period (Table 3). Such results may be associated
with the seed nutrient content, since in the second season there was a positive correlation
with N, P and Cu (Table 5).

N acts on plant growth, on the formation of amino acids, proteins, enzymes and on the
chlorophyll molecule [43,44], and its deficiency in the seed can negatively affect the protein
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content, resulting in a loss of quality [45,46], since the proteins in the seeds act as reserve
substances and as chemical reactions catalysts [47]. Thus, during the seed deterioration
process, there is a decrease in the content and synthesis of proteins, an increase in the amino
acid content, a decrease in the content of soluble proteins and denaturation caused by high
temperatures, causing the loss of performance of vital functions [47].

P acts in the formation of the seeds and during the germination process, where it
performs fundamental functions, as it is a constituent of the membrane (phospholipids), of
nucleic acids and of energy-storing compounds, such as ATP, which is the most important
of these compounds [48-50]. Seeds with higher P content present higher initial energy for
seedling metabolic activities; consequently, it has a higher physiological quality, contribut-
ing to the better performance of the plant in the field, since it makes it less dependent on
the existing levels of this element in the soil [51].

Cu, on the other hand, participates in important physiological processes as a structural
and metabolic component, as it acts in the composition of proteins involved in oxidation-
reduction reactions, in carbohydrate synthesis and as a cofactor of enzymes, such as
polyphenol oxidase and superoxide dismutase, which act in the lignin synthesis for cell
wall formation and protection from oxidative stress due to the presence of reactive oxygen
species [49,52,53]. In this way, the higher the Cu content in the seed, without generating
toxicity, the greater the seed longevity.

As in NT there is greater nutrient accumulation [40,41], the greater content of N, P and
Cu in the seed, provided by this management system, contributed to greater longevity of
the seeds. Through greater protein synthesis, a constituent of DNA and RNA, the seed has
a greater energy source for metabolic processes and a greater reduction of oxidative stress
during the storage process.

The results of this research showed that the use of desiccant influenced the process of
acquiring vigor and longevity of soybean seeds. In addition, it was possible to observe that
factors such as the soil management system may be associated with the moment and process
of seed quality acquisition. For longevity, a parameter that continues to be acquired until
the last stage of seed maturation, this research showed that the desiccant, by accelerating
the seed maturation process, impairs the complete acquisition of this characteristic.

Future research involving protein content, enzymatic activity, reactive oxygen species
and accumulation of residues may contribute to the understanding of the physiological and
biochemical mechanisms of soybean seeds produced in different soil management systems
and with or without desiccant application.

5. Conclusions

Our results showed that soil management systems and desiccant use do not influence
soybean seed germination. However, conventional soil preparation increases seed vigor
when evaluated by the traits of first germination count, dry mass and length of seedling. In
addition, the absence of desiccant application promotes the formation of seedlings with
greater length and dry mass. In summary, the use of desiccant aiming at seed vigor is
dependent on the soil management system. The soybean seed longevity is superior in the
no-tillage system, but the desiccant application reduces seed longevity.
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Abstract: Wheat can be cultivated by hole sowing, but its border effect has not yet been studied.
Therefore, we carried out a field experiment from 2021 to 2022 at the Doukou Crop Experimental
Demonstration Station (108°52' E, 34°37' N) of Northwest A&F University in Jingyang County,
Xianyang City, Shaanxi Province, China. The response of dry matter, photosynthetic characteristics,
and yield components of wheat to the border effects under the hole sowing method was studied.
The results showed specific border effects on each index of five wheat varieties (XN136, XN175,
XN527, XN536, and XN765), among which the border effects of XN175 and XN765 were the most
significant, with the highest yield. Subsequent correlation analysis revealed that only grain per spike
and intercellular carbon dioxide concentration responded negatively to the border effects, and the
rest were positively correlated. Finally, we conducted a random forest model analysis of different
indicators of wheat varieties with significant border effects. We found that net photosynthetic rate
and aboveground dry matter per plant had the most significant impact and contribution to the
border effects. In contrast, grain per spike had the most negligible impact on the border effects.
Our results fill a gap in the study of the border effects of wheat under hole sowing cultivation for
future researchers.

Keywords: border effect; hole sowing; wheat; Triticum aestivum L.

1. Introduction

Due to the extreme changes in global climate and the rapid growth of population,
achieving food supply security under limited arable land conditions is a significant chal-
lenge in the 21st century [1-4]. Future food security, therefore, requires further increases
in crop yields. According to statistics, to meet global food demand, food production will
need to increase by 70-100% by 2050, with an annual increase of more than 4 million
tons [5-8], and wheat production needs to grow at 1.7% per year [9-12]. Wheat is one of
the most important foods for human beings, which is essential and beneficial to human
health. How to maximize the benefits of wheat is of great significance to food production
and agricultural income [13-15].

Individuals in the border row usually enjoy better conditions to obtain a higher yield,
defined as the border (marginal) effect [16,17]. This effect is usually caused by uncultivated
space, which is left between adjacent plots for crop management and differentiation of
different varieties [18]. Due to more solar energy, better ventilation, and less nutrient
competition, the crop growth and yield of the border rows are better than those of the
middle rows [19,20]. Therefore, maximizing the border advantage is essential for improving
productivity [21].

The cultivation techniques of wheat can regulate wheat tillering, form a reasonable
population, enhance the utilization rate of light energy, and have a great impact on coor-
dinating the relationship between source, sink and flow, increasing yield, and improving
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quality [22-24]. The sowing method is an important element of cultivation techniques to
regulate the growth and development of wheat. Different sowing methods will lead to
changes in the structure of wheat population, and therefore the physiological and metabolic
processes of plants will change accordingly, affecting the overall growth and development
of wheat, and in turn, affecting the yield and quality [25]. The hole sowing cultivation tech-
nology of wheat is a high-efficiency agricultural technology integrating rainfall, drought
resistance, and efficient utilization of light and heat resources. As a new cultivation tech-
nique, it has many excellent characteristics and a good development prospect.

Based on previous research on the effects of different sowing methods and seeding
rates on wheat yield and quality, this study further explored the response of different wheat
varieties to the border effect of hole sowing. The main purposes are: (1) To explore the
response of wheat border effects under the cultivation mode of hole sowing. (2) To explore
which wheat varieties are more suitable for hole sowing cultivation. (3) To explore which
indicators have significant border effects and the size of the contribution of each indicator
to the border effects.

2. Materials and Methods
2.1. Test Designs and Determination Methods

This experiment was carried out at Doukou Crop Experimental Demonstration Station
of Northwest A&F University from October 2021 to June 2022. The experimental demonstra-
tion station is located in Xinglong Village, Yunyang Town, Jingyang County, Xianyang City,
Shaanxi Province, China, 108°52’ E, 34°37’ N. The average temperature and precipitation in
2021-2022 were 10.89 °C and 17.33 mm, respectively (Figure 1). The soil in the experimental
field was loam. The soil organic matter content in the 0-20 cm soil layer of the experimental
field was 18.03 g~kg*1, the total nitrogen content was 1.31 g-kgfl, the available nitrogen
content was 86.3 mg-kg !, and the available potassium was 227.48 mg-kg 1.
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Figure 1. Total precipitation and monthly mean temperature during wheat growth stage from October
2021 to June 2022.

Different wheat varieties, “XN136’, “XN175’, “XN527’, “XN536’, and “XN765’, were
selected as experimental materials. These five wheat varieties were provided by the College
of Agriculture, Northwest A&F University. The main common characteristics were as
follows: they were all semi-winter and semi-dwarf varieties, suitable for planting in the
Guanzhong irrigation area of Shaanxi Province, had medium tillering ability, high earning
rate, fast filling speed, and medium grain plumpness. The main difference was the plant
heights. The average plant heights of each variety were: 77.3 cm for "XN136’, 84.1 cm for
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"XN175’, 77.1 ecm for "XN527’, 76.1 cm for “XN536’, and 79.1 cm for “XN765’. The sowing
density was 168.5 kg-ha™!, and the sowing amount per hole was 12. In order to ensure
the accuracy of the experiment, the sowing method of wheat hole sowing used in this
experiment was artificial sowing. Firstly, the furrow opener was used to furrow each plot,
where 12 furrows (12 rows) were opened in each plot, and the benchmark was used to
mark the points of each row. There were 35 mark points in each row, and 12 grains were
sown manually at each mark point. In this experiment, different wheat varieties were used
as different treatments, with a total of 5 treatments, three replicates, each plot area of 15 m2,
each plot of 12 rows, each row of 35 holes, hole spacing (S1) of 14 cm, and row spacing (S2)
of 25 cm (Figure 2). The compound fertilizer (N-P,O5-K,O: 24-15-5) was uniformly applied
in the form of base fertilizer at 375 kg-ha~! before tillage. This experiment was sown on
24 October 2021, and harvested on 5 June 2022. Other measures in the experimental field
were the same as the requirements of high-yield field cultivation techniques.

Figure 2. Cont.
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Figure 2. Hole sowing planting map of one plot (A), hole sowing wheat growth map (B), and the
border effect map of wheat (C).

For our sampling method, to avoid the influence of side rows on the border effects,
four holes were randomly sampled in the middle four rows of each plot. Each hole’s outer
and inner sides were sampled separately, and the average value was used to compare the
border effects.

The aboveground dry matter per plant outside and inside each hole of the wheat plant
was determined. In the booting stage, heading stage, flowering stage, filling stage, and
maturing stage of wheat, four 20 cm plant samples with uniform growth were selected
on the outer and inner sides of each hole. After being brought back to the room on the
same day, each part was de-enzymed in a 105 °C oven for 30 min, then the temperature
was reduced to 60-80 °C, and continued to be dried for about eight hours to make it dry
quickly, and then removed. The samples then continued to dry for four hours, weighed
again, until the weight was constant at which the final weight was measured.

Wheat plants outside and inside each hole were measured for physiological indexes
of photosynthetic characteristics (net photosynthetic rate, stomatal conductance, and in-
tercellular carbon dioxide concentration). In the booting stage, heading stage, flowering
stage, and filling stage of wheat, clear and cloudless weather was selected, and the Li-6400
portable photosynthesis system was used to measure the photosynthetic characteristics.
Four holes were randomly selected from each plot, and four uniform plant samples were
selected on the outside and inside of each hole. The net photosynthetic rate of the middle
part of the flag leaf of wheat was measured at 9:00-11:00 a.m. stomatal conductance, and
intercellular carbon dioxide concentration. The use of the LI-6400 portable photosynthesis
measurement system roughly includes six steps: instrument connection, program loading,
instrument correction, data measurement, data transmission, and instrument closing. Be-
fore the measurement, we must first see whether the instrument is connected, and then
enter the following steps after the instrument is connected. After the power switch is turned
on, the instrument begins to install the OPEN program, which takes about ten minutes.
The configuration file here must be correctly selected and should be consistent with the
type of leaf chamber installed on the head of the IRGA analyzer. Because of the change in
the surrounding environmental conditions, the zero point of the instrument changes, and
therefore, it must be corrected before use as the data will not be reliable otherwise. When
calibrating the instrument, f3 needs to be selected under the OPEN main program interface
to enter ‘Calib Menu’. After entering the calibration menu, seven secondary menus are
displayed on the display screen, among which the first item ‘FLOW Meter Zero’ (zero
adjustment of flowmeter) and the second item ‘IRGA Zero’ (zero adjustment of infrared
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gas analyzer, namely correction of CO, and H,O zero points) are necessary operations after
each boot. Data measurement is a key step in the use of LI-6400. The data is measured
under f4 (New Msmnts, new measurement menu) of the OPEN main interface. Before the
experimental data measurement, the H,O and CO, control knobs should be adjusted to
BYPASS (if the CO; injection system is used, the CO, control knob should be adjusted to
SCRUB). The measured data is then transmitted to the computer in time.

For yield composition statistics, the number of grains per spike inside each hole was
counted. After harvest, the grains were sun-dried to remove impurities. The number of
plates used to take each hole outside and inside of a total of 1000 grains were weighed, and
repeated three times to calculate the average value of thousand grains. After the wheat
matured, the number of effective ears in each plot’s 1 m double-row sample section was
counted. Each plot was sampled for 1 m? of wheat, then threshed with a thresher, dried,
weighed with an electronic balance, and calculated for grain yield (kg-ha™!).

2.2. Statistical Analysis of Data
The border effect (BE%) was calculated as follows according to Wang et al. [15].

- Parameter of border row — Parameter of center row

BE
Parameter of center row

x 100 1)

Correlation analysis refers to the analysis of two or more correlated variable elements
to measure the degree of correlation between the two variable factors.

Random forest regression is a machine learning technique that can create a set of
multiple decision trees, aggregate on the set, and rank the predictors according to the
correlation between the predictors and the predictions. It is well known that random forest
regression techniques can produce highly accurate predictions and handle many input
variables without overfitting.

In this study, the outer side of each hole of wheat was used as the border line, and
the middle was used as the center line. Correlation analysis and random forest regression
analysis were performed according to each index.

Microsoft Office Excel 2021 and SPSS 26.0 were used for data statistical analysis, and
RStudio was used for significant difference analysis and picture drawing. The significance
level (p < 0.05) was used to determine the average difference using the least significant
difference test.

3. Results
3.1. Border Effects of Yield Components

XN136, XN175, and XN765 have significant border effects (Table 1). The border effects
of thousand-grain weight and grain per spike of XN175 were the highest, being 15.1% and
14.2%, respectively, followed by XN765 (11.5%, 12%) and XN136 (6.8%, 5.9%). The effective
spikes of XN175 were the largest, at 643 x 10*-ha—!, and there was a significant difference
between XN175 and XN136, XN536, and XN765. The number of effective spikes per hole
of XN175 was the largest, at 23, and the number of effective spikes per plant was 2. The
highest yield of XN175 and XN765 was 8587.1 1<g~hefl and 8558.6 kg~ha*1, respectively.

3.2. Border Effects of Dry Matter

The aboveground dry matter of wheat at different stages (booting stage, heading
stage, flowering stage, filling stage, and maturing stage) was measured. The border effect
was analyzed (Figure 3). It can be seen from the figure that the maximum dry matter
mass of the five varieties in different stages was at the outer row of wheat, which is the
maturing stage of XN175, with a value of 13.17 g/plant. The minimum value of dry
matter was found in wheat inline, also wheat XN175, which appeared at booting stage
and was 3.37 g/plant. It can be seen that the dry matter of the aboveground plants of the
five varieties showed a particular border effect, among which XN136 only had significant
differences in the dry matter border effect of the aboveground plants at the heading stage
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and flowering stage. The dry matter border effect of XN175 in the booting stage and filling
stage was significantly different, and the dry matter border effect in the heading stage and
the maturing stage was significantly different. The dry matter border effect of XN527 in the
five stages was insignificant. XN536 only significantly differed in the dry matter border
effect of aboveground dry matter per plant in the flowering stage. The border effect of dry
matter per plant above ground of XN765 was significantly different in each stage. It can be
seen that the aboveground dry matter of the two wheat varieties, XN175 and XN765, had a
significant border effect under hole sowing conditions.

Table 1. Border effects of yield and yield components of wheat at maturity stage in 2021-2022
(v < 0.05, significant difference when the outline and inline characters of the same variety are com-
pletely different; p > 0.05, no significant difference when the same or more letters are used).

Thousand- Grain Per Effective Effective Yield Thousand- Grain Per
Variety  Location Grain Spike Spikes Spikes (ke-ha-1) Grain Weight Spike
Weight (g) P PerHole  (x10%ha~1) & (BE%) (BE%)
outer 56.41 ab 65.67 b
XN136 inner 5083 d 62b 18a 506.7 ¢ 8358.3 ab 6.8% 5.9%
outer 57.66 a 75a o o
XN175 inner 50.1 e 65.67 b 23a 643 a 8587.1a 15.1% 14.2%
outer 53.83b 53¢ o o
XN527 inner 5539 abed 5033 ¢ 22 a 604 ab 74749 b —2.8% 1.3%
outer 55.57 abc 42e o o
XN536 inner 53.9b 4067 e 19a 539 ¢ 8085.3 ab 3.1% 3.3%
outer 53.22 cd 56 ¢
XN765 inner 4771 e 50d 20a 570 be 8558.6 a 11.5% 12%
16 16 <
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Figure 3. Border effect of aboveground dry matter of wheat in different stages. (*: p < 0.05,
**: p <0.01, and NS: non-significant (ANOVA)).

3.3. Border Effects of Photosynthetic Characteristics

The photosynthetic characteristics of wheat at different stages (booting stage, heading
stage, flowering stage, and filling stage) were measured and the border effects were analyzed.

3.3.1. Border Effects of Net Photosynthetic Rate

The border effect of the net photosynthetic rate in different stages of wheat was
analyzed (Figure 4). It can be seen that the net photosynthetic rate of the five varieties in
different stages had a specific border advantage. The net photosynthetic rate of the five
wheat varieties reached the peak at the heading stage, and reached the lowest value at the
filling stage. Among them, only the border effects of XN175 and XN765 were significantly
different in particular stages, indicating that these two varieties could exert obvious border
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effect advantages under hole sowing conditions. Although the remaining three varieties
have a certain border effect, the difference was not significant.

25 25/
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- center row
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Figure 4. Cont.
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Figure 4. Border effect of net photosynthetic rate of wheat in different stages. (*: p < 0.05, **: p < 0.01,
and NS: non-significant (ANOVA)).

3.3.2. Border Effects of Stomatal Conductance

The border effect of stomatal conductance in different stages of wheat was analyzed
(Figure 5). The stomatal conductance of the three wheat varieties, XN136, XN527, and
XNB536, had a certain border effect in each stage, but the difference was not significant
and all three varieties reached the maximum at the booting stage. This showed an overall
downward trend. On the contrary, XN175 and XN765 were significantly different in
different stages, where both showed an upward trend from the booting stage to the filling
stage, and reached the maximum at the filling stage. It can be seen that XN175 and XN765
can play a greater advantage than the other three varieties under hole sowing conditions.

03 0.
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Figure 5. Cont.
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Figure 5. Border effects of stomatal conductance of wheat in different stages. (*: p < 0.05, **: p < 0.01,
and NS: non-significant (ANOVA)).

3.3.3. Border Effects of Intercellular Carbon Dioxide Concentration

The border effects of wheat intercellular carbon dioxide concentration at different
stages were analyzed (Figure 6). The intercellular carbon dioxide concentration of XN136,
XNb527, and XN536 was relatively stable in different stages. In contrast, the intercellular
carbon dioxide concentration of XN175 and XN765 fluctuated wildly and peaked at the
filling stage. Overall, the intercellular carbon dioxide concentration of XN175 and XN765
under hole sowing conditions had a more significant border effect.
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Figure 6. Border effects of intercellular carbon dioxide concentration of wheat in different stages.
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99



Agronomy 2023, 13, 766

3.4. Correlation Analysis of Different Indexes of Wheat

Correlation analysis was performed on net photosynthetic rate, stomatal conductance,
intercellular carbon dioxide concentration, dry matter per plant, thousand-grain weight,
and grain per spike of the five wheat varieties (Figure 7). In the figure, different colors
represent positive and negative correlations, and the color depth represents the correlation
size. The bluer the color, the greater the positive correlation coefficient; the redder the color,
the greater the negative correlation coefficient. It was found that only grain per spike and in-
tercellular carbon dioxide concentration responded negatively to the border effect, and the
rest were positively correlated. Among them, grain per spike and aboveground dry matter
per plant, stomatal conductance and intercellular carbon dioxide concentration, thousand
grain weight, and intercellular carbon dioxide concentration had significant positive cor-
relations with the border effect. There was a significant positive correlation between net
photosynthetic rate and aboveground dry matter per plant, which was the most important
factor affecting the maximum border effect of wheat under hole sowing conditions.

Aboveground dry matter per plant
Thousand.grain weight
Intercellular.carbon dioxide concentratio

Net.photosynthetic rate
Stomatal.conductance

o
x
o
@
]
o
k=
®
(&)

Grain.per.spike

Net photosynthetic rate
Aboveground.dry.matter.per_plant
Stomatal.conductance
Thousand.grain.weight

Intercellular.carbon_dioxide.concentration

Figure 7. Correlation analysis of different wheat indexes (X axis and Y axis represent different indexes,
r values in the Figure in different colors, *: p < 0.05, **: p < 0.01).

3.5. The Contribution of Different Indicators to Its Significant Border Effects

‘Mean decrease Gini’ is used to calculate the influence of each variable on the het-
erogeneity of observations at each node of the classification tree, and to compare the
importance of variables. The larger the value, the greater the variable’s importance is.

Only XN175 and XN765 showed significant differences in the border effects of different
indicators. Therefore, random forest model analysis was performed on the state, net
photosynthetic rate, stomatal conductance, intercellular carbon dioxide concentration,
aboveground dry matter per plant, thousand-grain weight, and grain per spike of these two
varieties (Figure 8). As can be seen from Figure 8, for ‘mean decrease Gini’, aboveground
dry matter per plant had the most significant response to the border effect, and grain per
spike was the smallest.
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Figure 8. Response of different indexes of wheat cultivars, XN175 and XN765, to border effect
(Multi-class area under the curve: 0.9722).

3.6. Difference Analysis of Each Index between Different Wheat Varieties

The photosynthetic characteristics of wheat during the filling stage is the key stage to
determine the yield, and about 80% of the nutrients are transported to the wheat grain for
accumulation in the middle filling stage. In order to select the most suitable wheat variety
for hole sowing among the five varieties, the indexes of wheat filling stage and final yield
of the five varieties were compared (Table 2). Among the dry matter per plant, XN175
had the highest value of 8.92 g. Among the photosynthetic characteristics, XN175 had the
highest net photosynthetic rate of 12.87 w mol CO,-m~2:s~ 1. The stomatal conductance of
XN765 was the largest, which was 0.37 mol-m~2-s~!. In the final yield, XN175 was also the
highest, which was 8587.1 kg~ha*1. Combined with previous results, XN175 and XN765
has been demonstrated to play a greater advantage under hole sowing conditions.

Table 2. Differences in dry matter, photosynthetic characteristics, and final yield of different wheat
varieties during grain filling stage from 2021 to 2022. (p < 0.05, significant difference when the outline
and inline characters of the same variety are completely different; p > 0.05, no significant difference
when the same or more letters are used).

Dry Matter Per Net Photosynthetic Stomatal Intercellular Carbon
Variety Plant (2) Rate (u mol Conductance Dioxide Concentration Yield (kg-ha=1)
8 CO, m—2.571) (mol-m—2.s~1) (1 mol CO,-mol—1)
XN136 842a 8.64 c 0.17 ¢ 337.18 a 8358.3 ab
XN175 8.92a 12.87 a 0.36 ab 336.4 a 8587.1a
XN527 6.15 bc 9.65 be 0.26 be 344.22 a 74749 b
XN536 490 c 10.4 be 0.29 ab 3499 a 8085.3 ab
XN765 6.63b 11.51 ab 037 a 342.88 a 8558.6 a

4. Discussion

The study of the benefits of crop borders usually has two purposes: (1) to avoid the
overestimation of crop yields in field trials, and (2) to increase crop productivity by using
skip row and rectangular planting patterns. Increasing the dry weight of stubble and non-
structural carbohydrate accumulation at harvest of main crops may be an essential strategy
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for developing high-yield planting practices in rice regeneration systems, by studying the
border effects of principal crops and regenerated crops in rice regeneration systems [15]. By
measuring the border effect of the rectangular geometry transplanted with wide and narrow
hill spacing, by quantifying the size and shape of the hybrid rice planting plot, it was found
that for plots with a larger rectangular shape and smaller plot size, the yield estimation will
be higher [17]. Maize hybrids have the potential to increase yield through the intercropping
system, and through the study of the border effect of maize hybrid intercropping, it was
shown that the land equivalent ratio is affected by the use of intercropping hybrids and
seasonal climate change [18]. The border effect on the yield of regenerated crops in a
mechanized rice regeneration system have also been studied [22]. They proved that the
rolling of main crops during mechanical harvesting had a border effect on the yield of the
non-rolling zone, thereby reducing the yield loss of regenerated crops.

Our research group has proved that the hole sowing method has an excellent effect on
the growth characteristics of wheat, through the comparative test of wheat hole sowing and
traditional sowing methods. For example, (1) the effects of different sowing methods on
wheat yield and quality was studied by Wu et al. [26], who explored the effects of different
sowing methods (drill sowing, wide sowing, and hole sowing) on wheat yield and quality
by applying nitrogen fertilizer to wheat ‘Xinong 805". The results showed that the hole
sowing treatment increased the flag leaf area of wheat. The application of nitrogen fertilizer
increased the dry matter quality of the above-ground part of the wheat in the hole sowing
treatment, and the actual yield of the wheat in the hole sowing treatment was the highest,
of up to 7430 kg-ha~!. The basic seedlings, biomass, and harvest index of wheat under
different sowing methods were significantly different. Under the application of nitrogen
fertilizer, the storage material transfer amount and contribution rate of each vegetative
organ in the hole sowing treatment were the highest. In addition, the hole sowing treatment
under topdressing nitrogen fertilizer increased the volume mass, sedimentation value,
protein mass fraction, hardness, stability time, tensile area, elongation, and maximum
tensile resistance of the grain. For the effects of different sowing methods and sowing rates
on wheat yield and quality (2), Qi et al. [27] studied the effects of different sowing methods
and sowing rates on grain yield, yield components, protein content, component content,
and processing quality of winter wheat. Using high-quality and high-yield winter wheat
Xinong20” as material, three different sowing methods (drill sowing, wide sowing, and
hole sowing) and four different sowing rates (112.5, 150, 187.5, and 225 kg~ha*1) were set
up for the experiment. Hole sowing is beneficial to the improvement of protein and its
components content and processing quality. Increasing the appropriate sowing rate can
increase the content of protein and its components.

Previously, no scholars have studied the border effect of wheat under hole-sowing
conditions and the main factors affecting its border effect. In this study, the traits of five
wheat varieties showed different border effects under the hole-sowing cultivation method.
However, only the different indicators of XN175 and XN765 have significant differences. In
dry matter, XN175 had significant difference in the boundary effect of dry matter per plant
above ground at booting stage and filling stage, while XN765 had significant difference
in the boundary effect of dry matter per plant above ground at maturing stage, and the
other four stages had significant difference. In the photosynthetic characteristics, the net
photosynthetic rate boundary effect of XN175 and XN765 in each stage was significantly
different. The stomatal conductance of XN175 and XN765 increased with the growth
stage, and had significant boundary effects at different growth stages of wheat. The
intercellular carbon dioxide concentration of XN175 was significantly different at booting
stage, flowering stage, and filling stage, and the intercellular carbon dioxide concentration
of XN765 was significantly different at each stage. It can be seen that these two varieties
play an advantage over the other three varieties under the cultivation method of hole
sowing, and have higher wheat yields. XN175 and XN765 may be more suitable for bunch
planting than the other three varieties, and have significant border effects. This study
only studied the border effect of wheat under the condition of hole sowing from the same
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sowing density. In the future, it is necessary to further study the boundary effect response
of sowing density to wheat. At present, there are many cultivation methods, but the traits of
different wheat varieties under various cultivation methods should be different. Therefore,
it is necessary to establish a model to match the best cultivation methods for wheat in
the future.

Through the correlation analysis of different indexes of wheat, it can be found that
only grain per spike and intercellular carbon dioxide concentration were negatively corre-
lated with the border effect of wheat under hole sowing conditions, while the rest were
positively correlated. Through further random forest model analysis of XN175 and XN765
wheat varieties with significant border effects of each index, it can be found that net pho-
tosynthetic rate and aboveground dry matter per plant have the greatest influence on the
significant border effect. In contrast, grain per spike has a minor influence on the significant
border effect.

5. Conclusions

Under the cultivation mode of hole sowing, different wheat varieties have specific
border effects. The varieties with the most significant border effect may be more suitable for
hole sowing than other varieties. Under the warm temperate continental monsoon climate
conditions, such as those found in the Guanzhong irrigation area in Shaanxi Province, wheat
suitable for hole sowing, as a sowing method, can maximize its performance and obtain
higher yield. According to our experiment, “XN175" and “XN765” had more significant
border effects than other varieties under hole sowing conditions. Therefore, “XN175" and
"XN765" were more suitable for sowing under hole sowing conditions than the other three
varieties, and should be fully considered in the popularization and application of hole
sowing. Our results fill the gap in the study of the border effect of wheat under the hole-
sowing cultivation method. Readers can obtain exciting information from the data analysis
of this study, which provides a valuable reference and help for future researchers.
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Abstract: In the context of climate change, the sowing date and cultivar choice can influence the
productivity of sorghum, especially where production is constrained by low soil fertility and early
terminal drought across the challenging agro-ecologies of north-eastern Nigeria. Planting within an
optimal sowing window to fit the cultivar’s maturity length is critical for maximizing/increasing
the crop yield following the appropriate climate-smart management practices. In this study, the
APSIM crop model was calibrated and validated to simulate the growth and yield of sorghum
cultivars with differing maturing periods sown within varying planting time windows under im-
proved agricultural practices. The model was run to simulate long-term crop performance from
1985 to 2010 to determine the optimal planting windows (PWs) and most suitable cultivars across
different agro-ecological zones (AEZs). The performance of the model, validated with the ob-
served farm-level grain yield, was satisfactory across all planting dates and cropping systems.
The model predicted a lower mean bias error (MBE), either positive or negative, under the sole
cropping system in the July sowing month compared to in the June and August sowing months.
The seasonal climate simulations across sites and AEZs suggested increased yields when using
adapted sorghum cultivars based on the average grain yield threshold of >1500 kgha~! against
the national average of 1160 kgha~!. In the Sudan Savanna (SS), the predicted optimum PWs
ranged from 25 May to 30 June for CSR01 and Samsorg-44, while the PWs could be extended to
10 July for ICSV400 and Improved Deko. In the Northern Guinea Savanna (NGS) and Southern
Guinea Savanna (SGS), the optimal PWs ranged from 25 May to 10 July for all cultivars except for
SK5912, for which predicted optimal PWs ranged from 25 May to 30 June. In the NGS zone, all
cultivars were found to be suitable for cultivation with exception of SK5912. Meanwhile, in the
SGS zone, the simulated yield below the threshold (1500 kgha =) could be explained by the sandy
soil and the very low soil fertility observed there. It was concluded that farm decisions to plant
within the predicted optimal PWs alongside the use of adapted sorghum cultivars would serve as
key adaptation strategies for increasing the sorghum productivity in the three AEZs.

Keywords: adaptation; agro-ecological zones (AEZs); APSIM; adapted sorghums; optimal
planting window

1. Introduction

Nigeria is the largest producer of sorghum in West Africa, accounting for about 65-70%
of the total sorghum production in the region [1]. Its sorghum production in 2018 was
6.9 million tonnes, accounting for 50% of the total cereal production and occupying about
45% of the total land area devoted to cereal crop production in Nigeria [2]. The production
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of sorghum in Nigeria, where it is predominantly cultivated in the northern region, has
increased overall [3], reaching some seven million tons in 2021, with an average yield of
1160 kgha ! meaning that it is one of the main crops for the country. The increase in produc-
tion is associated with the dissemination of improved sorghum cultivars that are tolerant to
drought and Striga [4]. These cultivars have been promoted through several initiatives by
the Federal Government of Nigeria and other development partners. Landraces have long
been recognized as a source of traits for local adaptation, stress tolerance, yield stability,
and seed nutrition [5]. The long-term selection under variable and low-input environments
has resulted in high crop diversity in landraces. The environmental factors contributing to
production constraints and low yields include low fertility soils, the length of the growing
periods, drought, and water-logging, as well as biotic stresses such as Striga parasitism and
diseases attacking the foliage, stems, and/or grain [6]. Photoperiod sensitivity is an impor-
tant trait of West African sorghum germplasm that allows farmers to cope with variations
in the planting date (PD) and adapt to environmental constraints [7,8]. The triggering of
flowering by day length effectively serves to synchronize the final developmental stages
with the end of the rainy season [9]. A major problem in rainfed agriculture in semi-arid re-
gions characterized by short rainy season, occasionally accompanied by in-season drought,
is how to determine the optimum sowing date [10]. The delays in the onset of the rainfall,
drought, unpredictable periodic dry spells, and shortened rainfall seasons have led to a
slight shift in the traditionally recommended sorghum planting dates [11].

Crop management must not only adapt to changing climatic conditions to maintain suf-
ficient production but must do so in a way that reduces greenhouse gas emissions as much
as possible—i.e., cropping systems must be climate smart [12]. Transformative changes for
climate-smart agriculture must include changes to crops, management, and systems that
build resilience to climate change impacts and emit relatively low emissions [13]. Although
limited data exist, the available studies have shown that the cultivation of sorghum is rela-
tively low in agricultural emissions compared to other crops [14]. Despite the importance
of understanding the potential of sorghum to contribute to a climate-smart future and
to food security in Nigeria, as well as in the dryland West Africa region, the promotion
of productivity-enhancing technologies (climate-smart strategies) among the farmers is
becoming imperative for increasing productivity. Therefore, the choice of a sorghum cul-
tivar with an appropriate planting date should be combined such that the productivity
of the sorghum would be optimal when the flowering occurs at least 20 days before the
terminal drought in the cropping season [7,15,16]. Thus, matching the phenology to the
given biotic and abiotic conditions is a prerequisite for good varietal adaptation to a given
environment [7]. Crops adapt to diverse environments through considerable plasticity of
phenology, the main determinant of which is rainfall [17] in the semi-arid region; mean-
while, the temperature has a stronger effect in the temperate region. “Manipulating this
climatic factor would require adequate knowledge of planting dates so as to accurately
synchronize rainfall incidences with crop development” [18].

In north-eastern Nigeria, as applies to other semi-arid regions, the length of the
growing period (LGP) is mainly a function of the date of the first rains [19,20], which
is delayed as we moved northward and varies widely from year to year. The region is
prone to climatic risk, and a good knowledge of the cultivar development cycles relative
to the planting date is required for improved productivity. However, with the variable
onset and distribution of rainfall as well as the frequent occurrence of drought within the
growing season, the farmers’ choice of cultivars would depend mainly on their knowledge
of the crop’s phenology and yield potential in relation to the local characteristics of the wet
season [21,22].

In West Africa’s semi-arid agro-ecology, favourable conditions for sorghum cultivation
usually extend from May to November [20]. Thus, floral initiation takes place under
decreasing day length, and the growth duration of photoperiod-sensitive cultivars will
be shortened when sowing is delayed [23]. Although photoperiod sensitivity benefits
sorghum, in that flowering takes place at a relatively fixed calendar date and allows it to
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mature after the rains end, despite highly variable sowing dates [24], a high degree of poor
grain filling is encountered among the late-planted and late-maturing varieties that run out
of water if the sorghum is planted too late in the season [25,26]. In this situation, matching
suitable cultivars with their optimal planting windows becomes an important management
option. In addition, knowing the extent to which planting can be delayed and the likely
yield penalty due to later than the optimal planting [27] is important for increasing the
productivity of sorghum in a semi-arid environment.

In semi-arid environments, the planting date decision is important not only because
of its effect on yield [28], but also because of the need to minimize the risk of estab-
lishment failures and ensure the availability of water for unrestricted plant growth and
transpiration [17]. Recommendations concerning the planting dates of crops are usu-
ally based on agronomic field experiments that are specific to the fields and regions [29].
The majority of such trials cannot be temporally and spatially replicated across diverse
agro-ecologies because of seasonal variations. The determination of the optimum sow-
ing dates for sorghum by field experimentation entails repetition over long periods in
order to capture the seasonal variability in the rainfall with the varying photoperiod sen-
sitivity cultivars available. Thus, cropping system models (CSMs) have been a proven
methodology for understanding the interactions between climate, soils, farming systems,
and management [30,31]. These models, therefore, remain important diagnostic tools for
decision-making, not only to capture the effects of variability of the rainfall and edaphic
factors on crop productivity, but also to suggest sowing date rules and other crop man-
agement strategies for better and more sustainable agriculture [31,32]. Cropping system
models such as Agricultural Production Systems sIMulator, APSIM [33,34], describe the
dynamics of crop growth, soil water, soil nutrients, and plant residues as a function of
climate, cropping history, and soil/crop management in a daily time step. Through the
linking of crop growth with soil processes, APSIM is particularly suited for the evaluation
of the likely impacts of alternative management practices such as varying planting dates on
soil resources and crop productivity. The model has been used intensively in the search for
strategies for more efficient production, improved risk management, crop adaptation, and
sustainable production [33,35,36]. This work, therefore, seeks to establish the response of
diverse sorghum cultivars to different planting windows in the three major agro-ecologies
of north-eastern Nigeria. To achieve this, the following objectives were set: (i) evaluate
the performance of the APSIM model for simulating the contrasting sorghum cultivars
under different management systems, soils, and rainfall patterns; (ii) apply the model to
determine the optimal PWs and adapted sorghum cultivars for higher grain yield and
resilience in order to minimize crop failure across sites and AEZs.

2. Materials and Methods
2.1. Model Calibration (Experiments, Data Collection, Procedure for Model Calibration
and Evaluation)

The experimental data used for the calibration were principally generated from on-
station field experiments conducted between 2016 and 2018 under optimal conditions (i.e.,
no water and nitrogen stress) in two AEZs (Abuja, Southern Guinea savannah, and Kano,
Sudan savannah) in northern Nigeria. The experiment was designed to evaluate the effects
of sowing dates and nutrient responses on contrasted sorghum cultivars. In Abuja, the
experiment was established at the International Institute of Tropical Agriculture (IITA)
field station (Latitude 9.16° N, and Longitude 7.35° E), while, in Kano, the experiment
was established in two locations: (i) the Bayero University Kano (BUK) Teaching and
Research Farm (Latitude 12.98° N and Longitude 9.75° E) and (ii) the ICRISAT research
field situated within the Institute for Agricultural Research (IAR) station, Wasai Village,
Minjibir (Latitude 12.17° N and Longitude 8.65° E). The details of the experiment and the
agronomic data collected have been reported [37,38]. Among the 20+ sorghum cultivars
commercially available in Nigeria, five contrasting sorghum cultivars that were considered
to be widely cultivated were tested based on their breeding selection history for phenology,
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photoperiod sensitivity, and grain yield productivity. According to a national cultivar re-
port [39,40], ICSV-400 is an early maturing cultivar (85-90 days), is photoperiod-insensitive,
and has a yield potential from 2.5 to 3.5 t/ha; Improved Deko is medium maturing
(90-110 days) and has a low photoperiod sensitivity and a yield potential from 3.5 to
4.0 t/ha; Samsorg-44 and CSR01 are medium maturing and medium photoperiod-sensitive
and have yield potential from 2.0 to 2.5 t/ha; and SK5912 is late maturing (165-175 days)
and highly photoperiod-sensitive, with a potential yield of 2.5-3.5 t/ha when grown under
optimum conditions.

The daily weather was obtained from an automatic weather station (AWS) installed
within a 2 km radius of the experiment for the corresponding years of the experiment
and was used for calibration. The parameters include the daily maximum and minimum
temperature, the solar radiation, and the rainfall. Management practices such as plant-
ing dates, sowing depth, plant density, type and amount of fertilizer applied in form of
NPK, and tillage (type, depth, and fraction of above-ground materials incorporated) were
recorded and used for the model setup and simulation. The soil samples were taken be-
fore planting at each experimental site and were analysed for their physical and chemical
properties. The agronomic data, such as dates of flowering and maturity, leaf number per
plant, leaf area index (LAI), yield, and final biomass collected [4], were used to determine
the cultivar-specific parameters.

The calibration of the APSIM-sorghum module was implemented within the APSIM
7.10 framework based on the phenology, morphology, yield, and aboveground biomass
data described earlier. The model APSIM requires a number of inputs, which include the
cultivar type, crop management practices/information, soil properties, and daily weather
records (rainfall, minimum temperature, maximum temperature, and solar radiation). Crop
development follows a thermal time approach with a reported base (T},) and optimal (Tept)
and maximum (Tp,) temperatures of 11, 32, and 42 °C [41,42]. The thermal time target for
the phase between emergence and panicle initiation is also a function of the day length,
and its duration, when divided by the plastochron (°C degrees per leaf), determines the
total leaf number. The total leaf number multiplied by the phyllochron (°C d per leaf)
determines the thermal time to reach the flag leaf stage, which is thus an emergent property
of the model. For parameterizing the genetic coefficients of previously undefined sorghum
cultivars, the phenological and morphological stages were based on a combination of
observed data and simulation to obtain a yield and above-ground biomass (AGB) that fell
within the predefined error limits for each cultivar. Following this method, all coefficients
were optimized for further simulation as defined in Table 1. Thereafter, the performance
of the model in simulating the phenology (days to flowering and maturity), morphology
(leaf number per plant and maximum leaf area index (Max_LAl)), grain yield, and AGB
were compared with the observed values and assessed using mean bias error (MBE), root
mean square error (RMSE), normalized root mean square error (RMSE,,) and the traditional
R? regression statistic (least-squares coefficient of determination) [43]. RMSE,, gives a
measure (%) of the relative difference between the simulated versus observed data. The
simulation was considered excellent with RMSE}, < 10%, good if 10-20%, acceptable or fair
if 20-30%, and poor >30% [44].

Table 1. Genetic coefficients of sorghum cultivars calibrated in the APSIM-sorghum model.

. . Calibration
Description of Parameter Unit ICSV400 Impr. Deko CSR01  Samsorg-44 SK5912 Method (A/B)
Thermal time from o 4,0 180 210 100 100 100 A
emergence to end of juvenile
Thermal time from end of o g 6 100 100 100 120 A
juvenile to floral initiation
Photoperiod slope °C/hour 150 200 500 550 600 A
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Table 1. Cont.

- . Calibration
Description of Parameter Unit ICSV400 Impr. Deko CSR01  Samsorg-44 SK5912 Method (A/B)
Thermal time from flagleaf o 3, ¢ 170 170 100 100 150 A
to flowering
Thermal time from
flowering to start of °C days 80 80 80 80 80 B
grain filling
Thermal time from °C days 560 560 460 500 450 A
flowering to maturity
Leaf appearance rate (leaf °C d/leaf 1 56 56 56 56 [31]
app rate 1)
Leaf appearance rate (leaf °C d/leaf 20 28 28 28 28 31]
app rate 2)
Radiation use
efficiency (RUE) g/MJ 1.25 1.25 1.35 1.35 1.65 A
Hegd grain number g/grain  0.00083 0.0088 0.00083  0.00083 0.0088 A
etermination
Maximum grain filling /i s day 0.09 0.03 0.05 0.05 0.09 A

(MaxGFrate)

A: Manual tuning of parameter values; B: Model defaults values; [31] means the parameter calibrated based on
the value reported.

(Xit1 Oi — ¥ity Pi)

BE=1- 1
M oy ®
05
i, (Pi—Oi)?
RMSE = {11 (Pi =0 @
n
n . N2 05
o . (Pi— Oi)

RMSEn % = {meun of observed data x 100 ®)

where 7 is the number of observations, Pi is the predicted value for the ith measurement
and Oi is the observed value for the ith measurement, and O and P represent the mean of
the observed and predicted values for all of the parameters studied.

2.2. Model Validation (Experiments, Data Collection, Procedure for Model Validation,
and Evaluation)

Anindependent dataset used for model validation was generated from multi-locational
on-farm trials for improved sorghum production technology conducted through the farm-
ers’ participatory program between 2013 and 2017. The dataset revealed three distinct
cropping systems (intercropping, mixed cropping, and sole cropping) comprising a range
of production technologies, including improved sorghum varietal demonstration, seed
dressing techniques, conservation agriculture (minimum tillage and conventional tillage),
and fertilization strategies aimed at increasing sorghum productivity at the farm level.
The additional datasets were obtained from the ICRISAT breeding program from on-farm
varietal experiments tested across northern Nigeria spanning four agroecological zones
(Sahelian, Sudan Savanna, Northern Guinea, and Southern Guinea Savanna). All the
data used are well-documented and include information about basic agronomic manage-
ment practices such as the sowing date, fertilizer application rate, time of application,
planting density, reference geographical coordinates of each farm plot/community, final
grain yield, and stalk yield for the five (5) selected and calibrated sorghum cultivars. In
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addition, variations in the planting date across farms and cultivars were grouped un-
der three months (referred to as “sowing month”), which revealed that 92% of farmers
planted in the months of June and July, and only 8% of the farmers sowed in the month
of August. Weather data were generated using the downscaled Climate Hazards Group
InfraRed Precipitation with Station (CHIRPS) rainfall at a 5.5 km resolution and merged
with NASA Power data (temperatures and solar radiation) from the database for Clima-
tology Resource for Agroclimatology, National Aeronautics and Space Administration
(NASA) (http:/ /powerlarc.nasa.gov, assessed on 25 April 2019) for the corresponding
farm’s reference coordinates.

Two sources of soil information were obtained for soil parametrization. The first
included field-measured soil characteristics and combined the reconnaissance soil survey
of Nigeria reported in 1990 and the soil analysis by the Taking Maize Agronomy to Scale in
Africa (TAMASA) project in Kano, Kaduna, and Katsina States, respectively. The second
soil data source was downscaled ISRIC (International Soil Reference and Information
Centre) soil data in 10 x 10 km grids, with the profile layers (in cm) being 5, 15, 30, 60, 100,
and 200, used for the corresponding farm'’s references coordinates. After bias correction of
the gridded dataset using the available soil measurement, the soil information was extracted
from the ISRIC database [45] for each farm’s reference coordinates (the nearest grid point)
to run the simulation across the locations. Furthermore, R scripts were developed to
(i) append the CHIRPS and NASA power data together and convert each location into a
format readily ingestible by APSIM; and (ii) remap the ISRICS gridded soil from 5 cm to
15 cm for the top soil layer as required by APSIM, and then convert these soils into an APSIM
SOIL readable format. Following the calibrated cultivar-specific coefficients, an excel
executable file was developed that incorporated the management practices, cultivar name,
soil, and weather records for the corresponding farm/plot alongside the reported observed
grain yield. From the spreadsheet executable file, we created a 3266 APSIM simulation
setup that defined different sowing dates, planting densities, and fertilizer applications as
reported for the five sorghum cultivars. The model’s simulated and observed value was
evaluated only for grain yield across the sowing and cropping system using the mean bias
error (MBE) and root means square error (RMSE).

2.3. Bias Correction Methods: Daily Observed Rainfall Versus Gridded Rainfall Data (CHIRPS)

Data from nine (9) rainfall observation stations in northern Nigeria with long-term
records (1983-2006) were obtained from the climatological unit of the Nigerian Meteoro-
logical Agency (NIMET). The Climate Hazards Group InfraRed Precipitation with Station
(CHIRPS) data are satellite-based rainfall products with relatively high resolutions (0.05°)
and quasi-global coverage (50° S-50° N) for their daily, pentadal, and monthly precipitation
datasets [46]. The data were downscaled over the Nigeria grids and extracted for the refer-
ence coordinates of the 9 daily observed rainfall stations and 288 different farms coordinates
used in the simulations. The bias correction of the gridded data using station-observed data
has been shown to increase its applicability to daily time-step agricultural modelling [47].
Two techniques (linear scaling (LS) and empirical quantile mapping (EQM)) were applied
to correct the biases in the dataset during validation process. The LS technique shows better
accuracy than EQM and replicated the daily observed rainfall data following the study
by [48,49].

2.4. Long-Term Simulations of the Contrasted Sorghum Cultivars under Varying Sowing Windows

The simulations were performed across 33 selected sites in Adamawa and Borno States
in north-eastern Nigeria for the five calibrated sorghum cultivars. The sites represent the
three agroecological zones of the SS, NGS, and SGS (Table 2). The SS has a long dry season
followed by a mono-modal rainfall pattern with a distinct rainy season (May-October) and
characterized by a high mean temperature (28-32 °C), short growing season (90-110 days),
and low rainfall ranging from 600 to 800 mm [50]. Soils in the SS of Nigeria are highly
weathered and fragile with low clay content [51]. The dominant soil class of the site is
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Alfisol, according to the USDA soil taxonomy [52]. In the NGS, the length of the growing
period is between 151 and 180 days [53]. It has a mono-modal rainfall distribution ranging
from 900 to 1000 mm annually, and its mean temperatures vary from 28 to 40 °C [54].
According to the world reference baseline, its soils are classified as leached ferruginous
tropical soils with high clay content and overlying drift materials [55]. The dominant
soil types found in the zone are Alfisols and Entisols, according to the FAO classification.
In the SGS, the average maximum temperature in the growing season ranges from 26 to
28 °C, whereas the minimum temperature ranges between 18 and 22 °C [56,57]. The rainfall
pattern is mono-modal, with an annual rainfall between 1000 mm and 1524 mm and spread
over the 181-210 days that define the growing season [52,56]. The soils in this zone have
been identified mainly as Lithosols, Ferralic combisols, Feric acrisols, Oxic haplustalfs and
Luvisols [58].

Table 2. Summary of the selected sites for model application of sorghum cultivars under varying
planting windows.

S/No State LGA Site AEZ Longitude (N)  Latitude (E)
1 Hong Dulmava SS 12.9824 10.3014
2 Gombi Guyaku SS 12.6634 10.3459
3 Demsa Mbula Kuli NGS 12.3016 9.45745
4 Girei Wuroshi NGS 12.6164 9.46866
5 Girei Daneyel NGS 12.514 9.54761
6 Gombi Tawa NGS 12.6856 10.1691
7 Guyuk Chikila NGS 11.9719 9.77237
8 Guyuk Lakumna NGS 11.9897 9.92083
9 Hong Hushere Zum NGS 13.0807 10.1038
10 Adamawa g Bare NGS 12.1108 9.5843
11 Numan Kikan_Kodomti NGS 11.9878 9.46081
12 Shelleng Jonkolo-Lama NGS 12.178 9.89965
13 Shelleng Lakati-Libbo/ NGS 12.2502 9.69541
14 Song Sabon Gari NGS 12.5935 9.84049
15 Song Suktu NGS 12.4248 9.63746
16 Demsa Nassarawo Demsa  SGS 12.1501 9.29625
17 Yola North Yelwa-Jambore SGS 12.5046 9.26165
18 Yola South Fufure SGS 12.6504 9.1736
19 Bayo Balbaya SS 11.7648 10.5848
20 Bayo Briyel SS 11.6497 10.371
21 Bayo Jara-Dali SS 11.7316 10.2759
22 Biu Buratai SS 12.4158 10.7675
23 Biu Kabura SS 12.2653 10.7392
24 Biu Mathau SS 12.1097 10.7214
25 Biu Tum SS 12.4881 10.8228
26 Borno Hawul Kwajaffa SS 12.4831 10.5167
27 Hawul Puba Vidau SS 12.1879 10.5224
28 Hawul Sakwa Hema SS 12.3894 10.3867
29 Kwayakusar Kurbo Gayi SS 11.9575 10.384
30 Shani Lakundum SS 12.0506 10.0556
31 Shani Gwaskara NGS 12.158 10.2271
32 Kwayakusar Bila Gusi NGS 12.0476 10.5192
33 Shani Kubo NGS 12.0853 10.14

LGA—Local Government Area, AEZ—Agro-ecological zone; SS—Sudan Savannah, NGS—Northern Guinea
savannah, SGS—Southern Guinea savannah.

The soil parameters used were obtained from on-site soil characterization using geospa-
tial buffering points at a 20 km radius using an ArcGIS map of the reference indicating
the sites/LGAs. For soil characterization and soil sampling, profile pits were dug in the
33 selected sites in Adamawa and Borno States. The profiles and soil types were classified
using the FAO guidelines [59]. All laboratory analyses were carried out at the Analytical
Services Laboratory of IITA. The total soil organic carbon (total C) was measured using a
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modified Walkley and Black chromic acid wet chemical oxidation and spectrophotometric
method [60]. The total nitrogen (total N) was determined using a micro-Kjeldahl digestion
method [61]. The soil pH in water (S/W ratio of 1:2.5) was measured using a glass electrode
pH meter and the particle size distribution, following the hydrometer method [62]. The
available phosphorus was extracted using the Bray-1 method [63]. The phosphorus in the
extract was determined calorimetrically according to the molydo-phosphoric blue method,
using ascorbic acid as a reducing agent. K was analysed based on the Mehlich 3 extraction
procedure [64]. In Adamawa State, most of the topsoils were coarse-textured with higher
sand content. In all, 72% had sandy loam, 17% had clay, and 11% had a sandy clay loam
texture (Table 3). The soil pH for the selected communities in Adamawa ranged from
5.9 (Jonkolo-Lama in Shelleng) to 8.0 (Fufure). More than 55% of the soils had pH values
for ideal plant growth, indicating neutral (6.1-6.5) to alkaline (8.1-8.3) soil reactions. The
soil organic carbon (OC) content in ranged from 0.22% in Daneyel and Suktu to 0.90% in
the Guyuk area. The distribution of soil in the study areas revealed that most of the soils
had low (0.4-1.0%) OC levels. The total soil N content in the soils ranged from very low
(<0.05%) to low (0.06-0.1%), with 67% of the study locations falling within the very low N
class and 33% of the study sites indicating low N classes. The soil available P varied across
the locations, with very low P (<3.0 mg kgfl) at Woroshi, Tawa, Chikila, Lakumna, Dul-
mava, Hushere-Zum, Jonkolo-Lama, Sabon-Gari, and Yelwa-Jambore. Low soil available
P (3-7 mg kgfl) was found in Demsa-Nassarawa, Bare, Lakati-Libbo, and Suktu, while
high P (11-32.1 mg kg ') content was found in Mbula Kuli, Kikan_Kodomti and Fufure.
The results showed that 50% of the study sites fell within the very low P fertility class, 28%
of the sites fell within the low P fertility class, and 22% of the sites fell within the high P
fertility class. The exchangeable K level across the sites ranged from low to high values,
with 22% low (<0.15 cmol* kg~!), 44% moderate (0.16-0.3 cmol* kg~'), and 33% high
(>0.3 cmol* kg™ ).

Table 3. Physical and chemical properties used for model applications in Adamawa State.

Profile Depth BD ocC Sand Silt  Clay pH N Meh. P K

Site (cm) (g/cm®) (%) (%) (%) (%)  (inHO) (%) (ppm) cmol/kg
Mbula-Kuli 0-200 1.76 0.84 59 23 18 7.8 0.06 32.1 0.5
Demsa-Nassarawo 24-180 2.18 0.66 65 15 20 8.3 0.06 3.8 0.89
Daneyel 31-200 1.76 0.22 81 7 12 7.0 0.01 10.9 0.3
Woroshi 14-94 2.16 0.54 65 19 16 6.4 0.04 1.17 0.36
Guyaku 19-120 1.7 0.35 79 9 12 6.6 0.03 2.14 0.22
Tawa 15-127 1.79 0.62 75 13 12 6.7 0.05 3.38 0.21
Chikila 30-180 2.18 0.90 15 19 66 8.5 0.08 2.55 0.13
Lakumna 20-200 1.77 0.90 25 23 52 7.3 0.10 1.59 0.65
Dulmava 27-201 1.82 0.51 67 15 18 7.5 0.06 1.03 0.17
Hushere-Zum 41-205 1.93 0.46 80 8 12 6.3 0.03 241 0.40
Bare 25-200 1.62 0.35 74 9 17 6.6 0.02 4.07 0.20
Kikan_Kodomti 22-200 1.76 0.66 71 9 20 7.3 0.04 13.7 0.20
Lakati-Libbo 27-200 1.83 0.30 78 9 13 7.4 0.01 5.04 0.20
Jonkolo-Lama 15-200 2.06 0.33 78 10 12 59 0.02 0.89 0.14
Sabon-Gari 31-200 1.73 0.66 25 33 42 6.2 0.04 1.45 0.4
Suktu 35-210 2.08 0.22 71 11 18 6.3 0.03 6.56 0.20
Yelwa-Jambore 24-155 2.19 0.4 77 11 12 6.5 0.03 1.8 0.09
Fufure 20-145 1.98 0.54 65 17 18 8.0 0.02 32.1 0.10

BD = bulk density, OC = organic carbon content, N = percent Nitrogen, Meh P = Available Phosphorus, and
K = potassium.

Similarly, in Borno state, the majority of the soils were coarse-textured with higher
sand content. Out of the 15 sites, 47% had sandy loam, 27% had clay, and 26% had a silt
loamy sand texture (Table 4). The soil pH of water for the communities in Borno State
ranged from 6.1 to 8.4. More than 70% of the soils had neutral reactions (6.6-7.8), which is
the ideal condition for plant growth. The soil OC content in the state ranged from 0.12% to
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0.78%. Eight (8) communities equivalent to 53% of the study area had very low OC (<0.4%)
levels. The total soil N content in the soils ranged from very low to low, with a very low
(<0.05%) status found in the Balbaya, Bila Gusi, Briyel, Buratai, Gwaskara, Jara-Dali, Kubo,
Kurba, Mathau, Puba Vidau, Sakwa-Shema, and Tum communities, while the Kwaya Bura,
Kwajaffa, and Lakundum communities fell within the low (0.06-0.1%) N fertility class.
With the exception of Gwaskara and Lakundum, the top soil available P at all the locations
fell within very low (<3.0 mg kgfl) fertility class. The exchangeable K levels were 7% low
(<0.15 cmol* kg 1), 33% moderate (0.16-0.3 cmol* kg~1), and 60% high (>0.3 cmol* kg~1)
across the sites.

Table 4. Physical and chemical properties used for model applications in Borno State.

Profile Depth BD ocC Sand Silt Clay pH N Meh. P K

Site (cm) (g/cm?®) (%) (%) (%) (%) (H,0) (%) (ppm) cmol/kg
Balbaya 9-200 1.59 0.29 83 7 10 6.1 0.01 1.03 0.0
Briyel 15-200 1.32 0.39 19 29 52 8.4 0.02 2.69 0.4
Jara-Dali 8-200 1.55 0.33 51 13 36 6.6 0.02 1.72 0.3
Buratai 29-150 1.63 0.17 74 8 18 7.6 0.02 2.69 0.6
Kwaya Bura 22-101 1.36 0.78 36 38 26 7.1 0.06 0.89 9.0
Mathau 12.0-94 1.62 0.12 90 0 10 7.4 0.01 2.83 0.8
Tum 12-200 1.40 0.19 28 24 48 7.4 0.01 117 0.6
Kwajaffa 30-110 1.31 0.54 16 27 57 7.4 0.06 2.28 0.7
Puba Vidau 10-200 1.32 0.4 18 19 63 8.3 0.02 0.89 0.6
Sakwa Hema 15-170 1.57 0.52 74 9 17 7.0 0.04 0.76 0.1
Bila Gusi 80-200 1.59 0.48 67 15 18 6.5 0.02 2.14 0.1
Kurba Gayi 10-200 1.60 0.32 75 9 16 7.2 0.01 1.03 0.1
Gwaskara 19-200 1.57 0.34 72 13 15 7.1 0.01 11.5 0.1
Kubo 33-200 1.54 0.46 64 13 23 7.3 0.02 1.31 0.8
Lakundum 16-200 1.52 0.73 72 10 18 7.3 0.07 13.6 9.0

BD = bulk density, OC = organic carbon content, N = percent Nitrogen, Meh P = Available Phosphorus and
K = potassium.

The long-term (1985-2010) weather data used in the model application was a com-
bination of downscaled CHIRPS (for daily rainfall) and the NASA database for Clima-
tology Resource for Agroclimatology (for minimum and maximum air temperature and
solar radiation respectively). The simulations were set up to run at different planting
windows using the fertilizer N at the national fertilizer rate of recommendation (NPK
60:30:30 kghakgha ') for sorghum. In the model, 30 kg N were applied at sowing (DAS),
with Urea (46% N) top dressed at 30 kg of N ha~! at 30 DAS. The simulation considered
an optimum population to be at a 75 cm inter-row by 30 cm intra-row spacing given
44,444 hills/ha against the farmer’s lower rate of 22,222 hills/ha. Based on expert knowl-
edge and a previous study [22] that found that the sowing period for sorghum across
the three agro ecologies stretches over 60 days, we divided the entire sowing period
into four equal planting windows to capture the photoperiod sensitivity of the cultivars.
The model was set to consider four (4) planting windows as follows: 16-31 May (PW1),
1-15 Jun (PW2), 16-30 Jun (PW3), and 1-15 Jul (PW4), respectively. In addition, rule-based
sowing within the sowing window was applied (cumulative rainfall of 20 mm in 3 rainy
events) and implemented at the 33 sites. The sowing depth was set to 5 cm, with a sowing
density of 4.5 plant m2. Considering the farmers’ practices in the region, a non-successive
simulation (single season, non-rotation mode) was adopted, which implies that the water,
organic matter, nitrogen, and phosphorus were reset a few weeks before the start of the
growing season.

The optimal window for the sowing dates of the sorghum cultivar was based on the
average simulated grain yield over the 26-year period and across the sites in each AEZ.
Also, the coefficient of variation (CV%), as the ratio of the standard deviation to the mean
simulated grain yield, was used to assess the suitable cultivar for each site and AEZ. The
level of variability (high or low percentage) determined whether the cultivar had a high or
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low suitability for the site based on a mean grain yield of >1500 kgha~! as the threshold.
The threshold was determined as a break-even yield that farmers can produce for marginal
economic benefit as described by [22]. The potential evapotranspiration based on the
Penman-Monteith equation [37] in the APSIM model was computed as the addition of the
simulated soil evaporation and crop transpiration, and, from that, the water use efficiency
for the grain yield (WUEg;,in) was calculated.

3. Results
3.1. Model Performance

As depicted in Table 1, there were differences in the cultivar-specific coefficients across
the new sorghum cultivars, particularly in the thermal time that defined the crop vegetative
and growth. ICSV400 and Improved Deko had a shorter thermal time requirement (in
degree days) to attain the end of the juvenile stage compared to CSR01, Samsorg-44, and
SK5912, respectively. Both cultivars (ICSV400 and Improved Deko) were originally bred
for drought conditions, which could allow them to serve as a drought escaping mecha-
nism compared to the other cultivars. Also, the calibrated photoperiod slope varied from
11.5 °C/h to 600 °C/H, indicating a shorter degree /hour for low photoperiod sensitivity
cultivars such as ICSV400 and improved Deko, while a longer degree /hour was calibrated
for the medium and high photoperiod sensitivity cultivars. The thermal time from flow-
ering to physiological maturity above a base temperature of 10 °C was 560 °C days for
ICSV400 and improved Deko, indicating a higher value than the degree days of CSR01
(460 °C days), Samsorg-44 (500 °C days), and SK5912 (450 °C days), respectively. The
cultivar genetics coefficients for leaf appearance rate followed two steps, i.e., leaf appear-
ance to the development of most leaf ligules (leaf_app_rate 1) and to the last leaf ligule
(leaf_app_rate 2). The calibrated values (56 °C d/leaf and 28 °C d/leaf) were the same for
all of the varieties except for ICSV400. These values justified the increase in the leaf number
(>20) per plant for most West African sorghum cultivars that are photoperiod sensitive.

The performance of the model, presented in Table 5, shows that the simulated days
to 50% flowering and to physiological maturity were good and reproduced the observed
values with a mean bias error (MBE) ranging from —4 to 4 days (50% flowering) and from
1 to 2 days (physiological maturity). The RMSE of the mean observed estimate of <10% for
all the cultivars confirmed the robustness of the predictions. The model’s adjustment of
the leaf appearance rate for leaf ligules helps to get an accurate total leaf number (TLN)
per plant close to the observed. The estimates of the MBE varied from one to five leaves,
and RMSE (of the mean observed) ranged from a high model accuracy (6.4% for improved
Deko) to a fairly low accuracy (26.2% for Samsorg-44) for TLN.
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Table 5. Statistical evaluation of simulated phenology and morphological traits (LAI and total
leaf number/plant) of contrasted sorghum cultivars calibrated from experiment conducted under
optimum conditions in Southern Guinea and Sudan Savannah AEZs.

RMSE
Param‘e ters/ Unit N MBE Observed Range  Observed Mean
Cultivar Absolute Value % of Mean Observed
ICSV-400
50% Flowering DAP 11 -1 4 5.4 62-75 68
Physiological
Maturity DAP 11 2 5 4.6 90-106 97
LAI-max m2/m? 11 02 0.8 324 1.8-3.0 23
Leaf number 4 34 35 20.5 16-18 17
Improved Deko
50% Flowering DAP 7 —4 6 7.9 7595 84
Physiological
Maturity DAP 7 1 6 5.0 101-122 110
LAI-max m?2/m? 7 0.6 0.8 27.0 2.0-3.3 25
Leaf number 4 0.4 1.2 6.4 16-19 18

Table 5. Cont.

RMSE
Param‘e ters/ Unit N MBE Observed Range  Observed Mean
Cultivar Absolute Value % of Mean Observed
Samsorg-44
50% Flowering DAP 4 1 3 3.0 85-114 99
Physiological
Maturity DAP 4 2 4 3.2 112-140 126
LAI-max m2/m? 4 0.2 0.7 26.6 22-34 3.0
Leaf number 4 5.1 5.2 26.2 19-23 20
CSRO1
50% Flowering DAP 8 2 8 8.4 84-112 95
Physiological
Maturity DAP 8 1 7 6.1 111-139 123
LAI-max m?/m? 8 0.3 0.4 14.7 23-37 3.0
Leaf number 8 4 4.1 19.5 19-24 21
SK5912
50% Flowering DAP 4 4 5 44 95-122 108
Physiological DAP 4 2 4 3.0 122-149 135
Maturity
LAI-max m?/m?2 4 0.3 0.6 20.7 2.0-3.3 25
Leaf number 4 3.8 4.0 17.6 20.4-25.4 23

N—Number of observations; LAI-max: maximum leaf area index measured during growth; MBE = positive
implies over-simulated mean observed; negative implies under-simulated the mean observed value.

The simulated and observed maximum Leaf Area Index (Max_LAI) for all culti-
vars agrees well with RMSE (% of mean observed), indicating high accuracy for CSR01
and SK5912, low accuracy for improved Deko and Samsorg-44, and very low accuracy
for ICSV400. The grain yield and total biomass were acceptably simulated for the con-
trasted sorghum cultivars within the bounds of statistical errors (Figure 1). For grain yield
(Figure 1a), CSRO1 had the lowest MBE of —48 kghakgha~!, which under-predicted the ob-
served mean, followed by ICSV-400 (103 kghakghafl) and improved Deko
(114 kghakgha 1), while the highest yield (279 kgha 1) was shown by the cultivar Samsorg-
44. The relative RMSE ranged from high accuracy for SK5912 (9.2%) to very low accuracy
for ICSV-400 (28.7%). For total biomass (Figure 1b), the relative RMSE ranged from high
accuracy for SK5912 (6.9%) to very low accuracy for improved Deko (36.8%).
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3.2. Model Validation: Performance with Farm-Level Grain Yield

The performance of the model in simulating grain yield was compared to the observed
values under varying planting dates and cropping systems for each sorghum cultivar
(Table 6). The planting dates across farms and cultivars were grouped under three months
(referred to as “sowing month”), and the number of observations/farms revealed that 92%
of farmers planted in the months of June and July, and only 8% of the farmers sowed in
the month of August. For ICSV-400, the model under-predicted the mean observed yield
for intercropping and mixed cropping systems, but the model over-predicted the mean
observed yield for the sole cropping system across the sowing months. The lowest MBE
of —977 kgha~! was estimated in theJuly sowing month under the intercropping system,
followed by the mixed cropping system, while the highest MBE (781 kgha~!) was estimated
under the sole cropping system in the month of June. The results showed that the model
over-predicted the mean observed grain yield for Improved Deko across sowing months
under the sole cropping system, with the lowest MBE (66 kghafl) estimated for the July
sowing month, while the highest MBE (548 kgha ') was estimated for August sowing.
The model over-predicted the grain yield across the sowing months and cropping systems
except for the June sowing month under sole cropping system, for which lowest MBE
of —234 kgha~! was estimated. The highest MBE of 624 kgha~! was estimated for July
sowing under sole cropping. For CSR01, the model under-predicted the mean observed
grain yield across sowing months and cropping systems except for the August sowing
month under a mixed cropping system. Similarly, for SK5912, the model over-predicted the
mean observed grain yield under the sole cropping system across sowing months, while
the model under-predicted across sowing months for the mixed cropping system.
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Figure 1. (a) Observed vs. simulated grain yield using experiment conducted in 2016-2018
growing seasons for cultivar ranges from early to late maturing. ICSV-400 (MBE = 103 kgha™';
RMSE = 617 kgha™!, RMSE,, = 28.7%); Improved Deko (MBE = 114 kgha~!, RMSE = 370 kgha~!,
RMSE,, = 18.7%); Samsorg-44 (MBE = 279 kgha’l; RMSE = 377 kgha’l, RMSE,, = 17.2%); CSR01
(MBE = —48 kgha~!, RMSE = 301 kgha!, RMSE, = 13.8%); SK5912 (MBE = 234 kgha—1;
RMSE = 254 kgha’l, RMSE, =9.2%). (b) Observed vs. simulated total biomass using experiment
conducted in 2016-2018 growing seasons for cultivar ranges from early to late maturing. ICSV-400
(MBE = 28 kgha~!, RMSE = 1249 kgha~!, RMSE, = 19.5%); Improved Deko (MBE = 2344 kgha~",
RMSE = 2621 kgha~!, RMSE,, = 36.8%); Samsorg-44 (MBE = —1100 kgha~!; RMSE = 1432 kgha~!,
RMSE,, = 12.5%); CSR01 (MBE = —976 kgha’l, RMSE = 1687 kgha’l, RMSEn = 16.5%); SK5912
(MBE = —429 kgha~!; RMSE = 868 kgha~!, RMSE,, = 6.9%).
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Table 6. Statistical indices for model validation of contrasted sorghum cultivars across planting date
and cropping system from on-farm production technology between 2013 and 2017.

Sowing Month/Cultivar  Cropping System N Simulated Observed MBE RMSE
ICSV400 kgha™!

June Sole 535 2201 1420 781 1038
Intercropping 37 2007 2084 —77 700

July Mixed cropping 27 1698 2646 —948 1229
Sole 461 2052 1488 564 942

Intercropping 13 1778 2754 —977 1029

Aug Mixed cropping 13 1850 2663 —814 959
Sole 108 1897 1537 360 936

Improved Deko
June Sole 178 1656 1426 231 712
July Sole 111 1554 1488 66 617
Aug Sole 11 1492 943 548 598
Table 6. Cont.
Sowing Month/Cultivar  Cropping System N Simulated Observed MBE RMSE
SamSorg-44

June Sole 22 1463 1697 —234 808
July Sole 50 1586 962 624 915
Intercropping 11 910 750 160 161

Aug Sole 12 1623 1380 244 738

CSRo01

Intercropping 13 1573 2188 —615 624

June Mixed cropping 18 1524 1729 —206 640
Sole 452 1335 1366 =31 726

Intercropping 23 1517 1700 —183 700

July Mixed cropping 13 1297 1973 —676 1203
Sole 356 1566 1886 —320 952

Aug Mixed cropping 15 1588 1388 200 258
Sole 55 1474 1932 —458 940

SK5912

Intercropping 26 1433 1305 128 873

June Mixed cropping 17 1157 1184 —26 834
Sole 263 1437 1424 13 848

Intercropping 11 1147 1576 —429 873

July Mixed cropping 22 1169 2225 —1056 1285
Sole 320 1587 1408 179 764

Intercropping 10 1323 1858 —535 824

Aug Mixed cropping 8 1135 1603 —744 809
Sole 55 1786 1483 303 800

N—Number of observations/farms.

Figure 2 shows the model performance and the differences between the observed and
simulated yield pooled together irrespective of the cropping systems and management
practices for each cultivar. The mean observed grain yield for ICSV-400, CSR01, Improved
Deko, Samsorg-44, and SK5912 are 1479, 1613, 1431, 1197, and 1446 kghafl, respectively.
Further statistical indices showed that the grain yield of the ICSV-400, Improved Deko,
and Samsorg-44 cultivars, respectively, were over-predicted against the mean observed
grain yield; meanwhile, the yields of the CSR01, and SK5912 cultivars were slightly under-
predicted compared to the mean observed yield. The results revealed low MBEs for CSR01
(—228 kghal), SK5912 (—241 kghafl), and Samsorg-44 (102 kghafl), respectively, with an
RMSE of 642 kgha~! estimated for improved Deko, and an RMSE of 655 kgha™~! estimated
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for Samsorg-44. The CV (%) described the level of variability for each cultivar simu-
lated, which shows the lowest value of 8.9% for Samsorg-44, followed by Improved Deko
(CV =12.3%), while the highest variability was observed for CSR01 and SK5912 (CV =25.5
and 18.4%).

3.3. Seasonal Rainfall and Temperature Trends across the Simulated Sites

The long-term (1985-2010) rainfall indicated that the rainy season starts in May and
ends in October, with the highest peak observed in the month of August (Tables 7 and 8).
The tables further revealed that about 50-60% of the seasonal rainfall was observed in
the months of July and August, with a high inter-seasonal variability indicated by the
coefficients of variation (CV), ranging from 18 to 23%. All of the study sites showed
a distinct mono-modal rainfall pattern and warming temperature throughout the year.
Figures 3 and 4 show the average monthly variations in the maximum and minimum
temperatures across the selected sites in the Adamawa and Borno States. The maximum
temperature uniformly decreases faster than the minimum temperature during the growing
season (May—October). In addition, the estimated CV% values for the maximum temper-
ature, ranging from 3.0 to 3.7%, are higher than those of minimum temperature, which
range from 2.0 to 2.3% in both states, suggesting that no significant inter-annual variability
was observed at the sites for either temperature.

Early Maturing Medium Maturing Late Maturing
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Figure 2. Yield (observed and simulated) using on-farm datasets from the 2013-2017 growing seasons
from contrasting environments for five (5) sorghum cultivars ranged from early to late maturing. ICSV-
400 (N = 1192; MBE = 535 kgha™!; RMSE = 971 kgha~!, CV = 13.8%); Improved Deko (N = 300;
MBE = 960 kgha~!, RMSE = 1169 kgha ™!, CV = 12.3%); Samsorg-44 (N = 100; MBE = 102 kgha!;
RMSE = 655 kgha !, CV = 8.9%); CSRO1 (N = 944; MBE = —228 kgha !, RMSE = 755 kgha !, CV =25.5%);
SK5912 (N = 731; MBE = —241 kgha’1 ; RMSE =879 kgha’l, CV = 18.4%). Coefficient of variations (CV),
N = number of observations.

118



Agronomy 2023, 13, 727

Table 7. Analysis of mean monthly, seasonal rainfall (mm) and level of variability across the simula-
tion sites in Adamawa State (1985-2010).

Site May Jun. Jul. Aug. Sep. Oct. Seasonal Stdev C.V (%)
Demsa-Nassarawo 102.1 121.2 189.3 234.3 172.7 73.5 893 188 21
Mbula Kuli 95.9 115.7 186.5 225.8 168.1 58.6 851 181 21
Daneyel 99.8 118.1 202.9 240.5 156.9 54.4 873 191 22
Woroshi 103.3 126.4 216.5 244.0 156.4 55.7 902 191 21
Guyaku 117.9 155.9 2289 308.8 176.6 99.1 1087 230 21
Tawa 134.2 149.6 237.1 293.3 192.4 97.2 1104 239 22
Lakumna 91.8 110.3 167.5 258.2 174.9 68.9 872 185 21
Chikila 98.5 106.5 178.4 249.7 165.2 67.8 866 186 21
Hushere Zum 120 133.8 211.7 266.5 196.7 113 1042 241 23
Dulmava 109.9 150.6 225.5 302.8 202.2 113.1 1104 247 22
Bare 91.9 107.4 176.9 244.2 162.9 80.6 864 194 22
Kodomti 91.1 109.5 176.8 243.2 170.2 75.0 866 194 22
Lakati-Libbo 95.2 109.6 186.8 250.2 155.2 749 872 191 22
Jonkolo-Lama 97.6 115.0 182.4 268.6 166.2 73.1 903 197 22
Sabon-Gari 99.8 119.5 211.3 269.7 181.8 82.1 964 212 22
Suktu 99.6 116.3 211.4 256.5 157.8 61.5 903 199 22
Yelwa-Jambore 102.1 1254 206.6 218 163.5 522 868 189 22
Fufure 103.8 140.6 220.6 218.5 160.5 514 895 190 21

Seasonal—average total seasonal rainfall from May to Oct.; Stdev—Standard deviation from mean; CV—coefficient
of variations (in percentage).

Table 8. Analysis of mean monthly, seasonal rainfall (mm) and level of variability across the simula-
tion sites in Borno State from 1985 to 2010.

Site May Jun. Jul. Aug. Sep. Oct. Seasonal Stdev C.V (%)
Balbaya 87.9 141.3 202.9 287.9 167.4 674 955 206 22
Briyel 93.2 129.0 174.2 2427 182.7 61.1 883 182 21
Jara-Dali 78.4 136.8 202.8 289.0 204.4 80.3 992 217 21
Kabura 72.5 142.4 209.7 316.1 149.3 48.4 939 188 20
Mathau 78.3 144.4 204.4 3121 165.6 519 957 174 18
Tum 86.2 149.8 218.1 317.4 170.0 56.9 998 204 20
Buratai 774 144.3 210.9 318.4 148.5 45.6 945 191 20
Kwajaffa 99.7 142.3 204.3 306.7 179.3 51.2 983 186 19
Puba Vidau 96.6 144.2 199.6 299.8 188.3 60.3 989 191 19
Sakwa Hema 93.3 144.2 206.9 307.4 176.8 60.2 989 186 19
Bila-Gusi 98.9 124.5 190.6 268.6 183.4 75.7 942 189 20
Kurba Gayi 85.5 145.9 213.1 303.1 166.2 61.1 975 199 20
Gwaskara 83.5 142.1 198.5 295.4 201.6 74.9 996 192 19
Kubo 97.3 121.6 181.9 2622 192.2 723 927 186 20
Lakundum 85.2 146.0 220.2 307.1 158.2 779 995 213 20

Seasonal—average total seasonal rainfall from May to Oct.; Stdev—Standard deviation from mean; CV—coefficient
of variations (in percentage).
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Figure 3. Average monthly variation of (a) maximum temperatures and (b) minimum temperatures
between 1985 and 2010 across the simulation sites in Adamawa State. The coefficients of variation
(CV) ranged from 3.0 to 3.7% for maximum temperature and 2.0 to 2.3% for minimum temperature.
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Figure 4. Average monthly variations of (a) maximum temperatures and (b) minimum temperatures
between 1985 and 2010 across the simulation sites in Borno State. The coefficients of variation (CV)
ranged from 3.0 to 3.7% for maximum temperature and 2.0 to 2.3% for minimum temperature.

In Adamawa State (Table 7), the seasonal rainfall (May-Oct.) for all of the sites over the
31-year period (1985-2010) ranged from 851 to 1104 mm. It was observed that the rainfall
in Dulmava, Hushere Zum, and Guyaku and Tawa was slightly higher (>1000 mm) than
in the other locations. The average monthly maximum temperature across the sites over
the climatic period ranged from 27.5 to 39.1 °C (Figure 3a), while the average monthly
minimum temperature ranged from 15.8 to 24.9 °C (Figure 3b). In Borno State (Table 8),
the seasonal rainfall over the 31-year period (1985-2010) across the sites ranged from
883-998 mm with high inter-seasonal variability, varying from 18 to 22%. The average
monthly maximum temperature across the sites over the climatic period ranged from 27.8
to 38.9 °C (Figure 4a), while the average monthly minimum temperature ranged from 15.5
to 24.7 °C (Figure 4b).

3.4. Seasonal Analysis of Planting Windows and Sorghum Cultivars on Simulated Grain Yield and
Water Use Efficiency (WUE g4,

Table 9 shows the mean simulated grain yield (GY) and the water use efficiency for
grain yield (WUEgain) of the sorghum cultivars across four different planting windows
(PW1, PW2, PW3, and PW4) in the three agro-ecological zones (AEZs) between 1985 and
2010. The mean simulated grain yield and WUEg,in showed a decrease with delayed
planting (PW1 to PW4) for all five sorghum cultivars. Following the sowing rule strategies
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implemented for the simulation, the model outputs indicate approximately 45 days of PW,
from 25 May to 10 July across AEZs, for all sorghum cultivars except for SK5912, which
has approximately 35 days of planting window varying from 25 May and 30 June in the
NGS and SGS. A higher mean GY and WUEg;i, were simulated in the NGS than in the S5
and SGS zones. Additionally, the early and medium-maturing sorghum cultivars (ICSV400,
Improved Deko, CSR01, and Samsorg44) had higher simulated GY and WUEg;,;, values
than those of the late-maturing cultivar (SK5912).

Table 9. Mean simulated grain yield and Water Use Efficiency for grain yield (WUEg,in) of sorghum
cultivars across different planting windows (PWs) and agro ecological zones.

Grain Yield WUEgrain
PWIC NO  egvaoo MPE corer Samsorg-44 SK5012 ICSV400 ‘™P®  CSRO1 Samsorg-44  SK5912
Deko Deko
n 'Vann.

Suda (SS;) anna kgha~! kgha ! mm~!
PW1 420 2321 2211 2340 2097 1703 7.3 6.6 5.0 4.6 3.2
PW2 420 2309 2170 2205 1981 1580 7.3 6.4 4.6 4.2 3.0
PW3 420 2255 2148 1895 1760 1252 6.9 6.2 4.0 3.7 24
PW4 420 2228 2145 1778 1613 1128 6.8 6.2 3.8 3.5 2.3
Mean 2278 2168 2054 1863 1416 7.1 6.3 4.4 4.0 2.7

Northern

Guinea
Savanna(NGS)
PW1 480 2323 2234 2750 2536 2358 7.7 7.0 6.6 6.1 5.0
PW2 480 2315 2188 2677 2447 2128 7.8 6.8 6.0 5.5 4.2
PW3 480 2236 2171 2657 2386 1856 72 6.3 5.8 5.3 3.7
PW4 480 2223 2138 2644 2375 1654 71 6.5 6.0 5.4 35
Mean 2274 2182 2682 2436 1999 7.5 6.7 6.1 5.6 4.1

Southern

Guinea
Savanna(SGS)
PW1 90 1959 1865 2192 1967 1733 6.7 6.0 5.5 51 39
PW2 90 1939 1815 2091 1878 1655 6.7 5.9 5.1 4.7 3.6
PW3 90 1920 1841 2106 1898 1488 6.4 5.8 5.1 4.7 33
PW4 90 1903 1814 2059 1850 1530 6.4 5.8 49 4.5 3.3
Mean 90 1930 1834 2112 1898 1602 6.6 5.9 5.2 4.7 3.5

Impr.—improved; PW—planting windows [16-31 May (PW1), 1-15 Jun (PW2), 16-30 Jun (PW3), 1-15 Jul (PW4)];
C—Cultivar; NO—Number of observations.

For the SS zone, the optimal sowing window simulated ranged from 25 May to
30 June (PW 1 to PW3) for CSR01 and Samsorg-44 and from 25 May to 15 June (PW1
and PW2) for SK5912, while, for the ICSV400 and Improved Deko cultivars, sowing can
extend to 10 July. In the NGS and SGS zones, the optimal planting window ranged from
25 May to 10 July for all sorghum cultivars except for SK5912, for which 25 May to 30
June was simulated to be the optimal planting window. The highest mean WUEg.,in of
6.4-7.8 kgha~! mm~! was simulated for ICSV400. Next to it was improved Deko with a
WUEgtain of 5.8-6.8 l(ghef1 mm~!, and SK5912 was simulated to have the lowest WUEgtain
(2.3-4.2 kgha~! mm™') across the three AEZs

Table 10 shows the mean simulated grain yield for evaluating the adapted sorghum
cultivars across sites based on an increased yield threshold of >1500 kgha ! and against the
national average grain yield of 1160 kghafl. In the SS zone, the simulated mean grain yield
across the selected sites ranged from 2023 to 2673 kgha~! for ICSV400, 1886-2509 kgha !
for Improved Deko, 1022-3707 kgha~! for CSR01, 939-3324 kgha~! for Samsorg-44, and
730-2847 1<ghzf1 for SK5912, respectively. The CV shows the variability of the simulated
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GY across sites, with lower values estimated by ICSV400 (10%) and Improved Deko (9%)
compared to higher values estimated by CSRO01 (46%), Samsorg-44 (44%), and SK5912 (56%).

Table 10. Mean simulated grain yield (kgha~?) for evaluating adapted sorghum cultivars across sites
and AEZs based on increased yield threshold.

AEZ N-Site ICSV400 Impr. Deko CSR01 Samsorg-44 SK5912
Balbaya 2236 2132 1467 1368 1106
Briyel 2208 2118 1983 1784 1450
Buratai 2290 2130 2555 2426 1926
Dulmava 2363 2301 2249 2001 1439
Guyaku 2172 2069 1371 1296 1110
Jara-Dali 2092 2052 1708 1545 1242
Kabura 2636 2480 3707 3324 2847
Sudan Kurbo Gayi 2673 2509 3645 3247 2445
Savanna (SS) Kwajaffa 2328 2221 1624 1448 919
Lakundum 2276 2151 2612 2289 1621
Mathau 2013 1886 1067 1029 730
Puba Vidau 2157 2026 1022 939 783
Sakwa Hema 2292 2180 1902 1723 1112
Tum 2157 2098 1847 1653 1096
Mean 2278 2168 2054 1863 1420
CV(%) 10 9 46 44 56
Bare 1926 1803 1269 1174 940
Bila Gusi 2126 2044 2325 2054 1580
Chikila 2402 2331 3152 2914 2201
Daneyel 2028 1945 1807 1615 1247
Gwaskara 2498 2372 2957 2592 1789
Hushere Zum 2180 2079 1777 1599 1213
Jonkolo—Lama 2208 2141 2657 2564 2149
Northern Kikan_Kodomti 2060 1992 2301 2024 1557
Guinea Kubo 2406 2336 3761 3432 3140
Savanna Lakati-Libbo 2123 2057 1954 1743 1411
(NGS) Lakumna 2414 2344 3199 3298 2790
Mbula Kuli 2237 2176 2685 2366 2120
Sabon Gari 2495 2360 3387 2999 2680
Suktu 2314 2221 2874 2538 2052
Tawa 2458 2328 3127 2753 2294
Wuroshi 2512 2390 3676 3310 2824
Mean 2274 2182 2682 2436 1999
CV(%) 11 11 30 30 41
Fufure 1306 1165 1010 971 891
Southern Nassarawo 2330 2220 3049 2707 2325
Guinea Demsa
Savanna (SGS)  Yelwa-Jambore 2154 2117 2276 2017 1589
Mean 1930 1834 2112 1898 1602
CV(%) 24 27 42 40 43

Impr.—improved; CV(%)—Coefficients of variations in the percentage.

In NGS zone, the simulated mean grain yield across the sites ranged from 1926 to
2512 kgha~! for ICSV400, 1841-2390 kgha~! for Improved Deko, 1269-3761 kgha~! for
CSRO1), 1174-3432 kgha~! for Samsorg-44, and 940-3140 kgha~! for SK5912. The vari-
ability of the GY across sites indicated low CV% for ICSV400 and Improved Deko (11%)
compared to high CV% estimates for CSR01 (30%), Samsorg-44 (30%), and SK5912 (41%).
In the SGS zone, the simulated mean grain yield across the sites ranged from 1306 to
2330 kgha~! for ICSV400, 1165-2220 kgha~! for Improved Deko, 1010-3049 kgha~! for
CSRO1, 971-2707 kgha~! for Samsorg-44, and 891-2325 kgha~! for SK5912. The CV% was
generally high for all cultivars, ranging from 24 to 43%. At the mean grain yield threshold
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of >1500 kgha~!, all cultivars simulated were found to be adapted for cultivation except at
the Fufure site.

4. Discussion

This study contributes to efforts to develop climate risk strategies for the sorghum-
based mixed farming systems in northern Nigeria. The evaluation of the model calibration
and its validation with an independent dataset (farm-level yield) under different manage-
ment, soils, and climatic conditions allow the APSIM-sorghum model to be applied to
understanding the dynamics of this heterogeneous farming system. The application of
crop modelling to develop adaptation strategies to changing climatic conditions was earlier
demonstrated for sorghum by [22,31] and for maize by [65]. The predicted LAI-max and
total leaf number (TLN) indicated a low accuracy (RMSE varied from 20 to 30%) due to
the relatively higher values simulated for July sowing dates resulting in a higher mean
grain yield simulated under calibration. However, the difficulty in predicting TLN could
be linked to the fixed thermal time targets for each of the phases before flowering in the
APSIM-sorghum module. These thermal time targets are not directly linked to leaf initia-
tion and appearance [66]. The predictions of the grain yield (GY) and total biomass (TB)
ranged from high accuracy RMSE,, (SK5912: 9.2% for GY; 6.9% for TB) to very low accuracy
RMSE,, (ICSV400: 28.7% for GY; Improved Deko: 36.8% for TB) when evaluated against the
observed mean. The low accuracy for GY and TB could be associated with the simulation
of leaf initiation and leaf appearance, which are important for the accurate prediction of
morphological traits [31,67].

The use of model evaluation using simple on-station trial datasets is the common
procedure for developing new cultivar parameterizations. However, evaluating models
with multi-locational, on-farm trial datasets has proven difficult, with many uncertainties,
especially across the different soil, climate, and cropping systems considered [66]. The study
presented here utilized comprehensive data from on-farm trials using different planting
dates, cropping systems, fertilization strategies, soil types, and management regimes
representing the heterogeneous farming system of northern Nigeria. The performance of
the model was satisfactory under varying planting dates (referred to as “sowing month”),
cropping systems, and sorghum cultivars as described in Table 6. With exception of the
CSRO01 and SK5912 cultivars, the model’s predictions had a lower MBE, either positive
or negative, for the sole cropping system in the July sowing month compared to the June
and August sowing months. These results could be explained by the pattern of rainfall
that serves as a means of crop water utilization, which in turn determines the biomass
accumulation for the grain yield. The high rainfall variability across the study sites suggests
the importance of matching crop duration to the length of the growing period in the region
because sorghum is a short-day crop and most West African cultivars are photoperiod
sensitive that could only be produced under rainfed conditions [23,31]. These conditions
place limits on the use of long-season sorghum cultivars in some locations even within the
same AEZ, which permits the choice of early-medium maturing cultivars. Although the
soil fertility composition across the sites suggested low values for organic carbon (OC) and
nitrogen N, the pH values indicated ideal soils (neutral to alkaline conditions) suitable for
plant growth of sorghum [51].

Our simulations revealed that the optimal PWs and suitable sorghum cultivars were
influenced by the dates of sowing, soil types, rainfall amount, and pattern across sites
and AEZs. In addition, this has to do with the cultivar’s sensitivity or insensitivity to
photoperiod and inherently early/late flowering traits [68]. These results corroborate the
findings by [23], who reported that inherent soil fertility and rainfall patterns can greatly
influence the yield when sowing is delayed. Both early and medium-maturing sorghum
cultivars (ICSV400, Improved Deko, CSR01, and Samsorg-44) produced higher GY and
WUEgain than those of the late-maturing cultivar (SK5912) at varying PWs and were found
suitable to most sites across the AEZs. The optimal PWs slightly varied among the cultivars
and AEZs. Our simulation results suggest an optimal sowing window for the ICSV400
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and Improved Deko cultivars from 25 May to 10 July (45 days) and an optimal window
for CSRO1 and Samsorg-44 from 25 May to 30 June (35 days) in the SS zone. The results
further revealed that the planting of CSR01, Samsorg-44, and SK5912 beyond these dates
will significantly reduce the mean grain yield by 7%, 9%, and 11%, with no significant
yield change estimated for the ICSV400 and Improved Deko cultivars. In the NGS and SGS
zones, the optimal PWs ranged from 25 May to 10 July (45 days), except for SK5912, for
which 25 May to 30 June (35 days) was simulated.

These results showed the use of early and medium maturing sorghum cultivars with
higher yield and the most suitable cultivars to varying soil types simulated across the
AEZs. In the SS zone, the level of variability suggests that ICSV400 and Improved Deko
were highly suitable for cultivation across the sites; CSR01 and Samsorg-44 were suitable
for cultivation in almost all the sites with exception of Guyaku, Balbaya, Mathau Puba
Vidau, and Kwajaffa, while the late maturing cultivar (SK5912) adapted for cultivation
only in 4 (Buratai, Kabura, Kurbo-Gayi, Lakundum) out of 14 sites. These results suggest
only 4 out of the 5 sorghum cultivars may be suitable for cultivation under the current
climatic conditions. In NGS, at a mean grain yield threshold of >1500 kgha~! and the level
of variability across the sites, all the cultivars were found to be adapted and suitable for
cultivation in most sites, except for CSR01 and Samsorg-44 at Bare, and SK5912 at Bare,
Daneyel, Hushere Zum, and Lakati-Libbo, respectively. The simulated yields of all the
sorghum cultivars at the Fufure site in the SGS zone were found to be below the yield
threshold of >1500 kgha~!, and these results could be associated with sandy soil in the
area and the very low soil fertility resulting in low water retention for crop growth. Also,
a late PW reduced the grain yield due to early terminal drought towards the cessation of
the growing period, resulting in a high temperature that affects the grain filling period,
i.e., slows the rate of grain filling and accelerates senescence, thereby decreasing the
photosynthetic activities per unit leaf area [69]. In addition, the increased temperature and
water deficit experienced in the late planting window, particularly in PW4, can reduce
the crop canopy (leaves and tillers) and decrease the biomass production, which in turn
reduces the grain yield.

5. Conclusions

The validation of the model with farm-level grain yield enhanced the predictive
capacity of the model for simulating diverse climatically driven yields under different
fertilization strategies, sowing dates, and planting densities for the contrasting sorghum
cultivars. However, our model application used different PWs based on climate-smart
management practices that include the recommended fertilizer application rate and optimal
hill population against the farmer practices for sorghum production in Northern Nigeria,
geared towards disseminating and increasing the adoption of climate-smart technology,
which is the basis for higher productivity. The optimum PWs were simulated as being
between 25 May and 30 June for CSR01 and Samsorg-44 but were extended to 10 July for
ICSV400 and Improved Deko, while low yield was simulated for SK5912 for all planting
windows in the SS zone. In the NGS and SGS zones, the optimal PWs ranged from 25 May
to 10 July (45 days) for all cultivars except for SK5912, for which predicted optimal PWs
ranged from 25 May to 30 June (35 days). The mean simulated GY for SK5912 fell below the
threshold of >1500 kgha*l in Bare, Daneyel, Hushere Zum, and Lakati-Libbo’. In addition,
at the Fufure site in SGS, all of the sorghum cultivars were simulated to be below the yield
threshold >1500 kg ha~! due to sandy soil texture found in the area, with the very low soil
fertility resulting in a low water retention capacity for growth. Under climate change, the
adoption of appropriate climate-smart technology sorghum will improve food security and
reduce greenhouse gas emissions. It may therefore be concluded that the predicted optimal
PWs for sorghum would substantially assist the smallholder farmers and seed producers
in the region in their choice of cultivars to promote for high yields relative to growing sites
and agro-ecologies.
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Abstract: A three-year study was conducted to analyze agronomic management in the production of
winter oilseed rape (WOSR) under different tillage systems. A field experiment was conducted at the
University’s Agricultural Experiment Station in Batcyny (north-eastern Poland), in three growing
seasons (2016,/2017,2017 /2018, and 2018/2019). The experiment had a 352 resolution III fractional
factorial design with five fixed factors that were tested at three levels of intensity. The experimental
factors were: A—tillage: (A0) strip-till, (A1) low-till, (A2) conventional tillage; B—weed control: (B0)
pre-emergent, (B1) foliar, (B2) sequential; C—growth regulation: (C0) none, (C1) in fall, (C2)—in fall
and spring; D—rate of nitrogen (N) fertilizer applied in spring: (D0) 160, (D1) 200, (D2) 240 kg ha=1;
and E—rate of sulfur (S) fertilizer applied in spring: (E0) 0, (E1) 40, (E2) 80 kg ha~!. The crude fat
(CF) content of WOSR seeds was highest in the strip-till system (498 g kg~! dry matter, DM), and the
total protein (TP) content of seeds was highest (196 g kg~! DM) in low-till and conventional tillage
systems. The content of neutral detergent fiber (NDF) was higher in seeds harvested from strip-till
and low-till systems than from the conventional tillage system. The seeds of WOSR plants grown in
the conventional tillage system accumulated more (by 0.4%) polyunsaturated fatty acids (PUFAs)
and less (by 0.5-0.6%) monounsaturated fatty acids (MUFAs). An increase in the N rate from 160-200
to 240 kg ha~! decreased the CF content (495 vs. 484 g kg~! DM) and increased the TP content of
seeds (191 vs. 199 g kg~! DM). Sulfur fertilization induced a 34% increase in glucosinolate (GLS)
concentrations in WOSR seeds, mainly by enhancing the biosynthesis of alkenyl GLS (by 39%).

Keywords: Brassica napus (L.); tillage; weed control; growth regulators; nitrogen and sulfur fertilization;
seed quality

1. Introduction

Food crops that store carbohydrates as energy reserves (cereals, potatoes, sweet pota-
toes, etc.) are considered the most economically important around the world. In developing
countries, cereals account for as much as 60% of the caloric intake. In developed countries,
cereal consumption is relatively high (35% of the caloric intake), but the consumption of
fat, including vegetable fats, has also increased [1]. The role of vegetable oils has increased
with rapid economic and population growth in the industrial age, and breeding progress
(modification of the fatty acid composition of rapeseed—the most important oilseed crop in
the temperate zone) [2,3]. In 2010-2020, the global production of four major vegetable oils
increased by 5.7 mln Mg per year on average, to reach around 201 mIn Mg in the 2020/2021
season, where palm oil (from the fruit of oil palm trees) accounted for 38%, followed by
soybean 0il—30%, canola 0il—14%, and sunflower 0il—9% [4].

In terms of nutritional value, oil extracted from the seeds of double-low (canola-
quality) rapeseed cultivars is characterized by the most favorable fatty acid profile due to a
high content of oleic acid (which decreases blood cholesterol levels), a desirable n-6/n-3
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PUFA ratio, a very low content (approx. 6-7%) of nutritionally undesirable saturated fatty
acids (SFAs), and an optimal proportion of linolenic acid (which improves neurological
function) [5]. Rapeseed oil is used for both culinary and industrial purposes: it is suitable
for short-term deep frying, margarine production, production of liquid biofuel components
(biodiesel), dyes, varnishes, solvents, etc. [2].

Fat-free residues of rapeseeds are the second most commonly used protein source
for livestock after soybean meal [6]. Rapeseed meal is characterized by a favorable amino
acid profile, including a relatively high content of exogenous amino acids (methionine and
cystine) and minerals (phosphorus and calcium) [7,8]. Even though the concentrations of
anti-nutritional factors in seeds of canola cultivars have been considerably reduced, the
presence of GLS still decreases the feed value of fat-free seed residues. These compounds
impart a bitter flavor to rapeseed press-cake and meal, decrease protein availability, and
inhibit the synthesis of thyroid hormones; they may also cause liver damage. Alkenyl GLS
exert the most detrimental effects [9]. Fiber is the main factor responsible for decreasing the
digestibility and energy value of rapeseed press-cake and meal, and fiber content is nearly
twice as high in rapeseed meal than in soybean meal [10].

The quality of rapeseeds is determined by genetic factors (cultivar) and environmen-
tal conditions, but it can be considerably modified by agronomic factors and production
technology [11]. Tillage and seeding methods have a minor influence on the content of
crude fat (CF) and total protein (TP) in the seeds of winter oilseed rape (WOSR) [12-16].
Musnicki et al. [12,13] demonstrated that shallow pre-sowing plowing increased CF concen-
tration in WOSR seeds by approximately 1%. In turn, Jankowski [16] found that WOSR seeds
had lower CF content in the conventional tillage system, compared with simplified tillage.
Different tillage systems have no significant effect on TP concentration in WOSR seeds [12-16].

Weeds can considerably compromise the quality and market value of WOSR seeds [17].
Some weed species (e.g., Sinapis arvensis L. and Thlaspi arvense L.) decrease seed quality by
increasing the content of erucic acid and GLS. In canola cultivars, effective weed manage-
ment contributes to an increase (by up to 10%) in the CF content of seeds [17]. In turn, the
absence of chemical weed control significantly affects the fatty acid profile of seeds [17,18].

Growth regulators applied in autumn exert a minor influence on nutrient synthesis
in WOSR seeds [16,19]. In a study by ljaz and Honermeier [19], the CF content of WOSR
seeds peaked (454-455 g kg~! dry matter, DM) in the control treatment and after the
autumn application of tebuconazole and trinexapac-ethyl. The accumulation of CF in seeds
decreased significantly (to 450 g kg~! DM) following the application of metconazole. In
contrast, Jankowski [16] observed no significant differences in the concentrations of CF or
TP in WOSR seeds in response to growth regulation in autumn.

Chemical growth regulation in spring exerted varied effects on nutrient synthesis in
WOSR seeds [20-22]. Tjaz and Honermeier [19], and Matysiak and Kaczmarek [21] found
no relationships between the spring application of metconazole, tebuconazole, trinexapac-
ethyl [19], and chlorocholine chloride [21] vs. the content of CF and TP in WOSR seeds.
Jjaz and Honermeier [19] demonstrated that metconazole induced a minor increase (2%) in
the CF content of WOSR seeds, whereas Ijaz et al. [22] observed a slight decrease (2%) in
the CF content of WOSR seeds when mixtures of tebuconazole and prothioconazole, and
difenoconazole and paclobutrazole, were applied in spring. The application of azoxystrobin
in combination with triazole fungicides stimulated the synthesis of CF in WOSR seeds,
most likely due to prolonged seed formation [22]. Matysiak et al. [23] reported that the
timing of growth regulator application (BBCH 30 vs. 50) may affect the quality of WOSR
seeds. The CF content of seeds peaked after the application of metconazole (regardless of
application timing) and tebuconazole (at BBCH 30). Growth regulators also exert varied
effects on the fatty acid profile. The spring application of trinexapac-ethyl increased the
concentration of linolenic acid in rapeseed oil by 3% [20], whereas the autumn and spring
application of metconazole decreased the concentration of oleic acid by 1% [19].

Nitrogen fertilization is a key determinant of seed quality in WOSR cultivation [16,24,25].
Many researchers have found that increasing N rates induce a decrease in CF concentra-
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tion [16,24-32] and enhance TP synthesis in WOSR seeds [16,24,27-30]. Nitrogen applica-
tion in later growth stages has a particularly adverse effect on CF accumulation in WOSR
seeds. Nitrogen applied at the beginning of flowering contributes to an increase in the TP
content and a decrease in the CF content of WOSR seeds [1,24].

Sulfur fertilization may have different effects on the nutrient content of WOSR seeds.
According to Sienkiewicz-Cholewa and Kieloch [33] and Fazili et al. [34], S promotes CF
accumulation in seeds. In turn, Wielebski [35] demonstrated that CF synthesis decreased, and
TP concentration increased in WOSR seeds in response to S fertilizer. Jankowski et al. [36,37]
and Groth et al. [38] found that S fertilization had no significant influence on the content of CF
or TP in WOSR seeds. Sulfur considerably modifies GLS concentrations in the biomass of Bras-
sicaceae oilseed crops [37]. In experiments conducted by Jankowski [16] and Groth et al. [38], S
application increased GLS accumulation in WOSR seeds by up to 24-29%. It should be noted
that S fertilization increases the content of alkenyl GLS, by 13-15% [35,39] and up to 40% [38].
The synthesis of indole GLS is less stimulated by S application, and the S-induced increase in
their concentration has been estimated at 5-15% [35-37,39].

The aim of this study was to determine the effects of weed control, growth regulation,
and N and S fertilization on the quality of seeds harvested from WOSR plants grown
in different tillage systems (conventional tillage, low-till, and strip-till). Five agronomic
factors were evaluated at three levels of intensity in a small-area field experiment with a
3°2 fractional factorial design. The main effects and two-factor interaction effects were
evaluated with the use of modified fractional design generators [1,40,41].

2. Materials and Methods
2.1. Field Experiment

The presented results were obtained during a small-area field experiment carried
out in 2016-2019 at the Agricultural Experiment Station (AES) in Balcyny (NE Poland,
53°35'46.4" N, 19°51/19.5"" E). The experiment had a 3> resolution III fractional factorial
design with two replications, where five agronomic factors (A, B, C, D, and E) were tested
at three intensity levels (0, 1, and 2) (Table 1).

Table 1. Experimental factors.

A ) Level
Symbol Agricultural Operation
0 1 2
A Tillage + strip-till low-till conventional tillage
g nt Foliar (0-2 days after sowing)
02 Szif‘a“ffgfzowmg) (BBCH 12-14 +1) 72 g ha~! clomazone
- | ) .
B Weed control 500 g ha~! metazachlor, 500 g ha™! 72gha 71c1(.)pyralld, (BBGF 12-14) .
> N 1 24 g ha™! picloram, 72 g ha™! clopyralid,
dimethenamid-P, 250 g ha 12 P g 1
. gha~! aminopyralid, 24 g ha™! picloram,
quinmerac 750 g ha~! metazachlor 12 g ha~! aminopyralid
(BBCH 14-15)
fall treatment 210 g ha~! mepiquat chloride,
C Growth regulation none (BBCH 14-15) 30 g ha~! metconazole
8 210 g ha~! mepiquat chloride, (BBCH 30-31)
30 g ha~! metconazole 125 g ha~! difenoconazole,
62.5 g ha™! paclobutrazol
D Spring N rate 160 (120 + 40) 200 (120 + 80) 240 (120 + 120)
(kg ha 1) ++t (BBCH 20-30 + 50) (BBCH 20-30 + 50) (BBCH 20-30 + 50)
Spring S rate
E (kgha 1)+ 0 40 (BBCH 20-30) 80 (BBCH 20-30)

1t strip-till with sowing and application of NPK fertilizers to a depth of 10 and 20 cm (50:50%); low-till to a
depth of 25-30 cm one day before sowing with a seed drill cultivator; conventional tillage—disking to a depth of
5-8 cm after harvesting the previous crop, pre-sowing plowing to a depth of 18-20 cm 7-10 days before sowing,
seedbed preparation, and sowing with a seed drill cultivator. 1 Biologische Bundesanstalt, Bundessortenamt
und Chemische Industrie [42]: BBCH 12-14—2—4 true leaves unfolded; BBCH 14-15—4-5 true leaves unfolded;
BBCH 20-30—Dbeginning of the spring growing season; BBCH 30-31—rosette regrowth after winter; BBCH
50—beginning of the budding stage. t+1 N fertilizer was applied before the spring growing season (BBCH 20-30)
at 120 kg N ha~! in the form of: (i) ammonium nitrate (treatments DOEO, D1E0, D2EO) or (ii) ammonium sulfate
and ammonium nitrate (treatments DOE1, D1E1, D2E1, DOE2, D1E2, D2E2). The second N rate was applied as
ammonium sulfate in BBCH stage 50. t1+1 Sulfur was applied as ammonium sulfate.
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The harvested plot areas were 15 m? each (10 m by 1.5 m). Winter wheat was the preced-
ing crop in each year of the study. To prepare the plots for WOSR cultivation, winter wheat
was cut to a height of 12-15 cm, and the entire straw was collected. The experiment was es-
tablished on Haplic Luvisol originating from boulder clay [43] with a slightly acidic pH (pH
KCl15.6-6.2) and COrg content of 1.04-1.28%. The macronutrient and micronutrient content
of the arable layer was determined at: 91.0-221.0 P,Os mg kg !, 145.0-195.0 K;O mg kg1,
89.0-1293Mgmgkg~!,4.4-133S07 mgkg™!,0.14-0.44 Bmg kg~!,128.0-218.0 Mn mg kg !,
2.1-4.5 Cumg kg1, 5.6-11.8 Zn mg kg !, and 16802000 Fe mg kg~!. The content of Corg
in soil was determined by the modified Kurmies method (UV-1201V spectrophotometer,
Shimadzu Corporation, Kyoto, Japan). Soil pH was measured with a digital pH meter with
temperature compensation (20 °C) in deionized water and 1 mol KCI (5:1). Plant-available
P and K were extracted with calcium lactate (Egner-Riehm method). Phosphorus was
measured by vanadium-molybdenum yellow spectrophotometry (UV-1201V spectropho-
tometer, Shimadzu Corporation, Kyoto, Japan), and K was measured by atomic emission
spectrometry (AES) (Flame Photometers, BWB Technologies Ltd., Newbury, UK). Magne-
sium was extracted with 0.01 mol of calcium chloride and quantified by atomic absorption
spectrophotometry (AAS) (AASIN, Carl Zeiss, Jena, Germany). Boron concentration was
determined colorimetrically (UV-1201V spectrophotometer, Shimadzu Corporation, Kyoto,
Japan), and the concentrations of Cu, Zn, Mn, and Fe were determined by AAS after ex-
traction in 1 mol dm ™2 HCL. The content of sulfide sulfur was analyzed by nephelometry
after extraction in an acetate buffer (UV-1201V spectrophotometer, Shimadzu Corporation,
Kyoto, Japan).

The seeds of the hybrid WOSR cultivar Kuga were sown between 13 and 23 August at
50 germinating seeds per 1 m?. Agronomic factors that did not constitute the experimental
variables were applied according to good agricultural practice. The following fertilizers
were applied before sowing: 40 kg N ha~! (urea), 60 kg P,Os ha™! (enriched superphos-
phate), and 120 kg K,O ha~! (potash salt). In the strip-till system (A0), fertilizers were
applied together with seeds to a depth of 10 and 20 cm at 50:50%. In low-till (A1) and
conventional tillage (A2) systems, fertilizers were distributed on the surface of previous
crop residues (stubble). In all treatments, monocotyledonous weeds were controlled with
60 g ha~! propaquizafop (BBCH 12-14). Foliar B fertilizer (2 x 175 g B ha~!) was applied
twice in spring (BBCH 20-30 and 50). Pests were controlled chemically in BBCH stages
35-37 (300 g ha! chlorpiryfos + 30 g ha~! cipermetrin) and BBCH stages 63-67 (60 g ha~!
thiacloprid + 6 g ha~! deltamethrin) when the action threshold was exceeded. Fungal
diseases were managed with 100 g ha~! dimoxystrobin and 100 g ha~! boscalid (BBCH 63).
Winter oilseed rape was harvested at physiological maturity (8-24 July) with a small-plot
harvester.

2.2. Seed Quality

The quality of WOSR seeds was evaluated based on the following parameters: the
content of CF and TP (in g kg~! DM seeds), proportions of neutral detergent fiber (NDF)
and acid detergent fiber (ADF) (in %), fatty acid profile (in %), and the content of total GLS
and alkenyl GLS (in uM g~! DM seeds).

Winter oilseed rape seeds were scanned with the use of a NIR Systems 650 near-
infrared reflectance spectrometer (FOSS NIR Systems Inc., Silver Spring, USA). A calibration
equation derived in the WINISI program was used in the measurements based on the
reference data for Kjeldahl (TP), Soxhlet (CF), and van Soest (NDF and ADF) methods.
Glucosinolate content was quantified by gas chromatography of trimethylsilyl derivatives
of desulfated GLS in the Agilent 7890 gas chromatograph with an HP-5 column (Agilent
Technologies Inc., Santa Clara, USA), using the method described by Raney and modified
by Michalski et al. [44]. Fatty acid composition was determined by methylation of oil
extracted from 0.1 g of ground seeds. Fatty acid methyl esters (FAMEs) were analyzed by
gas chromatography (HP 3390A integrator, Hewlett-Packard, Avondale, USA) with a DB-23
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capillary column (length: 30 m); operating temperature—200°C (injector and detector
temperature—220°C); carrier gas—hydrogen.

2.3. Statistical Analysis

The original 352 fractional factorial design with resolution III and 27 treatments per
replication was initially generated. However, the experiment involved three growing
seasons, which generated large quantities of data for analysis; therefore, in the statistical
analysis, the original 32 ANOVA model was reduced to 21 treatments, but all attributes
of the 352 design (III) were retained. Based on this analytical model, ANOVA was used to
evaluate the main effects of all fixed factors (A, B, C, D, and E) and their interactions with
the random effects of the experimental years (Y x A, Y x B,Y x C,Y x D,and Y x E).
The significance of differences between mean values was determined in Tukey’s honest
significant difference (HSD) test with p < 0.05. All analyses were performed in the Statistica
13.3 program [45]. The F-values in ANOVA are presented in Table 2.

2.4. Weather Conditions

The weather conditions during the three growing seasons are presented in Figure 1.
In all years of the study, the mean daily temperature during the autumn growing season
(August-November) was similar to the long-term average (10.3-11.3 vs. 11.4 °C). Different
temperatures were noted during winter dormancy (December-March) and the spring-
summer growing season (April-July). In the 2018/2019 season, the mean daily temperature
during winter dormancy was 1.3 °C higher than the long-term average (0.0 °C). In the
remaining years, the mean daily temperature during winter dormancy was comparable
to the long-term average. During the spring-summer growing season, the highest mean
daily temperature was recorded in 2017/2018, and it exceeded the long-term average by
2.3 °C (15.6 vs. 13.3 °C). In the remaining years, the mean daily temperature during the
spring-summer growing season approximated the long-term average (12.9-13.8 vs. 13.3 °C).
In the study area, the mean rainfall during the growing season over the last 35 years was
514 mm. In the first and second years of the study, total rainfall during the growing season
exceeded the long-term average by 27 and 38%, respectively (655-707 vs. 514 mm). In the
third year, precipitation was 9% lower than the long-term average (Figure 1).

E

Figure 1. Mean monthly temperature (°C) and total monthly precipitation (mm) during the growing
seasons of 2016-2019 vs. the long-term average (1981-2015).
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3. Results
3.1. Years

In the first and second years of the study, which were characterized by above-average
precipitation in spring and summer, WOSR seeds accumulated the highest quantities of CF.
The proportions of both crude fiber fractions (NDF and ADF) in WOSR seeds also increased
in years with abundant rainfall between April and July. Lower precipitation levels during
the spring-summer growing season (2018/2019) contributed to the accumulation of TP and
GLS in WOSR seeds (Table 3). Above-average rainfall in spring and summer (years 1 and 2)
supported the synthesis of SFAs (mostly palmitic acid) and PUFAs (mostly linoleic acid
and linolenic acid). In the third year of the study, the proportions of SFAs and PUFAs were
0.73% and 3.69% lower, respectively. Lower precipitation levels during the spring-summer
growing season (year 3) promoted the synthesis of oleic acid and eicosenoic acid (MUFAs)
(Table 4).

Table 3. Nutritional value of WOSR seeds (main factors).

Agronomic Level Crude Fat Total Protein NDF ADF X alkenyl GLS X GLS
Factor (gkg 1DM) (gkg 1 DM) (%) (%) (Mg 1DM) (uMg1DM)
2016/2017 519.12 1753 ¢ 28.52 23.6° 6.07" 8.84b
Years 2017/2018 496.4° 189.1° 27.6° 21.7° 516 6.47 ¢
2018/2019 457.1¢ 21632 26.1°¢ 20.5¢ 7472 11.642
strip-till 49762 188.6 P 27.62 222 5.85 8.38
) low-till 489.4 %0 196.42 27.42b 21.5 6.41 9.12
Tillage tional
convantiona 485.6° 195.82 27.1% 220 6.45 9.45
tillage
pre-emergent 489.8 191.9 27.5 22.0 5.93 8.42
Weed control foliar 492.3 193.7 27.4 22.1 6.28 9.20
sequential 490.2 195.5 27.4 21.6 6.54 9.35
none 484.6 195.1 27.1 21.6 5.16 7.54
Growth BBCH 14-15 4921 194.4 27.5 21.9 6.98 9.94
regulation BBCH 14-15 493.6 191.9 27.4 21 6.16 8.93
and 30-31
Spring 160 49452 190.5P 27.62 22.0 6.18 8.81
nitrogen rate 200 49417 192.52b 275% 22.1 6.24 9.11
(kg Nha™1) 240 483.8" 198.72 27.0° 21.7 6.31 9.16
Spring sulfur 0 483.7 195.2 27.1 21.7 5.18¢ 7.60 ©
e (kg Sha-1) 40 493.6 1919 27.4 21 6.16° 8.93°
J 80 493.9 194.2 27.6 21.9 7232 10.232
ADF—acid detergent fiber; NDF—neutral detergent fiber; GLS—glucosinolates. BBCH 14-15—4-5 true leaves
unfolded; BBCH 30-31—rosette regrowth after winter. Means sharing a common letter are not significantly
different at p < 0.05 in Tukey’s test. The absence of common letters denotes non-significant differences (ns) at
p < 0.05in Tukey’s test.
Table 4. Fatty acids (%) (main factors).
Ag;‘a’;‘t‘;'r“ic Level C16:0 C18:0 c18:1 c18:2 C18:3 C20:1 SFAs  MUFAs PUFAs
2016/2017 4272 1.32°¢ 62.40 © 20.922 10.102 1.00° 5592 63.39 © 31.022
Years 2017/2018 4202 152° 6523 1923 880° 1.01° 5722 6624°  28.04°
2018/2019 3.12° 1.742 66.312 19.48° 7.86 ¢ 1492 486" 67.80? 27.33 ¢
strip-till 3.81 1.53 64.852 19.85 8.81P 1.15 5.34 66.00°  28.66°
Tillage low-till 3.85 1.51 64.84° 19.81 8.84b 1.15 5.36 65.99 2 28.66
conventional tillage 3.93 1.54 64.25" 19.97 9.102 1.20 5.48 6545°  29.07°
pre-emergent 3.88 1.53 64.58 19.89 8.93 1.19 541 65.77 28.82
Weed control foliar 3.82 1.53 64.61 19.89 8.95 1.20 5.34 65.81 28.85
sequential 391 1.53 64.77 19.85 8.86 1.09 543 65.86 28.71
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Table 4. Cont.

Ag;::t‘(’)‘r’“c Level C16:0 C18:0 C18:1 c18:2 C18:3 C20:1 SFAs  MUFAs PUFAs
none 3.88 152 64.31 2017 9,01 111 5.40 65.42 29.18

Growth regulation BBCH 14-15 3.84 1.54 64.92 19.69 8.83 119 538 66.11 28.52
BBCH%‘:}S and 3.88 152 64.59 19.89 8.95 118 5.40 65.76 28.84

Spring nitrogen 160 3.86 1.54 64.60 19.93 891 117 5.40 65.77 28.84
rate 200 3.88 1.52 64.83 19.71 8.92 1.16 5.39 65.98 28.63

(kg N'ha™1) 240 3.86 152 64.61 19.90 8.94 117 538 65.78 28.84
Soring sulfur rate 0 3.86 1.53 64.28 20.11 9.03 1.19 538 65.48 29.14
P (kg Sha-l) 40 3.88 152 64.59 19.89 8.95 118 5.40 65.76 28.84
g 80 3.85 153 65.02 19.67 8.79 113 5.39 66.16 28.46

C16:0—palmitic acid; C18:0—stearic acid; C18:1—oleic acid; C18:2—linoleic acid; C18:3—linolenic acid; C20:1—
eicosenoic acid; SFAs—saturated fatty acids; MUFAs—monounsaturated fatty acids; PUFAs—polyunsaturated
fatty acids. BBCH 14-15—4-5 true leaves unfolded; BBCH 30-31—rosette regrowth after winter. Means sharing a
common letter are not significantly different at p < 0.05 in Tukey’s test. The absence of common letters denotes
non-significant differences (ns) at p < 0.05 in Tukey’s test.

3.2. Tillage

Winter oilseed rape grown in low-till and conventional tillage systems accumulated
2-3% less CF and 4% more TP in the seeds than WOSR grown in the strip-till system
(Table 3). The content of NDF was higher in seeds harvested from strip-till (27.6%) and
low-till (27.4%) systems than those harvested from the conventional tillage system (27.1%).
The tillage system did not significantly affect ADF and GLS levels in the seeds (Table 3).
The seeds of WOSR plants grown in the conventional tillage system accumulated 0.4%
more PUFAs (mostly due to enhanced synthesis of linolenic acid) and 0.5-0.6% less MUFAs
(mostly due to a lower proportion of oleic acid) (Table 4). The effects of different tillage
systems on the analyzed seed quality parameters were not modified by weather conditions
(Y x A) (Table 2).

3.3. Weed Control

None of the tested weed control methods induced significant differences in seed
quality parameters, regardless of weather conditions across the years (Y x B) (Table 2).

3.4. Growth Regulation

In years 1 and 2, growth regulators increased the CF content of seeds by 11-61 (fall
treatment) to 7-25 g kg~! DM (fall and spring treatments). A reverse relationship was
observed in year 3, when growth regulators decreased the CF content of seeds by around
5 g kg~! DM (Table 5). No relationships were found between the application of growth
regulators vs. fatty acid profile, and the content of protein, ADF, NDF, and GLS in seeds,
regardless of weather conditions (Y x C) (Table 2).

Table 5. The effect of growth regulation on the CF content (g kg ~' DM) of WOSR seeds (Y x C).

Growth Regulation at

Growing Season BBCH 14-15
None BBCH 14-15 nd 3031
2016/2017 512.5ab 52322 519.12
2017/2018 480.5° 496.9 b 505.9 ab
2018/2019 460.9 be 456.0 € 455.8 ¢

BBCH 14-15—4-5 true leaves unfolded; BBCH 30-31—rosette regrowth after winter. Means sharing a common
letter are not significantly different at p < 0.05 in Tukey’s test. The absence of common letters denotes non-
significant differences (ns) at p < 0.05 in Tukey’s test.
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3.5. Spring Nitrogen Fertilization

An increase in the N rate from 160 to 200 kg ha~! did not induce significant changes in
the content of CF and TP in WOSR seeds (Table 3). In turn, the application of 240 kg N ha~!
decreased the CF content (by 10.5 g kg~! DM on average) and increased the TP content (by
7.2 ¢ kg~! DM on average) of WOSR seeds. In addition, the highest N rate (240 kg ha™1)
induced a significant decrease in the proportion of NDF (by 0.4-0.5%). The quality of oil
(fatty acids) and fat-free seed residues (determined based on the concentrations of total GLS
and alkenyl GLS) was not significantly differentiated by spring-applied N rates (Table 2).
The effect of N fertilization on the analyzed seed quality parameters was not influenced by
weather conditions across the years of the study (Y x D) (Table 2).

3.6. Spring Sulfur Fertilization

Sulfur fertilization (0, 40, and 80 kg ha~!) had no influence on the content of CF, TP,
ADF, or NDF in WOSR seeds. A relationship was found between S fertilization and the
fatty acid profile of WOSR oil depending on weather conditions (Table 2). An increase in S
rate to 80 kg ha~! induced a significant decrease (by 0.49-0.69%) in the concentration of
linoleic acid in years when spring and summer precipitation approximated the long-term
average (2016/2017 and 2017/2018) (Table 6). The concentration of eicosenoic acid increased
(by 0.20%) in response to S fertilizer applied in the year characterized by below-average
precipitation in April-July (2018/2019). A rise in the S rate in 2018/2019 (below-average
precipitation) contributed to a significant increase in the proportion of PUFAs (by 0.48%)
and a decrease in the proportion of MUFAs (0.58%) in WOSR oil (Table 6). Sulfur exerted a
strong influence on the content and structure of GLS in seeds (Table 2). The application of
40 and 80 kg S ha~! increased the content of total GLS (by 18% and 35%, respectively) and
alkenyl GLS (by 19% and 40%, respectively) in WOSR seeds (Table 3). The proportion of
alkenyl GLS in total GLS increased from 68% to 71% under the influence of S fertilization.

Table 6. The effect of spring sulfur rate on the proportions of fatty acids (%) in WOSR oil (Y x E).

Spring Sulfur Rate (kg ha—1)

Growing Season

0 40 80
C18:2
2016,/2017 21.2342 21.032 20.54 2
2017/2018 19.90 P 19.03 «d 18.90 ¢
2018/2019 19.18 be 19.61 be 19.57 be
C20:1
2016/2017 1.00¢ 1.01°¢ 0.97¢
2017/2018 1.02¢ 0.98¢ 1.06
2018/2019 1572 1.572 1.37P
MUFAs
2016,/2017 62.934 63.19 4 64.014
2017/2018 65.28 ¢ 66.46° 66.81 2P
2018/2019 68.222 67.64 20 67.64 20
PUFAs
2016/2017 31.482 31.19 @b 30.43°
2017/2018 28.95¢ 27.84d 27.49d
2018,/2019 26.98 d 27494 27.46 4

C18:2—linoleic acid; C20:1—eicosenoic acid; MUFAs—monounsaturated fatty acids; PUFAs—polyunsaturated
fatty acids. Means sharing a common letter are not significantly different at p < 0.05 in Tukey’s test.

4. Discussion
4.1. Tillage

In a study by Jankowski and Budzyriski [15], a reduction in the depth of pre-sowing
tillage from 30 cm to 10 cm decreased the CF and TP content of seeds by 15 and 3 g kg™
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DM, respectively. In turn, Musnicki et al. [12,14] demonstrated that a decrease in plowing
depth (from 30-32 cm to 10-12 cm) increased the accumulation of CF and TP in seeds by 10
and 18 g kg~! DM, respectively. According to Jankowski [16], a reduction in tillage depth
(from 22 cm to 12 cm) increased the CF content of seeds by 8 g kg~! DM. In comparison
with conventional tillage, low-till farming and direct sowing decreased the CF content
of seeds by around 6-8 g kg~! DM. In the work of Jankowski [16], the TP content of
WOSR seeds was not differentiated by the applied tillage implements or plowing depth.
In the present study, simplified tillage promoted the accumulation of CF in WOSR seeds.
Crude fat content was highest in seeds produced in the strip-till system (497.6 g kg~' DM),
followed by seeds grown in the conventional tillage system (lower by 12 g kg~! DM). The
TP content of WOSR seeds was lowest in the strip-till system (189 kg~! DM).

4.2. Weed Control

Weed infestation in WOSR stands not only decreases seed yields but also compro-
mises their quality and commercial value [1]. The timing of herbicide application exerts
an ambiguous effect on the quality of WOSR seeds. In a study by Adomas [18], the CF
content of spring oilseed rape was higher in treatments protected with pre-emergent her-
bicides (456 g kg~! DM) than those protected with foliar herbicides (451 g kg~! DM).
In turn, Hamzei et al. [46] found no correlation between the weed control method and
the CF content of WOSR seeds. In the experiment carried out by Gotebiowska and
Badowski [47], the application of herbicides with different modes of action (clomazone,
metazachlor + quinmerac/clomazone) did not induce significant changes in the CF and
TP content of WOSR seeds. Similar observations were made in the current study, where
the tested weed control methods did not influence the content of basic nutrients in WOSR
seeds. Adomas [18] demonstrated that the proportion of PUFAs in spring rapeseed oil
was higher in treatments protected with foliar herbicides, compared with pre-emergent
herbicides (328 vs. 311 g kg*1 DM), but no changes were found in the concentrations of
SFAs or MUFAs. In the work of Mekki et al. [17], chemical weed control contributed to an
increase in the content of palmitic acid (by 5%) and oleic acid (by 7%), and a decrease in the
concentrations of linoleic acid (by 13%), linolenic acid (by 7%) and erucic acid (by 46%). In
the current study, the method of herbicide application had no significant effect on the fatty
acid profile of WOSR oil.

4.3. Growth Regulation

An analysis of the literature revealed that the application of growth regulators in
autumn was weakly correlated with the nutrient content of WOSR seeds [16,19]. In a
study by Jankowski [16], the application of tebuconazole or chlormequat chloride in au-
tumn did not cause significant changes in the CF (431-437 vs. 441 g kg~! DM) or TP
(352 vs. 346-351 g kg ~! DM) content of WOSR seeds relative to control. Growth regulation
in autumn also failed to modify the nutritional value of WOSR seeds in the work of Jjaz
and Honermeier [19]. Similar observations were made in the present study, where the CF
and TP content of WOSR seeds was not influenced by the application of growth regulators
in autumn.

In most of the analyzed studies, growth regulation in spring did not affect the content
of basic nutrients in WOSR seeds [16,19-23]. This is consistent with the results of the
present study, where the application of growth regulators in spring did not induce changes
in CF or TP levels in WOSR seeds. In contrast, Ijaz et al. [22] reported a significant increase
in the TP content of WOSR seeds (approx. 3%) and no changes in CF levels in response to
growth regulation in spring. The cited authors also found that the effect of this treatment
on the fatty acid profile of oil varied across locations. The spring application of growth
regulators significantly increased the concentrations of linoleic acid and linolenic acid in
oil at Giessen but decreased the proportions of these two acids at Rauischholzhausen [22].
In the present study, growth regulation in spring did not modify the fatty acid profile of
WOSR oil, irrespective of environmental or weather conditions.
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4.4. Spring Nitrogen Fertilization

Spring N fertilization is a key agronomic factor that influences the quality of WOSR
seeds. The CF content of seeds generally decreases with a rise in the N rate, and this reduc-
tion is exacerbated by delayed N fertilization. In turn, the TP content of seeds is negatively
correlated with CF levels [1]. In studies conducted by Butkuté et al. [28], Jankowski [16],
and Sieling et al. [32], WOSR seeds supplied with 160 kg N ha~! accumulated 1-2% more
CF than seeds fertilized with 240 kg N ha~!. Dresbell et al. [30] observed a clear drop
(7%) in the CF content of seeds when the N rate was increased from 120 to 280 kg ha~'.
In turn, Varényiova and Ducsay [25] found no significant differences in the CF content
of seeds between treatments fertilized with 160, 200, and 240 kg N ha~!. According to
Jankowski [1], higher N rates do not decrease the CF content of seeds only when they exert
no yield-forming effects. In this study, WOSR seeds from treatments supplied with 160 and
200 kg N ha~! in spring accumulated 2% more CF than seeds from treatments fertilized
with the highest N rate (240 kg ha~1). In the work of Butkuteé et al. [28] and Jankowski [16],
the TP content of seeds increased by 2-3% in response to the spring-applied N rate of
240 kg ha~!. Dresbell et al. [30] found that a very high N rate (280 kg ha—1) induced a 26%
increase in the TP content of WOSR seeds in comparison with the treatment fertilized with
120 kg N ha~!. In turn, Ferguson et al. [31] did not report a significant increase in the TP
content of seeds under the influence of rising N rates. In the present study, the TP content
of WOSR seeds was higher by 8 g kg ™! DM (4%) in treatments supplied with the highest N
rate (240 kg ha~1) than in those fertilized with 160 kg N ha~'.

4.5. Spring Sulfur Fertilization

Sulfur fertilization has different effects on the content of CF and TP in Brassica seeds.
In a study by Sienkiewicz-Cholewa and Kieloch [33], the S rate of 60 kg ha~! increased CF
accumulation in WOSR seeds by 2%. According to Fazili et al. [34], S induced a significant
(15%) increase in the CF content of oilseed crops (Brassica campestris L. and Eruca sativa
Mill). In studies conducted in north-eastern Poland, S fertilization had a minor effect on CF
and TP levels in Brassicaceae oilseeds [16,36-38,48]. In turn, Wielebski [35] found that an
increase in the S rate from 0 to 60 kg ha~! induced a minor, but significant decrease in CF
accumulation (from 426 to 423 g kg~! DM) and increased the TP content of WOSR seeds
(from 207 to 210 g kg~! DM). In the present study, CF and TP levels in WOSR seeds were
not significantly modified by any of the tested S rates, which is consistent with the findings
of Jankowski [16], Jankowski et al. [36], Jankowski et al. [37], and Groth et al. [38].

Sulfur fertilization compromises the quality of WOSR seeds by increasing their
GLS content by 13-18% [35,37,39,49] to even 24-29% [16,38]. In the present study, S
applied in spring increased GLS levels by 34%. The increase in GLS concentrations un-
der the influence of S fertilization is attributed mainly to the intensified synthesis of
alkenyl GLS [1,16,35,37-39,49]. This unfavorable process can compromise the feed value
of fat-free seed residues used in the production of animal feed [37]. The S-induced in-
crease in the concentration of alkenyl GLS ranged from 21-29% [16,37-39] to even 39%
[present study, Table 3]. Alkenyl GLS levels increase under the influence of S fertilization
mainly due to a rise in the concentrations of glucobrassicanapin (by 28%), gluconapin, and
progoitrin (by 16-17%) [35]. In this study and experiments conducted by Wielebski [35],
Malarz et al. [39], Jjaz and Honermeier [20], and Groth et al. [38], S fertilization had no
effect on the fatty acid profile of WOSR oil.

5. Conclusions

Winter oilseed plants produced in the strip-till system accumulated the largest amounts
of CF (498 g kg~! DM). In turn, TP concentration in seeds was highest (196 g kg~! DM)
in conventional tillage and low-till systems. The seeds of WOSR plants grown in the con-
ventional tillage system accumulated 0.5% less NDE, 0.4% more PUFAs (due to an increase
in the proportion of linolenic acid), and 0.5-0.6% less MUFAs (due to a decrease in the
proportion of oleic acid), compared with strip-till systems. The highest N rate (240 kg ha™1)
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decreased the CF content (by 2%) and increased the TP content of seeds (by 4%). Sulfur
fertilization increased GLS concentrations (mainly alkenyl GLS) by 34% without differ-
entiating the content of basic nutrients. Sulfur fertilization induced an increase in the
proportion of PUFAs (by 0.48%) and a decrease in the proportion of MUFAs (by 0.58%) in
WOSR oil only in the season characterized by lower-than-average precipitation in spring
and summer. The effect exerted by agronomic management on the quality of WOSR seeds
was not influenced by the tillage system.
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Abstract: Winter wheat (Triticum aestivum) is a crop of which production is associated with rather
large investments for nitrogen fertilization and disease control. The aim of this study was to estimate
the effect of five variants of fungicide application and four levels of N (nitrogen) top-dressing rate
on the yield and grain quality of winter wheat. Field trials were carried out in Latvia (56° 31’ N;
23° 42" E) for four seasons. Grain yield and quality depended significantly on the conditions of
the trial year, as three of them were characterized by drought in varying degrees. Although the
average four-year grain yield increased significantly in all fungicide application variants, the effect
of this factor was different in individual years. The application of fungicides increased the yield
significantly in one year, decreased significantly in another year, while it had no significant effect on
the yield in remaining two seasons. The enhancement of N top-dressing rate increased the grain yield
significantly every year. The interaction between both examined factors was significant; however, the
use of higher N rates not always means that also spraying with fungicides has to be more intensive.
A clear effect of fungicide application was observed on 1000 grain weight and volume weight, while
the effect of N top-dressing rate was observed on the crude protein, wet gluten and starch content,
and Zeleny index.

Keywords: winter wheat; yield; grain quality; leaf diseases; fungicides; nitrogen top-dressing

1. Introduction

Mainly bread wheat (Triticum aestivum) is grown all over the world, including Europe
and Latvia, and the largest bread wheat-growing area is under winter wheat (20 656.14
thousand ha in Europe in 2021, https://ec.europa.eu/ (accessed on 18 November 2022);
448.7 thousand ha in Latvia in 2022, https://stat.gov.lv/ (accessed on 18 November 2022)).
The winter wheat yield is variable depending on the country (climate effect) and annual
meteorological conditions, e.g., in the European Union in 2022, the average winter wheat
yield (bread wheat and spelt wheat (T. spelta) yields are reported both together by the
Eurostat database) varied from 1.83 t ha~! to 10.87 t ha—! depending on the country. In
Latvia in 2022, the average winter wheat yield was 4.36 t ha~!, and exceeded 5.0 tha~! in
some very favourable years, reaching even 7.0-9.0 t ha! in the best farms. The provision
of all agrometeorological factors (water, photosynthetically active radiation, nutrients,
soil conditions, suitable cultivar, etc.) as well as disease control is equally important
for obtaining high winter wheat yields with good grain quality. Several leaf and ear
diseases have been recognized as an important wheat-yield-limiting factor globally: tan
spot (caused by Pyrenophora tritici-repentis), e.g., [1-4]; Septoria leaf blotch (caused by
Zymoseptoria tritici), e.g., [2,4-6]; Septoria nodorum blotch (caused by Parastagonospora
nodorum), e.g., [7]; powdery mildew (caused by Blumeria graminis), e.g., [4,8]; leaf rust
(caused by Puccinia recondita; previously Puccinia triticina), e.g., [8]; stripe rust (caused by
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P. striiformis), e.g., [4]; and Fusarium head blight (caused by Fusarium spp.), e.g., [6]. Which
disease will spread more widely and will be more harmful depends on the specific site and
year conditions. In Latvia, tan spot and Septoria leaf blotch have been recognized as the
most important wheat leaf diseases [9]. In addition to yield loss, diseases can also cause
grain quality decrease [10]. The pressing target among farmers in Latvia is not whether
to use a fungicide for winter wheat, but real time application (when and how often) has
been of great importance. Nevertheless, after the data analysis of 350 field trials in Sweden,
it was found that the use of fungicide was profitable in 188 cases, but was not profitable
in 162 cases [11]. It is fairly often concluded that the application of fungicides might not
be recommended at all in dry years [5,8], that it is more effective in years with sufficient
water provision [4], and that one spraying can provide similar efficacy compared with two
or three applications [6,8,12]. These different effects have been obtained in diverse climatic
conditions when different diseases prevailed, different fungicides were applied, different
cultivars were used, and also the rates of fertilization with nitrogen (N) were different.
Several research studies show a strong effect of the fungicide application (F) x nitrogen
fertilization rate (N) interaction on grain yield, when higher yields were obtained using
the most intensive fungicide application strategy together with the highest N rates [1-3,13].
However, there are also studies in which N x F interaction effect on grain yield has not
been established [14], and even in Brinkman et al’s [13] study, it did not appear in one out
of the nine locations. The literature also shows that the chemical indicators of wheat grain
quality were not affected by the F x N interaction [15].

It is observed that producers rarely make fungicide application decisions based solely
on expected yield or yield quality losses due to disease outbreaks. Often, the decision is
related to the farmer’s attitude towards risk, the use of pesticides in general, the farm’s
financial situation, and other reasons. In addition, no farm has an unsprayed control
variant, and if production results show a profit, the unnecessary fungicide application goes
unnoticed even financially. However, the fact that fungicides should have been sprayed,
but were not, is often obvious [11]. In the most important wheat growing region of Latvia,
farmers grow winter wheat comparatively intensively, using high N top-dressing rates and
fungicides. For a fungicide application or N top-dressing to be cost-effective, it must pay
for itself in increased yield and/or quality. Despite the fact that the impact of nitrogen
top-dressing and the application of different fungicides at different timings has been
studied thoroughly in the world, the results obtained are contradictory and more research
in particular conditions is required. As tan spot and Septoria leaf blotch are the most
common wheat diseases in the humid and cool climate [9] of Northern Europe, the triazole
(DeMethylation Inhibitor (DMI)) with high efficacy against both diseases was selected in
our study—prothioconazole, which was supplemented with spiroxamine (amine, Sterol
Biosynthesis Inhibitor (SBI)) in T1 (growth stage (GS) 32-33) treatment and with two
active substances from carboxamide group (Succinate Dehydrogenase Inhibitors (SDHI))
in T2 (GS 55-59) treatment; metconazole (DMI) was used in T3 (ear) (GS 63-65) treatment.
Therefore, the main objective of this study was to determine the effect of different intensities
of fungicide application and N top-dressing rates on winter wheat yield and grain quality.
Another objective was to test the hypothesis that an increase in N fertilization rates requires
an intensified winter wheat disease control.

Since three trial-years were characterised by shorter or longer periods of drought and
heat and a sufficient supply of water was observed only in one year, the hypothesis failed
to be proven, but the average four-year yield was significantly affected by both investigated
factors. On the other hand, the physical indicators of grain quality were significantly
affected by fungicide application, while chemical indicators were significantly affected by
increased N top-dressing rates.
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2. Materials and Methods
2.1. Trial Site and Studied Factors

Two-factor field experiments with winter wheat (Triticum aestivum) were carried out at
the Research and Study farm “Peterlauki” (56° 31’ N; 23° 42" E) of the Latvia University of
Life Sciences and Technologies for four years (2017/2018-2020/2021). Soil at the site was
Epiabruptic Endostagnic Endoprotocalcic Luvisol in the 2017/2018 and 2019/2020, and
Cambic Calcisol in the 2018/2019 and 2020/2021 [16]. Soil reaction (pHkcr,) was 6.4-7.0, the
content of P,O5 was 118-181 mg kg~ !, the content of K,O was 122-262 mg kg !, and soil
organic matter content varied from 29 to 42 g kg*1 depending on the year (agrochemical
data refer to the 0-20 cm soil depth). Winter wheat cultivar ‘Skagen’ (DE) was used. ‘Skagen’
is widely grown in Latvia and is characterised by a high baking quality (elite group) and a
comparatively low susceptibility to common leaf diseases (https://www.bundessortenamt.
de/bsa/sorten/beschreibende-sortenlisten/ (accessed on 30 December 2022)). Plot size
was 20 m? (2 m x 10 m), and treatments were arranged randomly in four replications.

Studied factors were as follows: (A) fungicide application (F, five treatments), and
(B) nitrogen top-dressing rate (N, four treatments). In total, 20 variants were studied.

Fungicide application variants:

FO—control, without fungicide application;

F1—half of a full fungicide dose sprayed at GS 55-59 (T2);

F2—a full fungicide dose sprayed at GS 55-59 (T2);

F3—a full fungicide dose split in two treatments: at GS 32-33 (T1), and at GS 55-59 (12);

F4—two full fungicide doses split in three treatments: half—at GS 32-33 (T1), half—at
GS 55-59 (T2), and full—at GS 63-65.

In this study, the full fungicide dose (100%) was taken as the fungicide dose according
to the highest recorded dose of the triazole active substance prothioconazole (DMI) per
hectare (200 g ha™!) in one treatment. Prothioconazole was selected due to its efficacy
against the most spread wheat leaf diseases in Latvia. In the first treatment (T1), protio-
conazole was applied at 50% of the full dose (100 g ha~') in combination with the active
ingredient spiroxamine (SBI) (187.5 g ha~1), which is intended to control powdery mildew
in cereals. In the second treatment (T2), a fungicide, which, in addition to prothioconazole
(a half or a full dose according to the scheme), contains the active substances of the carbox-
amide group (SDHI)—bixafen and fluopyram (both—48.75 g ha~'inF1, and 97.5 gha!
in F2). In the third treatment (T3), a full dose of a fungicide containing the active substance
metconazole (DMI) (90 g ha~1) was used against Fusarium head blight.

Nitrogen top-dressing variants which were applied:

N120 kg ha™!, divided into two portions 80 + 40 kg ha~!;

N150 kg ha~!, divided into two portions 80 + 70 kg ha=1;

N180 kg ha~!, divided into three portions 80 + 70 + 30 kg ha~1;

N210 kg ha~!, divided into three portions 80 + 80 + 50 kg ha~! (further in the text
N120, N150, N180, and N210).

The first portion was given at the time of vegetation renewal in spring, the second
portion—at GS 31-32, and the third portion—at GS 49-51. Ammonium nitrate (N 34.4%)
was used for the first and third portion of top-dressing, and ammonium sulphate (N 21%
and S 24% to provide 28.8 kg ha~! of S) and ammonium nitrate were used for the second
portion of top-dressing.

2.2. Crop Management

The agrotechnology used in the trial was typical for the region in production conditions.
The pre-crop was always wheat. Traditional soil tillage including ploughing at the depth
of 22 cm was used. The rate of basic fertilizer was calculated with the aim to obtain an
8 t ha~! grain yield, and it was given before sowing: 11-25 kg ha~! N, 33-66 kg ha~!
P05, and KO depending on the year. Sowing was performed at the optimal time for local
conditions (13-27 September depending on the year), and seeds treated with fungicides
were used at the rate of 450 (in 2018-2020) to 500 (in 2017) germinable grain m~2. For
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crop care, herbicides for weed control and plant growth regulators (twice) were applied
every year, and insecticides were applied according to the need in 2020 and 2021. Used
plant growth regulators were as follows: Cycocel 750 SC (chlormequat chloride, 750 g L)
1L ha~! at the GS 28-29 and Medax Top SC (calcium prohexadione, 50 g L=, mepiquat
chloride, 300 g Lfl) 0.75 L ha! at the GS 33-34. The foliar fertilizer YaraVita Gramitrel
(Yara International ASA, Oslo, Norway) (N 3.9%, MgO 15.2%, Cu 3.0%, Mn 9.1%, and
Zn 4.1%) was applied in spring together with the plant growth regulator. Grain yield
was harvested at GS 89-90, using direct combining (25-26 July 2018, 2019, and 2021, and
2 August 2020), and the yield was recalculated at the 100% purity and 14% moisture.

2.3. Observations and Records Made in the Trial

Crop growth stages (GS 11, 21, 31, 32, 33, 37-39, 49, 51, 55, 59, 61-63, 69, 71, 81, 89-90)
according to BBCH scale [17] were recorded every year.

Disease severity (%) was recorded visually five times per season: the whole plant was
evaluated at the end of tillering—early stem elongation; three upper leaves were evaluated
at flag leaf stage and during heading; two upper leaves were evaluated during the milk
stage of maturity. The AUDPC (area under the disease progress curve) was calculated to
assess the disease impact during the whole vegetation season [18]. Symptoms for every
disease were evaluated separately. Fifty plants/leaves/ears were taken per every plot for
evaluation, and leaves were taken to keep the proportion of all levels (flag leaf, 2nd leaf,
and 3rd leaf). Wheat ears were evaluated at the early milk maturity stage (data not shown).
In addition, the leaf green area (LGA) was recorded visually (in %) at the late milk maturity
(GS 77) on the upper two leaves.

In 2020, lodging was observed, which was evaluated using a point scale (9-1, where
9 means no lodging, and 1 means very strong lodging and all stems are bent down at a
90° angle).

Before harvesting, two sample sheafs (each from 0.1 m?) were taken from every plot
to determine the grain/straw ratio, which was later used to calculate the straw yield from
the grain yield.

A grain sample of 1 kg was taken from each plot during harvesting to detect grain
quality parameters. The Near Infrared Spectroscopy (NIRS) method (analyser Infratec™
NOVA (FOSS, Hillered, Denmark)) was used to determine the content of crude protein
(CP, % in dry matter), wet gluten (WG, for grain at 14% moisture), and starch (SC, % in
dry matter), as well as Zeleny index (ZI) and volume weight (VW, kg hL.~1). The thousand
grain weight (TGW, g) was determined according to the standard ISO 520:2010.

2.4. Data Statistical Processing

The analysis of variance (ANOVA) was used for data analysis both in every specific
year and taking into account the data of all four years. Differences between treatments were
considered as significant at p < 0.05 and were detected using Bonferroni test. Significantly
different values in tables and figures are labeled with different letters in superscript. Cor-
relation and regression analyses were used for discovering the relations between studied
parameters. Data were analysed using IBM Statistics for Windows, Version 23.0.

2.5. Meteorological Conditions during the Study Period

Meteorological conditions were diverse during trial years (Table 1). In autumn
(September, October), the best temperature and moisture conditions for good stand estab-
lishment were observed in 2019. The autumn of 2017 was overly wet, but those of 2018 and
2020—overly dry. In general, conditions were good for wintering in all four winters, except
early spring of 2021, when snow mold (caused by Microdochium nivale and/or Typula spp.)
was observed. The whole spring and summer period of 2018 was extremely hot and dry,
but that of 2019 and 2021 was characterised with several drought periods. Only the year
2020 was suitable for the formation of high winter wheat yields (Figure 1).
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Table 1. Data of mean air temperatures and precipitation in trial period (2017/2018-2020/2021)
and in comparison with the long-term-average data, Research and Study farm “Peterlauki”, Latvia
University of Life Sciences and Technologies.

Average Air Temperature, °C Norm Precipitation, mm Norm
Month oc ’
on 2017/2018 2018/2019 2019/2020 2020/2021 C 2017/2018 2018/2019 2019/2020 2020/2021 mm
Sept. 13.0 14.9 12.7 14.9 12.3 79.8 25.5 53.6 16.2 59.9
Oct. 6.9 8.5 9.0 9.8 6.9 80.0 10.6 36.4 58.4 68.2
Novw. 3.9 3.0 4.4 5.7 2.5 45.4 6.8 48.4 12.6 50.4
Dec. 1.3 -09 2.6 0.5 -0.9 X X X X 47.1
Jan. -1.2 —4.2 32 —34 —2.7 X X X X 43.6
Febr. —6.8 1.2 2.5 5.7 —-2.7 X X X X 34.8
Mar. —2.0 3.0 3.1 1.9 0.7 X 29.6 27.0 13.6 33.8
Apr. 9.0 8.1 6.1 59 6.7 69.5 0.0 9.2 47 36.0
May 16.1 124 9.9 11.1 12 12.0 20.4 30.2 50.6 52.4
June 16.8 19.4 18.7 19.2 15.5 16.0 8.6 139.6 14.8 73.4
July 20.7 16.8 17.0 22.0 17.9 56.5 101.0 47.7 3.2 82.1
Aug. 19.4 17.6 17.7 No data 17.0 34.0 37.8 65.0 No data 69.4
Meteorological data were registered at the trial site by an automatic weather observation station; the norm means
long-term-average data (last 30 years), which were taken from the closest meteorological station (in Jelgava)
of the Latvian Environment, Geology and Meteorology Centre (https:/ /videscentrs.lvgmc.lv/ (accessed on
5 September 2022)); x—precipitation data during winter are not shown, because they can be imprecise due to
precipitation in the form of snow in those months.
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Figure 1. Hydrothermal coefficient (HTC) during various growth stages of winter wheat in 2017/2018-
2020/2021 at the Research and Study farm “Peterlauki, Latvia University of Life Sciences and
Technologies (VR—vegetation renewal; GS—growth stage; HTC was not calculated for the stage VR-GS
31 in 2019/2020, when the average day-and-night temperature only once per 21 days exceeded 10 °C).

In order to characterise the temperature and moisture conditions more accurately in
different wheat development stages in the spring-summer vegetation period, the Selyani-
nov’s hydrothermal coefficient (HTC) [19] was calculated according to the Formula (1):

YR x 10
Y i

Y R—sum of precipitation per period, which has to be characterised;
Y.t—sum of temperatures above 10 °C per the same period.

HTC = 1)
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We used the following criteria for the interpretation of HTC: >2—overly wet;
1-2—sufficient moisture provision; <1—insufficient moisture provision; 1.0-0.7—dry con-
ditions; 0.7-0.4—very dry conditions.

Temperature and precipitation in different growth stages caused a critical lack of water,
which was observed in the whole season of 2017/2018 and 2018/2019, as well as from the
GS 49 to the harvesting maturity in 2020/2021 (HTC below 1 in Figure 1).

A sufficient supply of water during ear formation (up to GS 32) was noted in 2020
and 2021, and up to GS 31—also in 2018. Grain filling stage (see GS 71-81 in Figure 1) was
best provided with moisture in the year 2020, when also temperature was more moderate,
while the worst situation was observed in 2021.

3. Results
3.1. Crop and Disease Development

The lengths of the spring-summer vegetation period, from the vegetation renewal
to GS 89-90 (harvesting maturity), differed depending on the trial year: the longest—in
2019/2020 (120 days); the shortest—in 2017 /2018 (104 days). The lengths of specific growth
stages (GS) were also diverse depending mainly on the temperature and moisture condi-
tions in a specific year, but did not depend on the studied factors—fungicide application or
N top-dressing rate.

Severe lodging (2.2-3.1 points) was observed only once over all four years—in 2020
(data are not shown), when a storm with heavy rain was noted on 29-30 June at the early
milk stage (GS 71 was noted on 27 June) and lodging remained until harvesting. The rating
did not depend on fungicide treatment but was significantly affected by N top-dressing
rate; although, a significantly (p = 0.02) lower average rating was noted only for the variant
N210. Lodging affected the values of TGW and VW (see below the Section 3.3. Winter
wheat grain quality).

The development of diseases differed significantly depending on the year (p < 0.001).
Tan spot (caused by P. tritici-repentis) dominated in three years out of the four, achieving
the highest level in 2019. Septoria leaf blotch (caused by Z. tritici) proved to be the most
important wheat disease only in 2020. All other leaf and ear diseases were observed
only occasionally, and their severity did not reach 1% in the untreated variant. Fungicide
treatment significantly decreased the severity of tan spot and Septoria leaf blotch (p < 0.001),
but the efficacy of application schemes depended on the year (Table 2). The influence of
nitrogen top-dressing rate on the development of diseases was not significant (p > 0.05) on
average per four years and in each particular trial year as well.

Table 2. Development of winter wheat leaf diseases depending on fungicide treatment and year
(2018-2021) at the Research and Study Farm “Peterlauki”, Latvia University of Life Sciences and
Technologies (data in AUDPC units).

Fungicide Tan Spot Septoria Leaf Blotch

Treatment 2018 2019 2020 2021 Average 2018 2019 2020 2021 Average
FO 129a 1419 a 454 a 6l5a 65.4 A 11la 29a 573a 264 a 219 A
F1 6.7b 90.5b 17.8b 37.6b 38.1B 09a 16b 21.8b 13.2b 94B
F2 41c 713 ¢ 16.4b 33.6 be 31.3B 13a 13b 214D 139b 95B
F3 39c 60.7 cd 10.5b 34.5bc 274B 07a 0.8a 129 ¢ 10.2b 62B
F4 32c¢ 45.6d 12.7b 27.1c 22.1B 13a 0.8b 16.9 be 92b 71B

FO0—control without fungicide application; F1—half dose applied as T2; F2—full dose applied as T2; F3—full dose
applied as split spraying: T1 and T2; F4—two full doses applied as split spraying: T1, T2, and T3. T1—spraying
at GS 32-33; T2—spraying at GS 55-59; T3—spraying at GS 63-65. Different letters mean significant differences
between disease level (expressed as AUDPC units) for each year (a, b, ¢, d) and on average for a treatment (A, B).

The efficacy of fungicide application schemes was influenced by disease pressure, and

in 2019 (the highest severity of tan spot), a more intensive application of fungicides gave
better disease control results. Although the half dose of fungicides gave a lower efficacy
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in the majority of cases, on average during the four years the differences in disease level
between fungicide application variants were not significant.

Leaf green area (LGA) during the late milk ripening (GS 77) fluctuated on aver-
age between 50% and 87% in untreated variants and between 62% and 91% in variants
with fungicide application. Leaf green area was significantly influenced by the trial year
(p <0.001). Fungicide treatment increased the LGA (p < 0.001) on average, although the
differences between variants with different fungicide application intensities were signifi-
cant but small. The effect of nitrogen top-dressing rate on LGA was not clearly established
in particular years, but on average per trial period a higher dose of nitrogen slightly and
significantly increased the LGA (Figure 2).

77 79.6bc 80.1c  81.0¢ s6.3ap 78:2c 79:6¢

80.0 75.1a

Leaf green area, %
[ N w > a1 [N N
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Fungicide treatment N top-dressing rate

Figure 2. Mean four-year (2018-2021) leaf green area (LGA) of winter wheat at late milk stage (GS 77)
at the Research and Study farm “Peterlauki”, Latvia University of Life Sciences and Technologies
depending on fungicide treatment and N top-dressing rate (FO—control without fungicide application;
Fl—half dose applied as T2; F2—full dose applied as T2; F3—full dose applied as split spraying:
T1 and T2; F4—two full doses applied as split spraying: T1, T2, and T3. T1—spraying at GS 32-33;
T2—spraying at GS 55-59; T3—spraying at GS 63-65. N120-210—N top-dressing rate in kg ha~!
pure N. Different letters mean significant differences between LGA depending on the specific factor).

3.2. Winter Wheat Grain and Straw Yield

The average four-year winter wheat grain yield was 6.79 t ha~!, which did not reach
the planned 8 t ha~!. The average yield was affected significantly by fungicide treatment,
N top-dressing, and the interaction of both, but the factor influencing the yield most was
the trial year (Table 3).

Any fungicide treatment produced a small but statistically significant increase in the
average four-year grain yield compared to the control. However, differences between
sprayed variants were inconclusive, and, e.g., the average grain yield in variant F1, where
half of the fungicide dose was applied, was equivalent to the yield in variant F4, where two
full doses of the fungicide in three sprayings were applied (Table 4).

Moreover, the analysis of variance showed a small but significant effect of F x N
interaction on the mean four-year wheat yield (Table 3). Although the effect of F x N
interaction was significant, clear regularities that the use of higher N top-dressing rates
requires more intensive spraying with fungicides, failed to be proved by our results on
average per trial period as well as in separate years. For example, the highest mean
yield was obtained in variant F4 (two full fungicide doses split in three sprays), when
N210 (the highest rate) was used. Moreover, the rate N180 is high, but its use provided
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the best yield in fungicide treatment F1 (half dose, one spraying) (Table 4). Such results
could be connected with the high influence of the trial year (Table 3, Figure 3) due to the
diverse meteorological conditions, especially the differing water supply (Table 1, Figure 1).
Fungicide application resulted in a significant wheat grain yield increase only in one trial
year (2020); in two years (2019 and 2021) it did not cause significant yield changes, whereas
in 2018, the application of fungicides caused a significant negative effect, i.e., the yield
decreased (Table 3, Figure 3).

Table 3. Mean squares of winter wheat yield under five fungicide treatments, four N top-dressing
rates in four years (2018-2021), and five fungicide treatments and four N rates in every specific year,
Research and Study farm “Peterlauki”, Latvia University of Life Sciences and Technologies.

Four-Year Data Separate Year Data
Source of Variation
df Mean Squares df 2017/2018 2018/2019 2019/2020 2020/2021
Fungicide (F) 4 0.579 *** 4 0.896 *** 0.137 1.955 *** 0.038
N top-dressing rate (N) 3 1.130 *** 3 0.249 *** 0.532 * 0.236 *** 0.434 ***
Year (Y) 3 136.149 *** - - - - -
FxN 12 0.145 ** 12 0.170 *** 0.082 0.079 *** 0.116 ***
FxY 12 0.816 *** - - - - -
Error 285 0.067 60 0.017 0.175 0.031 0.019
Total 320 80

Significant at: * p = 0.05; ** p = 0.01; *** p < 0.01.

Table 4. Average four-year (2018-2021) winter wheat grain yield (t ha~!) depending on fungicide
treatment and N top-dressing rate at the Research and Study farm “Peterlauki”, Latvia University of
Life Sciences and Technologies.

Fungicide N Top-Dressing Rate Average for
Treatment N120 N150 N180 N210 Fungicide Treatment
FO 6.51 6.64 6.70 6.75 6.65 a
F1 6.79 6.92 7.01 6.84 6.89b
F2 6.66 6.81 6.83 6.71 6.75 ¢
F3 6.54 6.75 6.97 6.87 6.78 cd
F4 6.57 6.89 6.90 7.10 6.86 bd
Average for N 6.62a 6.80b 6.88 ¢ 6.85 be x

top-dressing

FO0—control without fungicide application; F1—half dose applied as T2; F2—full dose applied as T2; F3—full dose
applied as split spraying: T1 and T2; F4—two full doses applied as split spraying: T1, T2, and T3. T1—spraying
at GS 32-33; T2—spraying at GS 55-59; T3—spraying at GS 63-65. N120-210—N top-dressing rate in kg ha—1
pure N. Different letters mean significant differences between average yields depending on the studied factor.

Despite the fact that fertilization in general and N top-dressing did not ensure the
planned winter wheat yields in three (2018, 2019, and 2021) out of the four years, the
increase in N rate always caused a significant increase in grain yield (Tables 3 and 4,
Figure 3). Grain yield increased up to the rate of N150-N180 depending on the year.

The mean four-year wheat straw yield was significantly affected only by the trial
year (p < 0.01), varying from 5.98 to 12.08 t ha~1! depending on the year (Figure 4). The
exception was 2018, when the yield of straw was significantly (p = 0.008) affected by
fungicide application, which caused a decrease in straw yields in variants F3 and F4 (data
not shown). The straw yield is important in the formation of total wheat biomass, which
also requires water and nutrition elements, including part of N top-dressing rate.
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Figure 3. Winter wheat grain yield depending on fungicide treatment, N top-dressing rate, and trial
year (2018-2021) at the Research and Study farm “Peterlauki”, Latvia University of Life Sciences
and Technologies (FO—control without fungicide application; F1—half dose applied as T2; F2—full
dose applied as T2; F3—full dose applied as split spraying: T1 and T2; F4A—two full doses applied as
split spraying: T1, T2, and T3. Tl—spraying at GS 32-33; T2—spraying at GS 55-59; T3—spraying
at GS 63-65. N120-210—N top-dressing rate in kg ha~! pure N. Different letters mean significant
differences between yields depending on the specific factor in the specific year).
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Figure 4. Winter wheat straw yield depending on fungicide treatment, N top-dressing rate, and trial
year (2018-2021) at the Research and Study farm “Peterlauki”, Latvia University of Life Sciences
and Technologies (FO—control without fungicide application; F1—half dose applied as T2; F2—full
dose applied as T2; F3—full dose applied as split spraying: T1 and T2; F4—two full doses applied as
split spraying: T1, T2, and T3. T1—spraying at GS 32-33; T2—spraying at GS 55-59; T3—spraying
at GS 63-65. N120-210—N top-dressing rate in kg ha—! pure N. Different letters mean significant
differences between yields depending on the specific factor).
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3.3. Winter Wheat Grain Quality
3.3.1. Physical Grain Quality Indicators—1000 Grain Weight (TGW) and Volume Weight (VW)

Four-year average values of TGW and VW significantly depended on fungicide treat-
ment (p < 0.01 and p = 0.046, respectively) and especially strongly on the trial year (p < 0.01
for both indicators; see Table 5). Although TGW increased in three years of fungicide
use (2019, 2020, and 2021), this increase was significant only in 2019/2020 (Table 5). VW
increased significantly in three trial years except 2020/2021. Lower TGW and VW values
were noted in 2020 as a result of heavy lodging, and in 2021—as a result of drought during
grain filling (Figure 1). In years when a significant TGW and VW increase was observed
after fungicide application, differences between treated variants were noted only once: for
VW when treatment F4 did not cause an increase in VW if compared with the control (F0).

Table 5. Winter wheat TGW and VW in trial years (2017/2018-2020/2021) at the Research and Study
farm “Peterlauki”, Latvia University of Life Sciences and Technologies, and the effect of studied
factors on their values.

Effect of Studied Factors: p-Value

Trial Year Average (Min—-Max)

F N Fx N

1000 grain weight (TGW), g
2017/2018 46.29 b (44.81-47.58) 0.289 0.160 0.366
2018/2019 49.20 a (47.74-50.35) 0.158 0.204 0.988
2019/2020 43.99 c (42.16-45.99) 0.001 0.420 0.653
2020/2021 36.06 d (34.04-37.31) 0.266 0.290 0.724
Volume weight (VW), kg hL~?

2017/2018 82.73 a (81.77-83.23) 0.006 0.061 0.738
2018/2019 79.72 b (79.27-80.22) 0.001 0.687 0.013
2019/2020 77.92 ¢ (76.72-78.58) 0.001 0.213 0.900
2020/2021 72.56 d (70.08-73.39) 0.880 0.509 0.875

F—fungicide treatment; N—nitrogen top-dressing. Different letters mean significant differences between TGW
and VW values depending on trial year.

The relationship between TGW and the important indicators leaf green area at the late
milk stage (LGA), grain yield, VW, and crude protein (CP) content in grain was evaluated.
The preservation of LGA during milk ripeness stage is important because of grain filling
and TGW formation at that time. Frequently, a higher TGW is connected with a higher
VW, which was also observed in our study in 2018 and 2019, when a higher TGW and a
significantly higher VW were noted. At the same time, TGW is not only a physical grain
quality indicator but also a yield-forming component. In all trial years, no significant TGW
relationship with any of mentioned indicators was established. The correlation of TGW
with LGA and grain yield was significant in three years, and with VW and CP—in two
years (Table 6).

Table 6. Correlation of TGW with LGA at the end of milk ripeness, grain yield, VW, and CP depending
on trial year (2017/2018-2020/2021), Research and Study farm “Peterlauki”, Latvia University of Life
Sciences and Technologies, (1 = 20).

Correlation of TGW with Other Indicators: Correlation Coefficients

Trial Year

LGA Grain Yield VW cr
2017/2018 NS 0.688 ** 0.639 ** 0.639 **
2018/2019 0.592 ** 0.478 * NS 0.655 **
2019/2020 0.765 ** 0.576 ** 0.899 ** NS
2020/2021 0.445 * NS NS NS

TGW—1000 grain weight; LGA—Ileaf green area at the end of milk ripeness; VW—volume weight; CP—crude
protein. NS means p > 0.05; * p = 0.05; ** p = 0.01.
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A significant correlation between LGA and both TGW and VW, and between TGW
and VW was also found when data of all four years (n = 80) were included in correlation
analysis (p = 0.01; data are not shown).

3.3.2. Chemical Grain Quality Indicators—Crude Protein (CP) and Wet Gluten (WG)
Content, Zeleny Index (ZI), and Starch Content (SC)

Unlike the physical quality indicators, the mean four-year values of CP, WG, ZI, and
SC were not affected significantly (p > 0.05) by fungicide treatment variants, but they
depended significantly on N top-dressing rate and trial year (Table 7).

Table 7. Winter wheat CP, WG, ZI, and SC (measured by NIRS) in trial years (2017/2018-2020/2021),
and the effect of studied factors on their values, Research and Studies farm “Peterlauki”, Latvia
University of Life Sciences and Technologies.

Effect of Studied Factors: p-Value

Trial Year Average (Min-Max)

F N FxN

Crude protein (CP), % in dry matter
2017/2018 11.4 a (10.8-11.9) 0.002 0.001 0.889
2018/2019 13.7 b (13.0-14.2) 0.730 0.001 0.622
2019/2020 13.9 ¢ (13.3-14.5) 0.666 0.001 0.855
2020/2021 13.8 be (12.0-15.3) 0.886 0.001 0.955
Wet gluten content (WG), % in grain with 14% moisture
2017/2018 22.8 a (20.3-24.3) <0.001 <0.001 0.836
2018/2019 29.1b (26.9-30.6) 0.481 <0.001 0.626
2019/2020 29.7 b (28.3-31.0) 0.829 <0.001 0.843
2020/2021 28.4b (22.7-32.9) 0.879 <0.001 0.960
Zeleny index (ZI) for grain with 14% moisture
2017/2018 31.9 a (26.0-35.2) 0.001 <0.001 0.961
2018/2019 50.5 b (45.1-54.8) 0.309 <0.001 0.617
2019/2020 52.8 d (48.7-56.7) 0.826 <0.001 0.871
2020/2021 51.3 ¢ (36.2-62.7) 0.820 <0.001 0.921
Starch content (SC), % in dry matter

2017/2018 69.7 a (69.2-70.2) <0.001 <0.001 0.059
2018/2019 68.1b (67.5-69.1) 0.999 <0.001 0.765
2019/2020 67.1 ¢ (66.1-68.0) 0.165 <0.001 0.943
2020/2021 65.6 d (63.7-67.9) 0.966 <0.001 0.984

F—fungicide treatment; N—nitrogen top-dressing. Different letters mean significant differences between CP, WG,
ZI, and SC values depending on trial year.

The year 2018 was the only trial year when fungicide treatment significantly affected
all measured parameters (Table 7) but in the direction not desired by the grower. The use
of a full fungicide dose (F2 and F3) and two full doses (F4) caused a significant decrease
in the CP and WG content, and in ZI. At the same time, SC increased significantly in
variants F1, F2, and F3, but in F4 it was equivalent to that of the variant F0. In all other trial
years (2019-2021), the use of fungicide did not significantly affect the chemical wheat grain
quality indicators. The interaction between both studied factors (F x N) never affected
the CP, WG, ZI, and SC values significantly. The increase in nitrogen top-dressing rate
caused a significant increase in CP, WG, and ZI up to the rate of N210 in 2018-2020, and
up to the rate of N180 in 2021. The rate of N150 always resulted in an increase in CP, WG,
and ZI compared with the variant where N120 was used. According to research findings,
CP content often correlates with SC. Also in our trial, we observed a significant negative
correlation of CP with SC (correlation coefficients depending on the year in 2018-2021,
respectively: —0.763, —0.971, —0.972, and —0.996; n = 20; p = 0.01). Thus, changes in
SC depending on N top-dressing rate were opposite to the changes in CP content—the
gradual decrease in SC was significant up to N210 in 2018, 2019, and 2021; whereas in 2020,
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although SC decreased gradually, the decrease was significant and of equal value only in
variants N180 and N210 compared with the variant N120.

4. Discussion

Tan spot and Septoria leaf blotch were the main diseases during the trial period, which
supports our previous conclusions related to the situation in the Baltic region [9,12]. As it
has been found before, wheat as a pre-crop for wheat increases the level of wheat diseases,
but ploughing can mitigate this impact significantly. The influence of meteorological
conditions on the development of diseases has been recognized as more significant than
the impact of agronomic practices [9]. The disease progress curves of leaf blotches in the
present study differed compared with other findings—a rapid development of diseases
started only at the time of flowering or even later in our trial. The results showed that, for
example, in 2019, when tan spot achieved the highest level, its severity was 2% at GS 71,
and two weeks later (GS 77) achieved 19% in the untreated variant. Similarly, in 2020, when
Septoria leaf blotch dominated, the disease severity increased from 1.5% to 11.1% at the
same growth stages (from GS 71 to 77). Those peculiarities of leaf disease development
explain the comparatively low efficacy of T1, because that time of spraying did not coincide
with the development of leaf diseases. The efficacy of fungicide treatment depends not
only on the total pressure of diseases during the season, but also on crucial periods for
disease development during the season.

More detailed data related to winter wheat leaf disease development depending on
fungicide application and N top-dressing rate have been presented in other articles, e.g., by
Svarta et al. [20].

The results revealed that the influence of the meteorological conditions on the yield
of winter wheat in the research years was greater than the influence of the studied factors
(Table 3, Figures 3 and 4), despite the fact that both of them—fungicide application and
N top-dressing rate—significantly affected the average four-year yield. According to the
obtained data (Table 4), any variant of fungicide application gave a significant increase
in the average grain yield, but the differences in yield among the sprayed variants were
inconclusive, e.g., the grain yield in the F1 variant (half of the fungicide dose was applied)
was equivalent to the yield in the F4 variant (two full fungicide doses were applied in three
sprayings). Obtained data are supported by similar results regarding the development of
leaf diseases—fungicide application decreased the severity of diseases, but the increase in
fungicide treatment intensity was not effective. Similar results have been also obtained in
the previous studies in Latvia, where both the pre-developed fungicide application schemes
and the two decision support systems were used in one trial, and the applied fungicides
included also strobilurins. The results showed that any variant of fungicide application
ensured an increase in the yield, but significant differences between yields in the variants
differently treated with fungicides were not established [12]. This conclusion is supported
by several studies conducted in different conditions and in different regions. A study in
Luxembourg [6] found that a single spraying according to the recommendation of a decision
support system can provide a yield equivalent to that provided by two or three sprayings
according to a previously developed scheme. In Canada it was concluded that a single
spraying at GS 39 provided the yields equivalent to those obtained in the variants where a
split spraying was applied twice (at GS 30 and 39) [21]. Previous findings in Latvia [12] as
well as other studies demonstrate that the yield increase as a result of fungicide application
depends on meteorological conditions [5,21-24] and also on other agrotechnical factors
(pre-crop, tillage system, etc.) [25]. A study of Byamukama et al. [26] proved that the
positive effect of fungicide application for yield increase is better manifested if there are
sufficient moisture conditions at the time most favourable for disease development during
the vegetation season. During our research, sufficient water provision in the vegetation
period was observed only in 2020, when any variant of fungicide application provided a
significant yield increase (Figure 3); the other trial years were marked by drought in the
stages important for the formation of winter wheat yield (Figure 1). In two years (2019
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and 2021), fungicide treatment did not significantly affect the wheat grain yield (Figure 3),
and the yield in the variants with fungicide application (F1-F4) was equivalent to that of
the control variant (FO). Similar were the findings of Fernandez et al. [27] who carried
out a study of Triticum durum in Canada. The researchers established that for disease
control, one fungicide spraying (at GS 62-65) was of equal value to two sprayings (at
GS 31 or 49 and at GS 62-65), but the yield in all treated variants was numerically but
not significantly higher than in the control variant. In 2018, when the shortest vegetation
period was observed and the season was extremely hot and dry (Table 1, Figure 1), the
effect of fungicide application on the yield was significant but negative, i.e., a significant
yield reduction was observed in three variants (F2-F4) (Figure 3). In that year, the disease
severity was low and only tan spot was spread more pronouncedly. We hypothesized
that the drought stress together with the stress caused by fungicide spraying resulted in a
yield reduction in variants F2-F4. Such hypothesis about a combined effect of both stresses
was also expressed by Rodrigo et al. [5], who observed that in dry years, all variants of
fungicide spraying led to a decrease in grain yield. If decision support systems were used,
it would have been possible to avoid such a situation, because in conditions that do not
promote the spread of diseases, the system would likely not recommend spraying [8]. The
studies comprising simultaneously several cultivars report that cultivars with a lower
yield potential are more responsive to the application of fungicide and provide a greater
increase in yield (e.g., in Bhatta et al. [23]—fungicide applied at GS 39; in Byamukama
et al. [26]—fungicide applied at GS 60), or—the effect of fungicide application depends
on the cultivar’s genetic characteristics, which is related to the year of the registration
of the cultivar [28]. The cultivar ‘Skagen” used in our study is characterized with at
least medium yield potential and has a relatively good field resistance against the main
leaf diseases (3 to 4 points in a 9-point scale, where 9 means the highest susceptibility;
https:/ /www.bundessortenamt.de /bsa/sorten/beschreibende-sortenlisten/ (accessed on
30 December 2022)). On the other hand, Morgunov et al. [29], while studying the use of
fungicides against leaf rust (caused by Puccinia recondita), found an increase in yield as a
result of fungicide application for cultivars with different levels of resistance to this disease.
In our study, Puccinia recondita was observed only once—at milk ripeness in 2021, when the
severity of the disease was low.

Although drought did not contribute to N-use efficiency in three of the four study
years, our results suggest that in each study year separately (Table 3, Figure 3) and on
average over the entire period (Table 4), N top-dressing had a significant effect on wheat
grain yield. On average during the study period, a significant increase in yield was noted
by increasing the N top-dressing rate to N180; however, the results depended on the specific
year, e.g., in 2020, a significant yield increase was noted up to the rate N150 (Figure 3). The
results were in line with the previous studies, when wheat yield increased significantly
with the increase in N rate up to 120 kg ha~! [30], 153 kg ha~! [31], or 180 kg ha~! [32,33].
In addition, the N-rate up to which the yield increased significantly, was influenced by the
agrometeorological conditions of the specific study.

At the start of the study, it was hypothesized that higher N rates would probably
produce a denser wheat biomass, which would stimulate more diseases in the crop and
therefore require a more intensive use of fungicides. However, in our case, the above-
ground biomass-forming component, straw yield, did not increase by increasing the N
top-dressing rate, nor did it depend on either F or F x N; it was influenced only by the
conditions of the trial year (Figure 4). In other studies, e.g., [13], it was found that fungicide
application strategy at GS 39 or GS 60-65 ensured the highest and a consistent grain yield
increase, especially if it was supplemented with high N rates. Our results also revealed
a small significant impact of F x N interaction on the average wheat grain yield over the
entire research period and in three separate years (2018, 2020, and 2021; Table 3). However,
it was not possible to establish any regularity that in more intensive fertilizing options, also
a more intensive spraying should be used (Table 4). The inconsistency of the F x N impact
on yield increase was even more expressed in specific years (data not shown) compared
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with the average four-year result. In Argentina, where a significant effect of the F x N
interaction on yield was also found in the wheat artificially inoculated with P. tritici-repentis,
it was established that increasing N rates in a fungicide-untreated control variant did
not result in a significant increase in yield, while the yield increase in fungicide-treated
(all variants included the use of strobilurins) variants was significant [3]. We observed a
significant yield increase by increasing the N top-dressing rate also in untreated control.
Our research was performed in a natural background of infection, and the infection level
was not high. The results of different studies can differ depending also on cultivar and
agrometeorological conditions of a specific study.

The effect of the studied factors on both groups of grain quality indicators—physical
(TGW and VW) and chemical (CP, WG, ZI, and SC)—were found to be different. During
the four-year trial period, the average physical grain quality indicators were significantly
affected by fungicide treatment, but chemical quality indicators—by N top-dressing rate.
Both groups were affected significantly by meteorological conditions of the study year, but
were not affected by F x N interaction.

The increase in TGW due to fungicide application is established also by other re-
searchers [23,27,34], but Landolfi et al. [34] have also pointed to the importance of the
meteorological conditions of the trial year. We found a significant correlation of LGA at the
end of milk ripeness stage with TGW, which is in line with MacLean et al. [24], who pointed
to the importance of LGA increase for the formation of TGW in the result of fungicide appli-
cation. The fact that the increase in N top-dressing rate does not significantly increase TGW
is consistent with the results of Landolfi et al. [34] but differs from other findings [32,35],
where also lower N rates (N60 and N90) and unfertilized control were included. The
lowest N top-dressing rate used in our study was N120 kg ha~!, which is not that small
at all. Some researchers indicate an increase in TGW up to a certain N top-dressing rate
which, when exceeded, decreases the TGW value [36]. For producers, VW is even a more
important indicator than TGW; therefore, it is used by grain buyers for price determination.
VW depended mostly on the meteorological conditions of the year (Table 5): strong lodging
in 2020 and the lack of water during part of the 2021 season (Table 1, Figure 1) caused lower
values of VW. As already mentioned, fungicide application increased VW on average per
trial period and in two separate years (2019 and 2020), decreased the VW in 2018, and did
not cause any significant changes in its value in 2021. In other studies, the observations of
the dependence of VW on the use of fungicide were also various. Some results indicate
a VW increase [15,26,27], and some results show that the values of VW in control and
sprayed variants did not significantly differ. At the same time, it is noted that the nature
of VW is related to the climate (meteorological conditions) and the disease severity [5],
and that in years with a low disease spread, VW did not increase significantly due to
fungicide application [24]. Moreover, the genetic characteristics of the cultivar can affect
changes in VW, depending on fungicide application [23]. A study in Sweden revealed that
a single fungicide spray (at GS 45-61) resulted in an increase in VW in 12 out of 25 research
years [37].

The effect of fungicide treatment on changes in CP content and ZI compared with WG
content and SC is described in more detail in the literature. In Latvia, consumers prefer
grain with high protein content (for bread baking at least 12%); however, none of four
fungicide application variants increased it. Similar results have been obtained in several
studies confirming that CP content does not depend on fungicide sprays but depends
more on climatic (meteorological) conditions at the study site (including year) [5,15,21,38].
Byamakama et al. [26] found that CP content was slightly but significantly increased by
fungicide application; however, the increase depended on the conditions of the study
site. The comparison of different timings (GS 60 was compared to GS 39) of fungicide
sprays demonstrated that later spraying did not negatively affect the CP content [24]. Some
authors link the increase in CP content in the result of fungicide application to both the
increase in LGA and the control of Fusarium head blight (caused by Fusarium spp.) [23].
In our study, only in 2018, when CP content did not reach 12% in any of the variants
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(which was connected with untypically hot and dry conditions in the vegetation period),
a slight (by 0.3%) but significant decrease in CP content was observed in variants F2-F4.
However, the relationship between CP and SC did not change in 2018—it was negative as
it is often observed. A small decrease in CP content in wheat grain as a result of fungicide
application was also found in Italy, where only two variants were compared (untreated
control with fungicide application at GS 55) [34], and in Sweden in separate years [37].
Landolfi et al. [34] wrote that CP decrease affected by fungicide application is probably
connected with the higher grain yield. The effect of nitrogen on CP content is well-known,
and in our trial, high N rates (N180-210) ensured the highest values of CP content.

The effect of fungicide application on WG content has not been widely studied. Find-
ings in Croatia, similarly to our results, revealed that gluten content is affected by N fertiliza-
tion and the meteorological conditions in the trial year but not by fungicide (tebuconazole
at GS 55) application and F x N interaction [15]. ZI is an indicator characterising the CP
quality. Changes in ZI were similar to changes in the values of CP and WG over the trial pe-
riod and in separate years: ZI was not affected by F and F x N but was significantly affected
by N top-dressing rate and meteorological conditions of the year. The effect of fungicide
application on the value of ZI has not been found in previous research [5,15] either.

Starch content is not among the traditionally evaluated indicators for food wheat grain
quality. SC should be evaluated in cases when wheat grain is intended for the production
of ethanol [39] or feed. Similarly to CP and WG content and ZI, SC was also significantly
affected by N top-dressing rate; however, the effect was contrary to that of CP, WG, and
Zl, i.e., SC decreased with the increase in N rate. Moreover, the effect of the conditions in
the trial year was found significant, but fungicide application mainly did not significantly
affect the SC (except in 2018).

5. Conclusions

Based on the present findings, it can be concluded that in all studied variants of
fungicide application, the average four-year grain yield increased significantly. On the
other hand, more intensive spraying did not cause a greater yield increase compared
with a single spraying. A strong significant year (Y) effect was noted, and only in one
year characterized by normal water supply, a significant yield increase was observed. A
yield decrease was observed in one hot and dry year, but fungicide-treated variants and
unsprayed control variant provided equivalent grain yields in two years. Our hypothesis
that a more intensive fertilization with nitrogen also requires a more intensive fungicide
application was not proved, because the mathematically significant F x N interaction was
small, its effect did not reveal any regularities, and the yield increase was irregular. Since
a significant F x Y interaction effect was also found, it can be concluded that the choice
of fungicide application should be related to the spread of diseases, which are dependent
also on the year’s meteorological conditions. On average, the increase in the rate of N
top-dressing up to N180 kg ha—! increased the grain yield significantly. However, the
results obtained revealed the importance of meteorological conditions. The wheat straw
yield was not affected by F application and N top-dressing rate but mostly depended only
on the year’s conditions.

The values of TGW and VW of winter wheat on average per four-year research period
were significantly affected by fungicide application and especially by the meteorological
conditions of the research year, as well as by the interaction between both factors (F x Y).
The N top-dressing rate and F x N interaction did not affect significantly (p > 0.05) both
TGW and VW. Contrary was the effect of the studied factors on grain quality chemical
indicators CP, WG, ZI, and SC—they were affected significantly by N top-dressing rate and
the conditions of the research year. The highest N rates provided the best values of CP, WG,
and ZI and the smallest values of SC. The F x N interaction did not affect significantly any
of wheat grain chemical quality indicators.
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Abstract: Sunflower is one of the pioneer crops cultivated in salt-affected arid areas. The influences
of sowing density on the growth performance of this crop under fertigation conditions have not
been well studied. This study arranged four sowing density treatments, 41,667, 35,714, 31,250, and
27,778 plants ha—' marked as D30, D35, D40, and D45, respectively, to reveal the relationships
between soil salinity, growth performance, and sowing density under drip fertigation conditions. The
results showed that the electrical conductivity of saturated paste extracts (ECe) decreased during the
growing seasons but increased on the topsoil during the non-growing seasons in all of the treatments.
The sowing densities had remarkable influences on the ECe in the 040 cm soil layer (ECe-40). The
average ECe-40 during the two seasons for treatments D30-D45 correspondingly decreased by 7.0%,
33.9%, 11.1%, and 15.8% when compared to the original value. The soil pH in the 0—40 cm soil layer
during the two seasons for treatments D30-D45 correspondingly decreased by —0.03, 0.20, 0.20, and
0.27 when compared to the original value. Increasing the spacing in the rows could promote the stem
diameter, plant biomass, and proportion of biomass allocated underground. The yield and related
yield components in this experiment under fertigation were significantly higher than those under
surface irrigation. A sowing density between 31,250 and 35,714 plants ha~! could ensure both the
high yield and high morphological quality of the seeds, which could be recommended for sunflower
cultivation under drip fertigation conditions.

Keywords: sunflower; sowing density; fertigation; saline soil; yield components

1. Introduction

Sunflower is an annual oilseed crop globally cultivated on 24.77 million hectares, and
it has an 8% share in the world oilseed market [1]. This crop is a pioneer crop cultivated
in salt-affected arid areas [2,3]. On most occasions, sunflower is cultivated under rainfed
conditions, and surface irrigation is conducted before sowing in arid or semiarid areas [4].
The Hetao Irrigation District, located in northwest China, is a representative arid area that
has approximately half of the irrigated land salt affected [5]. Thus, another surface irrigation
event, aiming to leach salt, occurs after the sunflower harvest. More than 600 mm of applied
water is needed for sunflower cultivation in this area [6]. However, water competition
among different users, caused by water shortages, will predominantly change irrigated
lands to rain-fed systems and ultimately increase salinization and decrease sunflower yield.
Therefore, the efficient utilization of limited water resources is needed for agricultural
production in these arid or semiarid regions.

Drip fertigation has the ability to apply small but frequent irrigation with soluble
nutrients and chemicals, which has been found to be superior to the flood method in
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terms of the potential to save water, increase yield, improve quality, and enhance water
and fertilizer use efficiency [7,8]. It has been reported that drip fertigation can improve
crop yield by enhancing individual performance, water use efficiency, and seed quality
and can support higher plant densities [7,9,10]. The optimal sowing density and yield of
sunflower under drip fertigation will be quite different from those under conventional
surface irrigation. Further studies on sunflower sowing density under fertigation conditions
are needed to increase yields.

Regulating sowing density is an important practice to improve crop yield. Individual
shoot biomass and yield decreased with density, while total biomass per area and yield
increased with sowing density for grain crops, which was reported by several publica-
tions [11,12]. However, the total biomass in a given area was linearly proportional to
the sowing density up to a critical density beyond which the total yield did not increase.
Eventually, biomass allocation to reproduction may be reduced as well, causing a lower
harvest index at very high sowing densities [11,13]. Sowing density also altered plant root
distribution, biomass allocation, nutrient uptake, and cell morphology [14-16].

A wide range of sowing densities for the achievement of optimum yields in sunflower
can be found in the literature [17,18]. The optimum sowing density for sunflower is
influenced by several factors, such as temperature, soil fertility, water availability, and
genotype [19,20]. The optimal sowing density to achieve high grain quality and high
total yield under drip fertigation conditions remains unclear. Moreover, soil salinity is
another important factor that affects agronomic practices. It was reported that an optimal
sowing density could form full cover on the ground; on the one hand, it could inhibit
weeds [21,22] and, on the other hand, it could reduce soil surface evaporation and prevent
salt accumulation in the topsoil (0-20 cm) [3]. The evapotranspiration (ET) in the crop land
was correlated with the sowing density, which influenced the soil water content, leaching
fraction, and crop water productivity [23]. However, very little attention has been given
to the interactions among planting density, soil salinity, yield, and yield components in
the literature. Therefore, the objective of this research was to investigate the influence of
sowing density on the soil salinity in saline soil and reveal the interactions among sowing
density, soil salinity, yield, and yield components under drip fertigation conditions.

2. Materials and Methods
2.1. Experimental Site

Field experiments were conducted in a saline area (41°3’' N, 108°20" E) from 2018
to 2019 in Wuyuan County, Inner Mongolia Autonomous Region, China. This area has
a temperate continental arid climate with annual rainfall and potential evaporation of
approximately 170 mm and 2500 mm, respectively. The EC of groundwater was greater
than 7.8 dSm~!, and its depth was generally less than 1.5 m. The physical and chemical
properties of the tested soil are shown in Table 1. The 040 cm soil was silt loam, and the
average electrical conductivity of saturated paste extracts (ECe) and the pH in 0-40 cm
were 5.7 dS m ™! and 8.69, respectively, and the soil was classified as moderately alkaline
saline soil [24].

Table 1. The initial physical and chemical properties of the experimental soil.

Soil Depth mm for Soil Mechanical Composition (%) Soil Texture ECe (S m-1) pH Bulk Deflsity
(cm) <0.002 0.002-0.05 0.05-2 (gem™?)
0-10 7.76 73.16 19.07 Silt loam 6.7 8.61 1.51
10-20 7.79 73.03 19.17 Silt loam 5.5 8.68 161
20-30 7.84 73.34 18.82 Silt loam 5.2 8.68 1.46
3040 7.67 73.21 19.12 Silt loam 53 8.77 1.54
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2.2. Experimental Arrangement

The field experiment consisted of four sowing density treatments, of which the spacing
between the sunflower plants in the same row was 30, 35, 40, and 45 cm represented as D30,
D35, D40, and D45, respectively, and the distance between the rows was 80 cm for all of the
treatments. Thus, the sowing densities corresponding to the above treatments were 41,667,
35,714, 31,250, and 27,778 plants ha~ 1, respectively. The four treatments, each consisting
of three replicated plots, were in a random block arrangement. Each plot had an area of
28 m x 8 m, and there was a one-meter-wide isolation belt between the two adjacent plots.
The sunflower cultivar was hybrid sunflower SH363 in this experiment, and the seeds were
sown on 28 May 2018 and on 10 June 2019.

Before the experiment, the soil was ploughed and levelled first. Then, the soil was
ridged with drip tape buried under the plastic mulches by a multifunction machine
(Figure 1A). The top width and height of a ridge were 0.4 m and 0.15 m, respectively,
the same as in former studies [25,26]. The intervals between the adjacent ridges were 0.8 m,
and the sunflower seeds were sown manually in a single row on the top of each ridge at an
interval of the setting spacing according to each treatment. A tensiometer was buried at
exactly 0.2 m under the drip emitter, which was nearest to a robust sunflower, in the second
replicate plot to schedule drip irrigation (Figure 1A). Thus, there were four tensiometers in
this experiment.

Experimental plot

Figure 1. Schematic of the experimental design. (A) fertigation system in the experiment and (B) ridge
planting pattern under drip irrigation.

2.3. Fertigation Scheduling

The irrigation water was pumped from a well with an EC of 1.3 dS m~!. Based
on previous studies, 30 mm water was immediately applied after sowing [26]. After the
emergence of seedlings, irrigation was scheduled by a soil matric potential (SMP) monitored
by tensiometers. The SMP thresholds were set at —10 kPa in the first year and —20 kPa
in the second year for salt leaching [27,28]. When more than two of the four monitored
SMP values fell below the set threshold, 7 mm water was applied in all of the treatments
through a drip irrigation system (Figure 1B). The fertilizer amounts consisted of 180 kg
ha~! total N, 100 kg ha~! total P, and 160 kg ha~! total K, which were the same in all of the
treatments according to the local conditions. These soluble fertilizers were applied through
a venturi fertilizer injector during each irrigation event, according to daily usage [25,29].

2.4. Measurements
2.4.1. SMP

The SMP values monitored by tensiometers at a 0.2 m depth were recorded daily at
15:00 to initiate drip irrigation.

2.4.2. Soil Sampling and ECe

Soil cores were obtained from each plot in all of the treatments using an auger (4.0 cm
diameter, 20 cm high) at the beginning and at the end of each growing season (May and
September in 2018 and in 2019). Soil samples were obtained at lateral distances of 0, 20, and
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40 cm from the emitters. The soil sampling locations and distribution in a profile are shown
in Figure 1A. All of the soil samples were air-dried and sieved through a 2 mm sieve. Then,
25 g of sieved soil from each sample was mixed with about 20-25 mL of distilled water
to make saturated soil paste according to the standard method [30,31]. To be noted, the
amount of the distilled water for the different soil samples might be different as the soil
texture affected the water amount that was used to make the saturated soil paste. After 8 h,
the extract solution was obtained by centrifuging the saturated soil paste. The electrical
conductivity of the saturated soil extracts (ECe) and the pH of the saturated soil extracts
were determined by a conductivity meter (DDS-11A, Yulong, Shanghai, China) and a pH
meter (pH-3C, Yulong, Shanghai, China), respectively.

2.4.3. Growth Performance

During the flowering stage in the 2018 growing season, whole sunflower bodies were
collected to investigate growth performance. Three plants were collected randomly, with
both aboveground bodies and whole roots taken into the laboratory, in each replicate plot.
Then, the height, ground diameter, and area of each leaf were measured manually. The leaf
area was measured 