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Preface

In order to attain significant improvements in enhancing nutrient-use efficiency (NUE) in

production agriculture, accurate assessments of plant-available nutrients and advanced fertilizer

management strategies are required. This is indispensable in order to meet the increasing global

food demands in the present situation of the ever-increasing world population, the availability of

limited resources (i.e., land and water), and climate change. Elevated NUE comes from nutrient

increases in the root zone, enhanced crop response to applied nutrients, and reduced nutrient loss

to the soil–plant–water–atmosphere continuum. To help readers keep up with the latest progress in

the field, this Special Issue (SI) gathers 19 original research articles and 1 communication on topics

related to enhanced NUE-related parameters in cropping systems, from the agronomic perspective

to environmental considerations. Moreover, this SI focuses on the physiological basis of genotypic

differences in the uptake and utilization of key nutrients and provides demonstrated experimental

data in order to optimize fertilizer management. The studies have been carried out under both

field and laboratory conditions, as well as modeling studies, and a wide range of geographic

regions are also covered. The collection of these manuscripts presented in this SI update provides a

relevant knowledge contribution for crop nutrient requirements and advanced fertilizer management

strategies. We express our sincere thanks to all contributing authors, and we greatly appreciate the

constructive support of the editorial staff for the development of this Special Issue, making it a great

success.

Christos Noulas, Shahram Torabian, and Ruijun Qin

Editors
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1. Introduction

From an estimated 7.6 billion people worldwide in 2021, projections of the United
Nations (UN) indicate global population growth to around 8.6 billion by 2030, 9.8 billion
by 2050, and more than 11.0 billion in 2100 [1]. As a consequence, the global total demand
for all agricultural products is expected to increase by 1.1% per year until 2050. Therefore,
challenge for the coming decades will be to ensure long-term food security of the ever-
growing world population by increasing crop productivity using sustainable agricultural
practices while, at the same time, maintaining soil health and preserving the quality
of the environment [2,3]. This must be accomplished in the context of the shrinking
availability of arable land and shortage of fossil fuels since many of the resources needed
for crop production are limited (mainly agricultural land, water, and nutrients), making it
indispensable that must be used responsibly [4,5]. The UN has set ending hunger, achieving
food security and improved nutrition, and promoting sustainable agriculture among the
17 Sustainable Development Goals (SDGs) by the year 2030. Improving nutrient-use
efficiency (NUE) and crop yield through improved nutrient management practices also
ensures SDG 1 (no poverty), SDG 3 (good health and wellbeing), and SDG 15 (life on
land). However, crop production depends on several interrelated agronomic factors,
such as soil (e.g., pH, texture, organic matter content, water holding capacity, mineral
composition, and nutrient availability, etc.), plant genetic material, crop management,
and several other biotic and abiotic factors. Apart from soil testing and nutrient removal
by harvestable products that are traditionally used to derive the amounts of nutrients
required by the crop [6], the role of roots, which has often been neglected, should also be
taken into consideration for better resource acquisition [7]. Crop nutrition and balanced
fertilization (both from inorganic and organic sources) are considered among the primary
actions towards satisfactory crop growth and production while decreasing production costs.
Nutrient elements are essential resources for food, feed, and biofuel production, next to
energy, water, carbon dioxide (CO2), biodiversity, labor, capital, and management.

Sustainable nutrient management is critical to increase or maintain crop yields, and
soil fertility must be consistently high in order to meet crop needs throughout a growing
season [5]. To increase crop yields, elevated levels of nitrogen (N), potassium (K), and
phosphorus (P)-containing fertilizers as well as other macro and micronutrients have been
applied in croplands since the end of World War II, have prevented soil nutrient depletion,
and, in some cases, have even built-up soil fertility (maintenance fertility) [8]. However,
fertilizer recommendations are regularly at the fore of production and environmental
concerns related to agriculture. At the same time, worldwide fertilizer use is forecasted
to decline up to 7% (in a pessimistic scenario) before partial recovery, with food security
implications a reflection of significant uncertainty in market conditions due to the war in
Ukraine [9]. Balanced fertilization refers to the application of plant nutrients in optimum
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quantities and in the right proportions through appropriate methods and at the right times
for a specific crop’s needs and agroclimatic conditions [10–12]. In this context, the develop-
ment of novel and sophisticated fertilization practices is the challenge for future nutrient
management that helps to improve crop NUE, maintain adequate levels of soil nutrients,
and prevent deficiencies or the imbalance or overuse of fertilizers, leading to economic and
environmental benefits [13]. However, crop-specific information on nutrient management,
including diverse nutrient sources as part of an integrated nutrient management as well as
improving NUE by developing novel and practical fertilizer recommendations for farmers,
needs to be further explored under diverse pedoclimatic environments. The role of plant
roots should also be taken into account as key parameters for improving NUE, which is
central but still under debate. It will provide a better understanding of how crop plants
acquire water and nutrients through their roots and maintain growth and performance
under diverse pedoclimatic conditions.

This Special Issue (SI) provides a base for revealing the principal mechanisms of
enhanced NUE-related parameters in cropping systems, from the agronomic perspective to
environmental considerations. Moreover, it focuses on the physiological basis of genotypic
differences in the uptake and utilization of key nutrients, including the primary macronu-
trients nitrogen (N), phosphorus (P), and potassium (K); the secondary macronutrients
calcium (Ca), magnesium (Mg), and sulfur (S); and the micronutrients iron (Fe), copper
(Cu), manganese (Mn), zinc (Zn), boron (B), and silicon (Si) and provide demonstrated
experimental data in order to optimize fertilizer management. It tries to identify the barriers
that exist to the improvement of nutrient management and which interventions can lead
farmers along pathways towards the adoption of novel and more profitable and sustainable
fertilization strategies.

2. Overview of This SI

The Special Issue (SI) comprises 18 original research articles and one communica-
tion on various topics of rational crop nutrient management, reporting novel scientific
finding updates and recent developments on fertilization strategies of crops with quite
diverse utilizations: from primary arable crops used for both food and fodder, like wheat
(Triticum aestivum L.), maize (Zea mays L.), and faba beans (Vicia faba L.), to forage crops, such
as marandu grass (Urochloa brizantha cv. Marandu), to oil crops with food or non-food usage,
like soybean (Glycine max L.), olives (Olea europaea L.), oil palm (Elaeis guineensis Jacq.), and
oilseed rape (Brassica napus L.). It also includes crops for the brewing industry (malting
barley, Hordeum vulgare L.) and the perfume and pastry industry (Rose scented geranium,
Pelargonium graveolens L.). Moreover, dual-purpose crops such as cotton
(Gossypium spp. L.) grown for fiber and oil purposes or multipurpose crops are also included
in this SI, like hemp (Cannabis sativa L.), which is cultivated worldwide for fiber, oil, and
cannabinoids for medical purposes; flax (linseed) (Linum usitatissimum L.) for human nutri-
tion, cosmetics, and the pharmaceutical industry; and sugarcane (Saccharum officinarum L.)
for agro-industrial uses and the pharmaceutical and the chemical energy sectors. The stud-
ies have been carried out under both field and laboratory conditions, as well as modelling
studies, and a wide range of geographic regions are also covered: six studies originated
from China; three from Egypt and Brazil; two from Poland, the Czech Republic, and the
United States; and one from Tailand.

The aim of the study by Yang et al. [14] was to investigate N accumulation, assimilation,
and utilization in four commercial domestic hemp cultivars, as well as the growth and
physiological response of hemp to N concentrations in a pot experiment conducted in
a greenhouse. Those aims were well covered by the results and provide more precise
answers about hemp responses to N in controlled conditions, which could serve for field
recommendations of N for hemp production in the future. The study suggests that N
application up to 6.0 mmol/L (NO3-N in the nutrient solution) is sufficient to regulate
morpho-physiological attributes, antioxidant capacities, and N accumulation to achieve the

2
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optimal growth of hemp. The study also investigated root parameters (root weight, root to
shoot ratio, root N) exploring the role of roots as key parameters for improving NUE.

Even though the use of imaging and Near-Infrared (NIR) applications to detect N
status in cereal crops is not all that new, the main objective by Klem et al. [15] in their study
was to improve prediction of N status in malting barley using multiple spectral reflectance
wavelengths, by selecting vegetation indices, using N status indicators, and employing
artificial neural networks. The employment of artificial neural networks in remote sensing
provides a number of advantages in comparison to regression models. Increasing the
accuracy of N status estimation in barley aboveground biomass by combining indirect N
status indicators, such as N nutrition index (NNI) or N uptake, and an artificial neural
network is expected to advance the potential impact to improve N nutrition of malting
barley and avoid over fertilization. Combining NNI or N uptake and a neural network
increased the accuracy of N status estimation to up 94%, compared to less than 60% for
N concentration.

Sulfur (S) is an essential secondary macronutrient involved in the growth and devel-
opment of plants. After N, P, and K, it is increasingly seen as the fourth major nutrient
in plants. The role of sulfur (S) in plant growth and development, the functions of which
include both being a structural component of macrobiomolecules and modulating several
physiological processes and tolerating abiotic stresses, is still under debate. The topic
of the article by Stepaniuk et al. [16] covers the dose and method of S application for
winter oilseed rape, which is an important crop for edible oil and biofuel. Moreover, the
optimization of mineral S fertilization is considered to be particularly important among
agricultural practices to boost oilseed rape yields grown in a monoculture. In this respect,
soil fertilization must be supplemented with foliar fertilizers, and their doses and dates
should be defined correctly. The impact of S on winter oilseed rape yield depended signifi-
cantly on both the dose and the application method. Even at the lowest dose (20 kg·ha−1),
S increased seed yield, regardless of the application method. Fertilization with S increased
the mineral composition of rapeseeds, whereas the contents of macroelements in the straw
were more variable than in the seeds. Each of the S fertilization treatments reduced the S
harvest index. The findings of this study seem to be interesting since a fertilization scheme
of winter oilseed rape plants growing in a monoculture could be suggested.

The inhibitors of nitrification and urease play an important role in sustainable fer-
tilization strategies and the influence of nitrification inhibitors (NIs) on soil N losses are
widely known. However, there is no solid information on the fate of fertilizers containing
N-transformation inhibitors (NIs) in soil. It is still not clear how long the effectiveness of
the NIs can last and what factors can affect their efficiency. More studies are required about
factors that affect NI efficiency, which can help growers to use NIs in fields correctly. These
issues were well addressed by three original articles [17–19] and one communication [20] in
this SI and contribute to our better understanding on N management affecting the economic
and environmental aspects of fertilization.

The study by Školníková et al. [17] compared the effect of conventional N fertilizers
with those containing N-transformation inhibitors and evaluated the timings of their
applications on the wheat-grain yield and quality. A single application of urea with NI
and/or urease inhibitors resulted in a relatively average increase in the wheat grain yield,
whereas grain protein content, and the Zeleny test values were significantly increased
compared to the split N application. Significant increases in the grain yield (by 6.3%) and
the Zeleny test value (by 16.5%) were observed after inhibited urea applications compared
to the control treatment (without inhibitors).

The study by Torabian et al. [18] evaluated the impact of two different types of “nitrate
stabilizers” (NSs), in combination with urea and urea ammonium nitrate as N fertilizer
sources under two N application methods and rates (single and split applications; 100
and 85% of fertilizers) on grain yield, SPAD (flag leaf greenness), protein concentrations
of wheat, and mineral soil N contents. The results demonstrated that selecting effective
NSs, suitable N sources, reducing N rates, and splitting N fertilizers during the growing
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season could be regarded as practical strategies to reduce NO3¯-N leaching while not
compromising the wheat yield. However, they highlighted the importance to carrying out
trials based on multiple years and locations to draw solid conclusions on the effects of NSs
and N management on potential yield benefits and the N dynamics of soils.

The objective of the study by Cassimiro et al. [19] was to evaluate ammonia volatiliza-
tion and dry matter production of Urochloa brizantha cv. Marandu (a pasture crop) in re-
sponse to rates (100 and 200 kg ha−1 year) and four N sources of enhanced-efficiency N fertil-
izers (Urea—UrConv; Ammonium nitrate—AN; Urea+NBPT—UrNBPT; Urea+Duromide—
UrDuromide). When urea or UAN are applied to a soil, several factors, such as soil moisture
content, high temperature, soil acidity, soil organic C and N, and high crop residues, can
contribute to N loss (mainly by ammonia volatilization). These losses can reduce N avail-
ability, and, therefore, crop dry matter yield and quality. The findings of the study would
inform N management strategies by incorporating urease inhibitors and reducing N losses
by volatilization and contribute to the advancement of the knowledge of pasture production
and quality.

NIs were originally intended to improve N retention in soil by blocking the microbial
oxidation of ammonium (NH4

+) to nitrate (NO3¯). However, NIs also have the potential
to alter other components of the N cycle, such as denitrification. The outcome of the
communication by Li et al. [20] could provide information as to how improved N use
efficiency through the use of NIs promotes crop growth and decreases N losses in soil and
the atmosphere. They studied the effects of the inhibitors on denitrification rates, which
remain largely unclarified. The study monitored the dynamics in annual denitrification
rates affected by NIs from a maize field. Their results showed that the denitrification rates
and denitrifying enzyme activities were highly variable in different growing periods but
were not affected by the applications of inhibitors. Partial inhibition of the nitrification
process was observed in the inhibitor treatments compared with the urea- or manure-
only treatments. The formation of NO3¯-N and the nitrification rates could be markedly
reduced by DMPP (3,4-dimethylpyrazole phosphate), whereas NO3¯-N availability did
not affect the denitrification rates. To provide insightful information for our understanding
of the achievement of inhibitors on the mitigation of N losses in arable soil under field
conditions, more studies are needed under different sites to explore additional mechanisms
driving changes over longer time periods.

The soybean (Glycine max L. Merr.) is an important legume crop and is widely grown
as an oilseed crop and a protein source worldwide. Effective fertilization regimes to achieve
a balance between grain yield, plant biomass, and quality traits, as well as to contribute
to the promotion of the large-scale cultivation of soybeans under drip irrigation in arid
areas worldwide, are provided in the work by Li et al. [21]. Such information will help in
fine-tuned soybean fertilization management practices to increase yield, resource-use effi-
ciency, and to minimize environmental risk. They confirmed that N fertilizer significantly
affects grain yield, whereas P and K fertilizers influence harvest index and biomass, respec-
tively. They have also gone one step further by describing the optimized combination of
fertilizers for high yield, as well as biological and quality traits, by a quadratic polynomial
regression analysis. They found that a fertilization combination of 411.6–418.4 kg ha−1 N,
154.0–251.0 kg ha−1 P2O5, and 117.8–144.7 kg ha−1 K2O was required in order to obtain a
theoretical grain yield and plant biomass of more than 7.21 tons ha−1 and 16.38 tons ha−1

with 300,000 plants ha−1, respectively. They also proposed an economical fertilizer combina-
tion that could promote the use of profitable fertilizer in the future production
of soybean.

The study by Duangpan et al. [22] contributed to the enhancement of our knowledge
on improved Si fertilization and on the growth and physiological responses of oil palm
seedlings and nursery production under non-stress conditions. Oil palm could be consid-
ered as an intermediate Si accumulator, and, therefore, Si-improved management is crucial
for vigorous oil palm plantations. Overall, Si fertilization provided beneficial effects on
growth and physiological responses in oil palm seedlings. Correlation analysis revealed a
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highly significant and positive association among Si accumulation, chlorophyll a content,
photosynthetic rate, total fresh weight, total dry weight, and N content of seedlings, indi-
cating that Si fertilization enhanced the performances of these attributes. It is important,
however, to notice that Si application can be more effective in particular soil than others
since Si solubility is dependent on soil pH, redox potential, particle size, and organic matter;
therefore, the soil type should be concerned when applying Si fertilizer.

In view of the cost for the producer, harm to humans, and the environmental use
of chemical fertilizers, nanofertilizers are emerging as a promising alternative to conven-
tional fertilizers through their positive roles in slow releases of nutrients into soils and
enhanced nutrient use efficiencies. The use of nanofertilizers as new technology fertilizers
was addressed by the study by El-Sonbaty et al. [23], who evaluated the effectiveness of
innovative iron (Fe) oxide nanoparticle fertilizer formulations (NPs) against traditional
Fe compounds (sulfate or chelate) and on rose-scented geranium herbs in terms of plant
growth, biochemical attributes, essential oil, and its constituents. The effects of Fe NPs on
growth, secondary metabolites, and essential oil components of rose-scented geranium
herbs are of great value for the application of nanomaterials in agriculture. Therefore, the
manuscript contributes to increasing and improving our knowledge on new technological
fertilizers, ways to alleviate Fe deficiency, and increasing Fe-use efficiency, providing a solid
confirmation of the high effectiveness of a nanofertilizer on plant productivity and product
quality over conventional Fe sources. Iron deficiency is commonly found in sensitive
crop species grown in arid and semiarid regions with calcareous soils, which have been
estimated to comprise over one-third of the total world’s land area. Therefore, the study
has impacts on several regions of the world, challenging similar issues and demonstrating
the significance of using Fe NPs for commercial purposes while also being environmentally
preferred in alkaline soils.

However, despite the fact that nanofertilizers are undoubtedly opening new ap-
proaches towards sustainable agriculture, one should consider the potential limitations of
the commercial use of these fertilizers (i.e., interaction of nanomaterials with the environ-
ment, potential effects on human health, toxicities of different nanoparticles, evaluations of
different soil physio-chemical properties before their uses, market considerations, etc.).

Balanced fertilization is the best agronomic practice for soil management in plants
grown under stressed conditions. The study by Hussein et al. [24] evaluated the potential
performances of two types of highly soluble phosphorus fertilizers (HSPFs), namely, mono-
ammonium phosphate (MAP) and urea phosphate (UP), in comparison to the most widely
used phosphate fertilizer, granular calcium super-phosphate (GCSP with a high pH > 7.0),
in an attempt to overcome the problem of P fixation and the unavailability of micronutrients
under some abiotic stresses in olive trees (Olea europaea L.), trees grown under multi-stress
conditions (calcareous alkaline soils), which, in turn, affect the growth and productivity
characteristics. In short, the application of HSPFs under these conditions might be an
alternative surrogate to improve nutrient efficiency and thus improve olive productivity.

Of interest is the extensive work by Korzeniowska and Stanisławska-Glubiak [25],
who presented results of micronutrient (B, Cu, Fe, Mn, and Zn) concentsationd in the shoots
of 12 wheat, 10 maize, and 12 rape varieties obtained on the bases of plant and soil samples
collected from 950 fields in Poland. Such research material is undoubtedly credential of
the results obtained, and yet the literature provides little information on the variations in
micronutrient concentrations in staple crop cultivars. They tested the hypothesis that the
variations in the micronutrient contents in plants between varieties of the same species
may be similar or even greater than the differences between species. These varieties may
also show significant differences in micronutrient concentrations and thus require different
fertilization techniques. This is also more relevant than ever nowadays, where breeders
are constantly creating new varieties in search of crops that will have a better yield and be
resistant to stresses, with better quality traits for the consumers. Differences were found
in micronutrient concentrations between crop species and also between varieties. Even
though these observations were not surprising, as different crop species and varieties have
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unique genetic backgrounds, the study concluded that the cultivar should be taken into
account when assessing the need to fertilize wheat, maize, and rape with Cu, Fe, and Mn,
whereas the assessment of the need for fertilization of these species with B and Zn could
be carried out independently of the cultivar used. When fertilizing certain crops with
micronutrients, it would be advisable to take into account not only the nutritional needs of
the individual species but also the adaptation of micronutrient doses to the requirements of
the cultivars within the species. Such a measure could contribute to a more efficient use of
fertilizers in line with sustainable agriculture. Moreover, further research should confirm
to what extent the concentrations of micronutrients in the early stage of growth affect the
size of the final crop yield.

As an initial step to (i) determine crop nutrient demand corresponding to different
target yields, (ii) estimate soil nutrient supply dynamics, and (iii) determine corresponding
nutrient application rates and timings, theoretical models are needed for relating plant
growth dynamics and crop nutrient uptakes, soil nutrient supplies and climates, and crop
nutrient uptakes and yield component formations. Phosphorus, an essential macronutrient
for plants, is often available at insufficient levels, limiting crop yield and productivity. The
critical dilution curve (CDC) for phosphorus (Pc) was proposed as a suitable analytical tool
to assess the flax (Linum usitatissimum L.) P nutrition status using four field experiments,
with five P applications in the study by Xie et al. [26]. The Pc dilution curve could be useful
as a reference curve to assess flax’s nutritional status through the P nutrition index (PNI).
Although the Pc dilution curve as a simple, accurate, and more rapid tool to diagnose crop
P status tools has been used in crop production worldwide, the Pc concentration curve on
the capsule dry matter of flax has not been reported. Curves of Pc have been established
for a range of crops, such as potato, wheat, timothy, mungbean, urdbean, rapeseed, and
maize, defining scenarios of luxury (excess), sufficiency, and deficiency for plant nutrient
statuses, but work on the Pc dilution curve for flax for optimizing seed yield, grower profits,
P-use efficiencies, and reducing environmental risks is meagre in the literature. Moreover,
Pc dilution curves vary among different regions, species, genotypes within species, and
practice managements. The results by Xie et al. [26] validated that the capsule Pc dilution
curve could be an alternative and more rapid tool to diagnose flax P statuses to support the
precise decisions of P fertilization during the reproductive growth of flax in a semi-arid to
arid continental climate (Köppen BSk or BWk).

Under the same climatic conditions, Xie et al. [27] extended their research and studied
the relationship between the increase in soil P fertility and the P and N contents in flax to
build the model for critical P concentration in this plant as a function of N concentration in
a shoot of flax for diagnostic purposes. This work provided a diagnosis tool that used the
relationship between P and N concentrations for the entire growth period to estimate the
critical P concentration for quantifying the degree of P deficiency. This tool could be used
to adjust P fertilization in the following growing seasons for the species-specific conditions
of an approximate soil pH of 8.

The need to increase the efficiencies of phosphate fertilizers in tropical soils, and the
lack of information about the issue, motivated the hypothesis by Oliveira et al. [28] that the
application of a polymer-coated fertilizer raised phosphate fertilization efficiencies and crop
yields. The aim of the study was the evaluation of the effects of phosphate fertilizers with
(Policote coating—fixation inhibitors) and without polymer coatings on the productivity
and nutritional status of sugarcane ratoon and its effects on soil phosphorus availability for
tropical soils with low P agronomic efficiencies. This was in light of the global importance
of sugarcane, the crop requirements during the cycle, and low P levels in highly weathered
soils. Increasing the longevity of sugarcane ratoons is of utmost importance; however, it is
necessary to understand the best way to reapply P fertilizers. This original research paper
was interesting because it showed sugarcane ratoon’s yield, nutritional status, technological
quality, and soil phosphorus availability in response to an enhanced efficiency phosphate
fertilizer. Their results indicated that fertilizers with or without a Policote coating induced
positive responses in soil P. The P contents varied with the applied doses. The treatments
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did not influence the concentration of P in the leaf. The technological qualities of cane
stalks varied between the studied growing seasons, with better results in the second year.
They suggested that further research should be encouraged to understand the dynamics
between polymers, the availability of P in soil, and the possible effect on the physiology
and production of enzymes that may contribute to nutrient-use efficiency.

Legumes have traditionally been used in cropping systems as part of crop rotations and
are also intercropped with other crops (especially cereals). Cereal and legume intercropping
for cereal yield and grain protein improvements is common worldwide practice, but the role
of intercropping in grain quality has not yet fully understood. The study by Zhu et al. [29]
quantified the effect of intercropping (wheat and faba bean intercropping) on wheat grain
protein and amino acids under different N input conditions, and they identified the impact
of intercropping on the relationship between GY and quality. The research study provided
a unique contribution of intercropping technology on grain quality with specific references
to proteins and associated amino acids that are essential for human health. Although
intercropping has central role in this paper, it also recognizes that intercropping yield
advantages can be modified by different N levels. It concludes that N management should
be taken into account to achieve both intercropping yield and quality advantages.

Cotton is a dual-purpose crop grown for fiber and oil purposes. Under field conditions,
various factors such as environmental conditions and agricultural management practices
can significantly influence cotton growth and productivity. Among them, the optimization
of crop nutrition by synchronizing nutrient availability with crop demand are key elements
for sustainable nutrient management in cotton production. The aim of the study by
Amissah et al. [30] was to assess the impact on the productivities and fiber qualities of
modern cotton varieties to varying degrees of nutrient stresses (early (E) and late (L) season)
under different production conditions. Late stress (30–40% of the full nutrient rates, only
at the initial stage of planting) decreased the lint and cotton seed yields by 34.4% and
36.2%, respectively, across all production conditions. Compared to the full nutrient rate,
the E-stress (no nutrient application early in the season, but the full rates were split-applied
equally at the initiation of squares and the second week of bloom stages) did not adversely
impact cotton yield. Significant nutrient stress effects on fiber quality were observed, but
the magnitude of the differences was small, and it did not affect the grading class. The
minimal impact of E-stress on cotton yield and quality in this study suggested that the rates
of nutrients often applied in the early season could be reduced. The study concluded that
soil and plant tissue analyses could assist in applying tailored nutrient application rates
shortly before the reproductive phase of the crop synchronizing nutrient availability with
crop demand.

Soil salinity and alkalinity are among the major challenges that threaten food security
globally. Climate change will have a negative impact on agriculture, particularly in arid
and semi-arid regions. In semi-arid and arid regions, soil salinity is a major and widespread
threat to crop yields, food security, and the environment. Soils in arid and semi-arid regions
are commonly alkaline, with high pH values as a result of water scarcity, in addition to
low precipitation and high potential evapotranspiration. Therefore, studies related to soil
alkalinity modifications are indispensable since alkaline soils cover more than one-fourth of
Earth’s surface. Soil pH is an important chemical property because it affects plant growth
and nutrient availability in many different and complex ways. Soil pH affects plant growth
both directly and also indirectly by affecting the availability of essential nutrients, levels
of phytotoxic elements, and microbial activities. A pH, either far above neutral (alkaline)
or far below neutral (acidic), makes essential plant nutrients less available. For a high soil
pH (alkaline soils), limited solutions exist for reducing pH because they are impractical or
uneconomical. In this context, the study by Beheiry et al. [31] exhibited particular interest
since they investigated the potential impacts of some acidifying agents (acetic acid, citric
acid, and sulfuric acid) applied in an attempt to adjust the high soil pH values in olive
orchards, which are the main problem with Egyptian soils, whose values vary between
neutral and extreme alkaline. The study concluded that significant improvements in total
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olive yield and their attributes, as well as the olive oil contents, resulted from the positive
effect of acidifying agents on reducing soil pH, which, in turn, improved the availability of
nutrients in the soil, enhancing their absorption, as mirrored from the leaf nutrient contents.
The study also provided an evaluation of the effectiveness of the treatments applied as a
valuable practical tool to be used by the farmers to correct soil alkalinity problems, which,
in turn, influence physiological and growth parameters, the yield of table and oil olives,
and the fruit’s physical attributes.

On the other hand, soil acidity significantly decreases the availability of nutrients to
plants, such as P and molybdenum (Mo), and increases the availability of aluminum (Al)
and manganese (Mn) even to toxic levels. Moreover, other essential plant nutrients can also
be leached below the rooting zone. Soil acidity affects approximately 30% of the world’s
potential food production area. These problems are particularly severe in humid tropical
regions that have highly weathered soils. Liming is the most common practice to mitigate
soil acidity, but the low solubility of lime and its application on a soil’s surface, especially
in no-till systems, restrict its reaction on the first soil layers. In this respect, the study by De
Souza et al. [32] investigated the effect of the joint application of lime and gypsum to enrich
a subsoil with calcium (Ca) and to alleviate Al acidity in an intercropping system with
soybean, followed by maize–guinea grass. Their work also investigated the synergistic
effects of subsoil Ca associated with N on root growth and yield of maize and soybean.
Liming resulted in greater root growth for both crops; however, when lime was associated
with gypsum, root growth was further enhanced. Moreover, soil acidity correction and N
supply resulted in better distribution of the soybean and maize root systems in the soil’s
profile, increasing soil exploration, which favored water extraction in periods of scarcity
and nutrient absorption in deeper layers of the soil, resulting, eventually, in higher yields.
Nitrogen fertilization increased total maize grain yield by 36%, with a more expressive
increase when applying 160 kg ha−1 or more, and, despite a positive effect on soybean
grain yields in the long term, this response seemed not to be a direct effect of the N applied
to maize. Overall, benefits resulting from the combination of lime and gypsum include
greater plant biomass production, a denser root system, higher crop yield, and, eventually,
a positive impact on soil C and N.

3. Conclusions

The collection of these manuscripts presented in this Special Issue (SI) updates and pro-
vides a relevant knowledge contribution for the usefulness of improving the fertilizer-use
efficiency of crops, thus ensuring enough food for the rising world population of acceptable
quality, taking into account environmental considerations. Plant nutrient requirements and
nutrition are complex issues, starting from the 17 known and necessary nutrients for plant
growth and merging a group of sciences, namely, soil science, plant physiology, chemistry,
circular economy, environmental science, etc. Plant nutrition is one of the most important
elements on which the yield and the quality of agricultural products depend. For about a
century, significant yield increases were the result of the introduced revolutionary method
by Nobel Laureate Norman Borlaug on the use of chemical fertilizers by crops who covered
the nutritional needs of the world. But, what one should we expect today? The global
tendency is to adjust to the actual nutritional needs of the plants, maximizing yields and
improving quality, with special attention paid to the environment and the grower, with
respect to the consumer. This Special Issue provides nutrient management strategies and
advanced knowledge on fertilizer-use efficiency as one of the primary inputs to match the
quality and quantity of crops for contributing to the smooth and healthy characteristics of
the food chain.
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Abstract: Recent studies have demonstrated dose-responses of the cannabis plant to supply of
macronutrients. However, further development of precision nutrition requires a high-resolution un-
derstanding of temporal trends of plant requirements for nutrients throughout the developmental pro-
gression, which is currently not available. As plant function changes during development, temporal
information on nutrient uptake should be considered in relation to gradients in developmental-related
physiological activity. Therefore, the present study investigated tempo-developmental trends of
nutritional demands in cannabis plants, and in relation to physiological performance. Three cultivars
differing in phenotype and chemotype were analyzed to evaluate genotypic variability. The results
demonstrate that nutrient acquisition and deposition rates change dramatically during plant develop-
ment. Uptake of individual minerals generally increased with the progression of both vegetative and
reproductive development and the increase in plant biomass, while the deposition rates into the plant
demonstrated nutrient specificity. The average concentrations of N, P, and K in the shoots of the differ-
ent cultivars were 2.33, 4.90, and 3.32 times higher, respectively, at the termination of the reproductive
growth phase, compared to the termination of the vegetative growth phase. Surprisingly, the uptake
of Ca was very limited during the second part of the reproductive growth phase for two cultivars,
revealing a decrease in Ca demand at this late developmental stage. Root-to-shoot translocation of
most nutrients, including P, K, Mg, Mn, and Zn, as well as Na, is higher during the reproductive
than the vegetative growth phase, and Fe, Mn, Zn, Cu, and Na displayed very little root-to-shoot
translocation. The physiological characteristics of the plants, including gas exchange parameters,
membrane leakage, osmotic potential, and water use efficiency, changed over time between the
vegetative and the reproductive phases and with plant maturation, demonstrating a plant-age effect.
The revealed tempo-developmental changes in nutritional requirements of the cannabis plant are a
powerful tool required for development of a nutritional protocol for an optimal ionome.
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1. Introduction

Considerable progress has recently been made in our understanding of the ‘drug-
type’ (medical) cannabis plant ionome. Ample information is already available concerning
the plant responses to fertilization [1–6], and numerous studies reported effects of addi-
tional cultivation conditions including exposure to light [7–11], salinity [12], root zone
systems [13], planting density [14], and plant architecture manipulations [15,16].

Cannabis sativa is a dioecious, annual, short-photoperiod plant [17,18]. In short-day
plants, the photoperiod controls steps of the flowering mechanism such as flower induc-
tion or inflorescence elongation. These plants thereby develop vegetatively under long
photoperiod and require nights longer than a critical threshold for reproductive devel-
opment [19]. The physiological performance and hence agronomic requirements often
vary between the vegetative and the reproductive phases of development, and with plant
maturation [20–22]. In C. sativa, a short photoperiod is required for inflorescence develop-
ment, and therefore, the cultivation cycle of cannabis as well is composed of two distinct
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developmental phases: A vegetative growth-phase under long-photoperiod establishes the
vegetative infrastructure of the plants, which is followed by a reproductive growth phase
under short-photoperiod for development of the inflorescence yield.

The environmental conditions suitable for optimal plant development and function are
known to be phase-specific for many crops, and optimal cultivation requires phase-specific
adjustments of agronomic inputs such as light intensity and quality [23–25] and mineral
supply [1,26]. Furthermore, as the metabolic, physiological, and developmental activity
during the flowering (reproductive) phase in cannabis is not uniform over time, inputs may
need to vary within this phase to facilitate optimal plant function. Medical cannabis flower
maturation under short photoperiod is composed of two main sub-phases: 1. At the first
1–3 weeks, vegetative growth is accompanied by initiation of inflorescences, with relatively
low secondary metabolism. 2. At the following 4–6 weeks, the vegetative growth ceases
and is replaced by intensive inflorescence production and secondary metabolism [3,27–29].
These temporal changes in plant growth, development, and metabolic activity throughout
the reproductive phase are no doubt accompanied by changes to physiological function,
and dictate corresponding variations in requirements for exogenous inputs such as mineral
nutrients. Indeed, gas-exchange parameters were shown to vary during the reproductive
growth phase in cannabis [3,10], and the photosynthetic ability of the leaves of industrial
hemp were shown to change with leaf age [30].

Plants require mineral elements as nutrients for their growth and reproduction through-
out their life cycle. It is reasonable that the demand and, therefore, the uptake of nutrients
by the plant will increase in times of rapid growth or flower/fruit development and de-
crease during growth deceleration, leaf senescence, and dormancy. It is well established
that nutrient uptake and the concentration of nutrients in the plant change with plant age
and development [31–33]. Moreover, the accumulation of nutrients in the plant differs
between plant organs and changes over time to meet the plant’s demands [34–37]. The
nutrients taken up by the root are translocated to the shoot, under a rate of translocation
that changes over time according to the plant’s physiological state, and demonstrate min-
eral specificity that is affected by environmental factors such as root temperature and leaf
transpiration [38–41]. As medical cannabis plants tend to have a rapid vegetative growth
under long photoperiod [26,42,43], which proceeds to intensive inflorescence production
under a short photoperiod [44,45], it is likely that the plant’s nutritional demands will alter
during plant development.

An increasing body of information is available on the impact of nutritional regimes
on medical cannabis plants. Optimal supply concentrations were determined for N at
the vegetative [42] and the reproductive [5] phases, and for NH4/NO3 ratios [4]; for K
at the vegetative [26] and the reproductive [1] phases; for P at the vegetative [43] and
the reproductive phases [3]; for Mg at the vegetative phase [6]; and for combinations of
macronutrients [2,46]. A field experiment with fiber hemp showed that the accumulation
of most nutrients was higher in the leaves > stem and that their uptake and partitioning
to plant organs were affected by cultivar characteristics and plant yield [47]. Despite the
substantial progress in understanding the nutritional requirements of ‘drug-type’ cannabis,
the available studies were performed for one growth phase (vegetative or reproductive);
and plant response was demonstrated for only one or two time points. No study has
elaborated on, and compared responses of the cannabis crop plant throughout the growth
cycle, or investigated the nutritional requirement of the plant over time.

The present study was therefore set forth to examine how the nutritional demands
of ‘drug-type’ cannabis change during plant development throughout the vegetative and
the reproductive phases, and in relation to the physiological performance of the plants.
The hypothesis guiding the work plan was that nutritional demands and physiological
functions change during plant development, between the two growth phases, and during
the flowering phase. To this end, we have analyzed changes in nutrient uptake, nutrient
deposition rate, and root-to-shoot nutrient translocation throughout plant development,
in parallel to changes in plant morphology (root:shoot ratio), biomass accumulation, and
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plant function traits. Responses of three genotypes of ‘drug-type’ medical cannabis were
analyzed to compare genotypic variability. The information gained on temporal rates of
mineral uptake into the cannabis plant, in conjunction with the understanding of changes
in plant function throughout the cultivation cycle can guide the development of precision
mineral nutrition regimes. Development of an optimal fertigation practice will improve the
ability of cannabis growers to stabilize plant cultivation, optimize the ionome, minimize
agricultural inputs, and improve yield quality and quantity.

2. Materials and Methods
2.1. Plant Material and Growing Conditions

Three genotypes of medical cannabis (Cannabis sativa L.) were used as a model system
in this study: ‘Royal medic’ (RM) and ‘Desert queen’ (DQ) (Teva Adir Ltd., Israel), and An-
napurna (ANP) (Canndoc Ltd., Herzliya, Israel). The plants were propagated from cuttings
that were rooted in coconut fiber plugs (Jiffy International AS, Kristiansand, Norway). After
rooting, the plants were transferred to 3 L plastic pots with a perlite 2-1-2 cultivation media
(Agrekal, Habonim, Israel). In order to examine responses at the vegetative growth phase,
the plants were grown for one month under 18/6 h light/dark photoperiod in a controlled
environment growing room. Light was supplied by Metal Halide bulbs (380 µmol·m−2·s−1;
Solis Tek Inc., Carson, CA, USA). In order to examine the reproductive growth phase, a
parallel set of plants was propagated and grown as is described above, and after one week
of vegetative growth under long photoperiod (two weeks for ANP), they were transferred
to a short photoperiod for the induction of inflorescence development. For the remainder of
the experiment and until flower maturation, the plants were grown under 12:12 light/dark
photoperiod using High-Pressure Sodium bulbs (860 µmol·m−2·s−1, Greenlab by Hydroga-
rden, Petah Tikva, Israel). Light intensity, light quality, and the photoperiod at the various
phases of plant development were designed to follow conventional practices for cannabis
cultivation [11,48]. Flower maturation occurred 51, 57, and 74 days after the transfer to
the short photoperiod for the DQ, ANP, and RM genotypes, respectively. Flower mat-
uration, and the time of the final harvest, was determined following the conventional
agronomic practice for these varieties, as the stage at which ~50% of the trichomes of the
inflorescences were of amber color. Temperatures in the cultivation rooms were 27/25 ◦C
during the day/night, respectively; relative humidity was 58/48%, respectively; and CO2
was at ambient levels. Irrigation was supplied via 1 L h−1 discharge-regulated drippers
(Netafim, Tel-Aviv, Israel), one dripper per pot, to allow 30% drainage. Mineral nutrients
were supplied dissolved in the irrigation solution, from final (pre-mixed) solutions, which
were monitored throughout the experiment duration. During the vegetative growth phase,
nitrogen (N) phosphorus (P), and potassium (K) concentrations were 16.3, 2.0, and 2.3 mM
for RM and DQ, and 11.1, 1.9, and 4.6 mM for ANP, respectively. During the reproductive
growth phase, N, P, and K concentrations were 16, 1.8, and 2.3 mM for RM and DQ, and
11.4, 2.0, and 2.7 mM for ANP, respectively. The complete composition of the irrigation
solutions, including their pH and electric conductivity (EC), is detailed in Table S1. Zinc,
Cu, and Mn were supplied chelated with EDTA, and Fe as chelated with EDDHSA. Mo
and B were added as a part of the fertilizers Bar-Koret and B-7000, respectively (Israel
chemicals, Tel-Aviv, Israel). During the last week before harvest, the plants were irrigated
with distilled water without fertilizers as is routinely practiced in the commercial cul-
tivation of medical cannabis. The experiment was arranged in a complete randomized
design; all measurements were conducted with five replicates per genotype following the
experimental design; and results are presented as averages ± standard errors (S.E.).

2.2. Plant Biomass and Inorganic Mineral Analysis

Biomass of the plant organs, i.e., inflorescences, inflorescence leaves, fan leaves, stem,
and root biomass, was evaluated several times throughout plant development by destruc-
tive sampling of the plants. During the vegetative growth phase, the cultivars RM and
DQ were sampled five times: 0, 7, 14, 21, and 29 days after the beginning of the vegetative
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growth phase; and ANP was sampled three times: 0, 14, and 31 days after the beginning of
vegetative growth. During the reproductive growth phase, all three cultivars were sampled
destructively three times (days are counted from the transfer to the short-photoperiod): 0,
30, and 74 days for RM; 0, 30, and 51 days for DQ; and 0, 29, and 57 days for ANP. Shoot
biomass was calculated as the integration of the biomass of the above-ground organs, i.e.,
the inflorescences, inflorescence leaves, fan leaves, and stem biomass. Root biomass was
evaluated for all samplings of the reproductive growth phase and for the last destructive
sampling of the vegetative growth phase. Root:shoot ratio was calculated by dividing
the root dry biomass by the shoot dry biomass. Dry weights were determined after dry-
ing for 48 h at 64 ◦C (128 h for the inflorescences). The results are averages ± SE for
five replicated plants per cultivar. The plant material that was destructively sampled for
biomass determination was used for the analyses of inorganic mineral contents in the plant
organs, as is described by Saloner et al. [26]. In short, the plant samples were analyzed
for concentrations of N, P, K, Ca, Mg, Fe, Mn, Zn, Cu, and Na. Two different procedures
were applied for extraction of the various inorganic mineral elements from ground plant
tissue. For the analysis of Ca, Mg, Fe, Zn, Cu, and Mn, the ground tissue was digested with
HNO3 (65%) and HClO4 (70%), and the elements were analyzed with an atomic absorption
spectrophotometer, AAnalyst 400 AA Spectrometer (PerkinElmer, Waltham, MA, USA).
For the analysis of N, P, K, and Na, the dry tissue was digested with H2SO4 (98%) and
H2O2 (70–72%). Na and K were analyzed by flame photometer (410 Flame Photometer
Range, Sherwood Scientific Limited, The Paddocks, UK), and N and P were analyzed by an
autoanalyzer (Lachat Instruments, Milwaukee, WI, USA). Mineral analysis of the irrigation
solution was performed as described for the plant extraction and digestion solutions [26,49].

2.3. Physiological Parameters

The physiological activity of the plants was analyzed three times, once at the vegetative
growth phase and twice during the reproductive growth phase. The timing of the analyses
was chosen to represent three developmental stages: 1. Vegetative growth; 2. Early
flowering stage; 3. Late flowering stage (near harvest). Royal Medic plants were analyzed
24 days after the beginning of the vegetative growth phase, and 67 days after the beginning
of the reproductive growth phase. Desert Queen plants were analyzed 24 days after the
beginning of the vegetative growth phase, and 24 and 45 days after the beginning of the
reproductive growth phase. Annapurna plants were analyzed 32 days after the beginning
of the vegetative growth phase, and 24 and 45 days after the beginning of the reproductive
growth phase.

All measurements were conducted with five replicates each from a different plant,
following the experimental design. In both growth phases, the youngest fully developed
fan leaf on the main stem, located at the fourth node from the plant’s top, was ana-
lyzed. Photosynthetic pigments and membrane leakage analyses were conducted following
Saloner et al. [26] and pigment concentrations were calculated following Lichtenthaler
and Wellburn [50]. The two most peripheral leaflets were used for the analysis of osmotic
potential, as was previously described [26], and relative water content (RWC) was analyzed
and calculated following Bernstein et al. [51]. Leaf gas exchange, i.e., photosynthesis,
transpiration, stomatal conductance, and intercellular CO2 concentration, was measured
using a Licor 6400 XT system (LI-COR, Lincoln, NE, USA). Leaf water use efficiency (WUEi)
was calculated using the photosynthesis and stomatal conductance results, as the net
photosynthetic rate divided by the stomatal conductance [42].

2.4. Calculation of Nutrient Uptake, Deposition, and Translocation

For characterization of the uptake, deposition, and translocation of the mineral nutri-
ents in the plant, three calculations were conducted. (i) Uptake Curves: An uptake curve
of a mineral presents the changes over time of the total amount of the mineral in the shoot
throughout plant development. It was calculated by multiplying the concentration of the
mineral in each shoot’s organs (fan leaves, stem, inflorescence leaves, and inflorescence)
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by the organ’s dry weight, and summing the amounts in the various organs to receive
the shoot mineral uptake. (ii) Deposition rate Curves: A deposition curve of a mineral
presents the daily rate of deposition of a mineral into the shoot. The deposition rates were
calculated as the differentials of the shoot concentrations over time periods throughout
plant development, as per Equation (1). (iii). Translocation Factor (TF): The translocation
factor is the ratio between a mineral concentration in the shoot and the root, which reflects
on root-to-shoot translocation. Translocation factor (TF) >1 means that the concentration of
the specific nutrient is greater in the shoot than in the root, marking a higher accumulation
of the nutrient in the shoot, and vice versa [43]. It was analyzed twice, at the termination
of the vegetative growth phase, and at the termination of the reproductive growth phase,
using Equation (2), following Shiponi and Bernstein [43].

Deposition rate
[

g
day

]
=

(
Shoot mineral content on day (X)

Shoot mineral content on day (X + n)

)

No. o f days between day (X) and day (X + n)
(1)

Translocation f actor (TF) o f a mineral =
Concentration o f the mineral in the shoot
Concentration o f the mineral in the root

(2)

2.5. Statistical Analyses

The data were subjected to two-way analysis of variance (ANOVA) followed by
Tukey’s HSD test. The analysis was performed with the Jump software, version 16
(SAS 2016, Cary, NC, USA). The two factors analyzed in the two-way ANOVA are sampling
time (T) and genotype (G).

3. Results and Discussion

The present study examined the dynamics of mineral nutrients uptake and plant
function of cannabis plants throughout their cultivation cycle, and achieved a temporal
resolution and better understanding of the plant’s nutritional demands, and in relation to its
physiological activity. The results facilitated the development of temporal trends of mineral
uptake and deposition rates for the improvement of precision fertilization, minimizing
agricultural inputs, reduced environmental pollution, and obtaining higher yields.

3.1. Plant Development: Biomass Accumulation and Visual Appearance

Modern cannabis cultivars have a diverse genetic background, and consequently
demonstrate considerable morphological and chemical diversity that may impact the
plant’s growth and yield potential [52,53] as well as the requirements for mineral nutrients.
A morphological and physiological variability was also reflected in the three cultivars
investigated in the present study, which demonstrated a considerable variability in key
parameters such as plant height and the exposure time to short photoperiod required for
maturation (Figure 1). RM is the tallest variety and has a longer maturation period than
DQ, which is shorter (Figure 1). ANP plants are of intermediate height and maturation
period (the ANP plants appear high in Figure 2 as they began the reproductive phase taller
than the other two cultivars). Nevertheless, the biomass accumulation patterns of the three
cultivars are very similar, as the shoot biomass increased steadily over time during both
the vegetative and the reproductive phases (Figure 2A), in accord with the steady increase
in stem and root biomass (Figure 3B,C), and the increase in leaves biomass during the
vegetative growth phase (Figure 3A). In all cultivars, leaf biomass accumulation became
more moderate and even decreased with the progression of the reproductive growth phase,
likely due to allocation of resources toward development of inflorescences (Figure 3A).
This is supported by the result that the decrease in leaves biomass in the second half of the
reproductive growth phase paralleled a substantial increase in inflorescences biomass in all
cultivars (Figure 3D). These opposing trends suggest that inflorescences development is the
cause of the decrease in leaves biomass production and of leaf senescence, as is also common
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for other plant species under reproductive development [54,55]. In addition, the root:shoot
ratio substantially decreased with the transition from vegetative to reproductive growth
and further decreased as the inflorescences evolved (Figure 2B), demonstrating that growth
of inflorescences and stems was not in line with root growth, a phenomenon well known to
occur in plants [56–58]. As mineral nutrients are required for the production of new tissue,
i.e., to support new growth, ample mineral supply to the developing inflorescences is
required to facilitate the intensive reproductive development. Such supply can be achieved
via root uptake during the reproductive stage, or by in planta remobilization from storage
pools in other plant organs, as will be further discussed.
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Figure 1. Visual appearance of three medical cannabis cultivars Royal Medic (RM—top row), Desert
Queen (DQ—middle row), and Annapurna (ANP—bottom row) during vegetative and reproduc-
tive development.
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Figure 2. Biomass accumulation in three medical cannabis cultivars (RM, DQ, ANP) during vegetative
and reproductive development: Plant dry weight (A) and root:shoot ratio (B). In (A), solid lines
represent vegetative growth (long photoperiod); scattered lines represent reproductive growth
(short photoperiod). In (B), the dashed line marks the transition to the reproductive growth phases.
Presented data are averages ± SE (n = 5). Results of two-way ANOVA indicated as ** p < 0.05, F-test;
NS, not significant p > 0.05, F-test. In the ANOVA results, T*G represents the interaction between
time and genotype. p values are presented at the Supplementary Materials, File S1.
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Figure 3. Biomass accumulation in organs of three medical cannabis cultivars (RM, DQ, ANP) during
vegetative and reproductive development: Dry weights of fan leaves (A), stem (B), roots (C), and
inflorescences (D). Solid lines represent vegetative growth (long photoperiod); dashed lines represent
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reproductive growth (short photoperiod). Presented data are averages ± SE (n = 5). Root biomass
was measured once at the vegetative phase. Results of two-way ANOVA indicated as **, p < 0.05,
F-test; NS, not significant p > 0.05. In the ANOVA results, T*G represents the interaction between
time and genotype. p values are presented at the Supplementary Materials, File S1.

3.2. Gas Exchange, Water Relations, and Photosynthetic Pigments

The three cultivars tested differ in physiological function and the way it changes
over time during plant development (Figure 4): (i) RM generally performed best under
vegetative growth, and its physiological function declined under reproductive growth
and with the progression of the reproductive stage; (ii) ANP as well performed best at
the vegetative growth phase, but its function declined in the middle of the reproductive
growth phase and increased again before harvest; and (iii) DQ’s performance was generally
lowest under vegetative growth, increased at the reproductive growth phase, and was
highest before harvest. These data indicate that trends of physiological function vary
between cannabis cultivars and throughout plant development, as was also reported for
oil palm [59], corn [60], and olives [61]. The differences in physiological activity between
cultivars may result from variations in the duration of exposure to short-photoperiod
required for maturation. There were no significant differences between cultivars in activity
levels at the vegetative growth phase since all plants (and inspected leaves) were of the
same age (Figures 4 and 5). At the reproductive growth phase, although DQ demonstrated
higher gas exchange activity than ANP, as was reflected by higher rates of photosynthesis,
transpiration, and stomatal conductance, they both demonstrated an increase in these
parameters with the progression of the reproductive stage (Figure 4A–C). As RM has a
longer reproductive development phase than ANP and DQ, it was analyzed later than
the other cultivars and was, therefore, older during the last measurement. Hence, it is not
surprising that an older plant (and leaf) demonstrated lower physiological function, as is
already well documented for a range of plant species [22,62–65].

However, some of the physiological parameters demonstrated a uniform trend across
cultivars: Intercellular CO2 concentration was lowest in the middle of the reproductive
growth phase (Figure 4D); relative water content (RWC) and water-use efficiency (WUEi)
were highest in the middle of the reproductive phase (Figure 4E); membrane leakage was
lowest at the vegetative growth phase and increased over time (Figure 4H); and photosyn-
thetic pigment contents were highest at the vegetative growth phase and decreased over
time (Figure 5). The temporal changes in the physiological function of the plants over time
may reflect developmental trends characteristic of annual plants [66]. Toward the end of the
reproductive development, it is inevitable that source-sink relationships and resource parti-
tioning in the plant will change, and the translocation of nutrients and carbohydrates from
vegetative to reproductive organs will increase, to support inflorescence and seed develop-
ment. This mechanism, which has already been demonstrated in other plant species [67–69],
correlates with the substantial increase in inflorescence production (Figure 3D) and the
cessation of leaf production (Figure 3A) in the second half of the reproductive phase. Taken
together, these data suggest that the leaves’ physiological function decreases by the end of
the reproductive growth phase on account of divergence of resources to the reproductive
inflorescences, as can be seen for the RM cultivar (Figures 3 and 4). As DQ and ANP were
harvested after a shorter duration of reproductive development than DQ, they had less
time to translocate resources from leaves to inflorescences. Thus, they still demonstrate
high performance before harvest (Figure 4). We suggest that had they been grown for a
longer duration, their gas exchange activity would have likely decreased similarly to RM
(Figure 4), and their mineral uptake would have changed accordingly.

The second reason for the relatively high physiological performance of the plants at
the vegetative growth phase compared to the reproductive growth phase is the difference in
light spectrum and light intensity. During the vegetative growth phase, the plants received
lighting from Metal Halide bulbs, which supply a relatively enriched blue light spectrum
with an intensity of 380 µmol·m−2·s−1. During the reproductive phase, the plants received
lighting from High-Pressure Sodium bulbs, which supply a spectrum enriched in the red
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range with an intensity of 860 µmol·m−2·s−1. As the light intensity and the red:blue ratio
increased with the transition to reproductive growth, the photosynthetic and gas exchange
mechanisms could have reduced. This is supported by our finding that concentrations of
photosynthetic pigments were generally highest under the vegetative growth conditions
(Figure 5), potentially to increase light capture per unit leaf area since light intensity was
lower at that phase. It is important to note that the relative decrease in plant function under
reproductive growth conditions might have resulted from the high light intensity, which
could have caused photo-inhibition damages and induced oxidative stress that damaged
cell homeostasis [70,71]. Indeed, our results show that membrane stability was lower and
electrolyte leakage from the cell membrane was higher under the reproductive growth
conditions (Figure 4H), as was already shown to occur in other plant species [72,73].
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Figure 4. Gas exchange activity and physiological characteristics of three medical cannabis cultivars
(RM, DQ, ANP) during vegetative and reproductive development: Photosynthesis (A), transpiration
(B), stomatal conductance (C), intercellular CO2 concentration (D), relative water content (RWC) (E),
osmotic potential (F), intrinsic water-use efficiency (WUEi) (G), and membrane leakage (H). Dashed
line marks the transition to the reproductive growth phases. Presented data are averages ± SE
(n = 5). Results of two-way ANOVA indicated as ** p < 0.05, F-test; NS, not significant p > 0.05,
F-test. T*G represents the interaction between time and genotype. p values are presented at the
Supplementary Materials, File S1.

19



Agronomy 2023, 13, 2865

Agronomy 2023, 13, x FOR PEER REVIEW 10 of 21 
 

 

(B), stomatal conductance (C), intercellular CO2 concentration (D), relative water content (RWC) (E), 

osmotic potential (F), intrinsic water-use efficiency (WUEi) (G), and membrane leakage (H). Dashed 

line marks the transition to the reproductive growth phases. Presented data are averages ± SE (n = 

5). Results of two-way ANOVA indicated as ** p < 0.05, F-test; NS, not significant p > 0.05, F-test. T*G 

represents the interaction between time and genotype. p values are presented at the Supplementary 

Materials, File S1. 

 

Figure 5. Changes in concentrations of photosynthetic pigments throughout the development of 

cannabis plants, in three cultivars of medical cannabis (RM, DQ, ANP), during vegetative and re-

productive development: Chlorophyll a (A), chlorophyll b (B), and carotenoids (C). The dashed line 

marks the transition to the reproductive growth phases. Presented data are averages ± SE (n = 5). 

Results of two-way ANOVA indicated as ** p < 0.05, F-test; NS, not significant p > 0.05, F-test. T*G 

Figure 5. Changes in concentrations of photosynthetic pigments throughout the development of
cannabis plants, in three cultivars of medical cannabis (RM, DQ, ANP), during vegetative and
reproductive development: Chlorophyll a (A), chlorophyll b (B), and carotenoids (C). The dashed
line marks the transition to the reproductive growth phases. Presented data are averages ± SE (n = 5).
Results of two-way ANOVA indicated as ** p < 0.05, F-test; NS, not significant p > 0.05, F-test. T*G
represents the interaction between time and genotype. The p value for G (genotype) was 0.0123 in
subfigure B, and <0.001 for all other variables in all subfigures.

3.3. Nutrient Uptake and Deposition

Nutrient uptake and distribution in the plant body are selective and essential metabolic
processes performed by all plants throughout their development [32,74,75]. As the need for
mineral uptake into plants lies in their necessity for vital growth and metabolic activity of
plant cells, it is not surprising that mineral uptake is a selective process and is affected by
the plant’s need for nutrients [32,33,76]. In this study, two parameters related to nutrient
accumulation are reported: nutrient uptake, which presents the total amount of individual
minerals present in the plant at a specific time (Figure 6); and nutrient deposition rate,
which presents the rate of accumulation of individual minerals into the plant over a defined
period of time, e.g., mg per day (Figure 7).
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As arises from Figure 6, the amount of each of the examined nutrients, excluding Ca,
increased gradually over time in the plant during both growth phases. As the data match
the trend obtained for shoot biomass production (Figure 2A), it is concluded that for most
minerals, the plant’s biomass production is the governing factor for their uptake into the
plant. Also, the uptake of most nutrients into the plant, including N, P, Fe, Mn, and Zn,
was relatively similar between cultivars, as is apparent from the comparable amounts in
the plant (Figure 6). A specific difference was obtained for Ca uptake at the second stage of
the reproductive growth phase (Figure 6E): for RM and DQ, Ca uptake was very limited, as
is also apparent from the zero Ca deposition at that stage, while for ANP, the deposition
rate of Ca only mildly decreased at that stage, as Ca uptake continued (Figures 6E and 7E).
Another significant difference is the contradicting trends of Na and Cu accumulation during
the vegetative growth phase, as RM and DQ accumulated more Cu and less Na, and ANP
presented an opposing trend (Figure 6I,J). In addition, ANP accumulated more K than the
other cultivars during the vegetative growth phase (Figure 6C). The differences between
cultivars can be explained by the differences in the fertilization regime that RM and DQ
received compared to ANP (Table S1); RM and DQ were supplied and thus accumulated
more Ca and Cu and less K and Na than ANP (Figure 6C,E,I,J). This is supported by
recent results for medical cannabis by our group and others that demonstrated that when
the supply of a specific nutrient is elevated, its accumulation tends to increase, and vice
versa [3–6,26,42,43,77]. Furthermore, as the uptake curves of RM and DQ are highly similar
for most nutrients (including N, P, K, Mg, Cu, and Na; Figure 6A–C,F,I,J), although their
physiological function and time to maturation differ, we conclude that the fertilization
regime governs the plant nutrient uptake, in addition to biomass accumulation.

Since mineral uptake (the total amount of minerals in the plant) is derived from the
plant size and biomass, it should be addressed that bigger plants will show higher mineral
accumulation, and thus growth practices and plant architectural manipulations may affect
mineral uptake. Therefore, in order to understand the in-plant changes in mineral uptake
over time, nutrient deposition rates need to be examined. The rates of mineral deposition
into the cannabis plants were indeed highly affected by plant age, and were nutrient-specific
(Figure 7). At the vegetative growth phase, the deposition rate of most minerals increased
gradually over time (Figure 7), reflecting the increase in plant biomass (Figure 2A). The
cultivars RM and DQ demonstrated unexpected trends of deposition rates for K, Mg, and
Zn, as the rates decreased at the end of the vegetative growth phase (Figure 7C,F,H). At the
reproductive growth phase, the deposition rates for N, P, K, Zn, and Na generally increased
with time, whereas the deposition rates of Ca and Mg decreased, and Fe and Cu deposition
was steady (Figure 7).

The differences found in the rates of mineral deposition between time points likely
reflect different plant demands during the growing season. The differences between min-
erals, point to selective absorption following plant demand. This observation correlates
with the known ability of plants to regulate specific ion uptake following plant require-
ments [32,78,79]. However, it should not be overlooked that plants may overconsume
some minerals, and cannabis has already been shown to take up more K than is required
for optimal function, without affecting plant performance [26]. Despite the differences in
physiological performance and maturation periods, the deposition rates of RM and DQ
were similar for most nutrients (Figure 7). ANP, which received a different fertilization
regime, demonstrated different uptake curves than RM and DQ (Figure 6), and conse-
quently, its deposition rates for the minerals differed from RM and DQ (Figure 7). These
results suggest again that the differences between cultivars are not an outcome of genetic
differences, but arise from the variability of environmental factors (fertilization regimes) to
which the plants were subjected. Resolving this issue will require evaluation of trends of
changes in nutrient deposition rates into genetically different cultivars, under a range of
fertilization conditions.
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Figure 6. Uptake curves. The amount of nutrients present in the shoot of cannabis plants during
vegetative and reproductive development, for three medical cannabis cultivars (RM, DQ, ANP):
N (A), P (B), K (C), Fe (D), Ca (E), Mg (F), Mn (G), Zn (H), Cu (I), and Na (J). Solid lines—vegetative
growth (long photoperiod); scattered lines—reproductive growth (short photoperiod). Presented
data are averages ± SE (n = 5). Results of two-way ANOVA indicated as ** p < 0.05, F-test; NS, not
significant p > 0.05, F-test. T*G represents the interaction between time and genotype. p values are
presented at the Supplementary Materials, File S1.
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ical cannabis cultivars (RM, DQ, ANP). Presented data are the daily amounts of minerals taken up Figure 7. Deposition Rate Curves. Deposition rates of minerals into cannabis plants, for three medi-
cal cannabis cultivars (RM, DQ, ANP). Presented data are the daily amounts of minerals taken up
by a plant, throughout the vegetative and reproductive development: N (A), P (B), K (C), Fe (D),
Ca (E), Mg (F), Mn (G), Zn (H), Cu (I), and Na (J). Solid lines represent vegetative growth, and
scattered lines—reproductive growth. Presented data are averages ± SE (n = 5). Results of two-
way ANOVA indicated as ** p < 0.05, F-test; NS, not significant p > 0.05. In the ANOVA re-
sults, T*G represents the interaction between time and genotype. p values are presented at the
Supplementary Materials, File S1.
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3.4. Nutrient Translocation and Root:Shoot Ratio

For nutrients to arrive at the leaves and inflorescences, they must first be absorbed
into the root and translocated to the shoot. Deficient supply of nutrients to shoot organs
can thereby result from limited root uptake as well as restricted root-to-shoot translocation
or remobilization of nutrients in the shoot [80–82]. Therefore, this study examined the
translocation of individual nutrients from root to the shoot in cannabis plants using a
calculated translocation factor (Figure 8). A clear trend arising from the analysis is that the
translocation of most nutrients, including P, K, Mg, Mn, Zn, and Na, was higher during
reproductive than vegetative growth (Figure 8B,C,F–H,J). Specifically, the translocation of
P and Mg was about three times higher under reproductive than vegetative growth in all
cultivars, demonstrating a substantial increase in translocation to the shoot (Figure 8B,F).
Iron, Ca, and Cu translocation was generally higher under vegetative growth, compared to
reproductive growth (Figure 8D,E,I), while N translocation did not substantially change
between growth phases (Figure 8A).

Another important trend is that root–shoot translocation of all micronutrients was
small, as their TF were all <1 (Figure 8). Specifically, Fe, Mn, Zn, Cu, and Na accumulated
to higher concentrations in the root in all cultivars (Figure 8D,G–J). Moreover, the TF of Fe
and Na was ~0.2, reflecting that the concentration in the root was five times higher than
in the shoot (Figure 8D,J). On the contrary, the TF of most macronutrients, including N,
K, Ca, and Mg, was ≥1, reflecting that they generally tended to accumulate in the shoot
and not in the root (Figure 8A,C,F–G). These findings concerning the high accumulation
of micronutrients in the roots, and higher translocation of macronutrients to the shoot are
not surprising, as similar trends were identified in numerous plant species [34,36,37,83,84].
Furthermore, these results align with results published by our group in previous studies,
showing that cannabis plants tend to accumulate micronutrients such as Fe, Cu, and Zn
in the root > shoot, and to accumulate macronutrients such as N, K, Ca, and Mg in the
shoot > root [3,5,6,26,43].

The changes in mineral translocation between growth phases reflect on the physio-
logical performance, and provide indications for the requirements and roles of individual
nutrients in the plant. The root:shoot ratio was dramatically smaller under reproductive
growth, revealing that the increase in shoot development was higher than of the root
during reproductive growth (Figure 2B). As the translocation of the majority of nutrients
to the shoot increased in parallel to the decrease in root:shoot ratio (Figures 2B and 8), we
suggest that this escalation was required to support the increase in shoot development, and
specifically the substantial increase in inflorescences biomass (Figure 3D). The argument
that an increase in the shoot’s demand for nutrients promotes the translocation of essential
nutrients to the shoot in general, and to the reproductive organs in particular, is supported
by similar trends identified for other plant species [41,85]. Interestingly, the decrease in Fe,
Ca, and Cu with the transition to reproductive growth and the decrease in root:shoot ratio
(Figures 2B and 8D,E,I) may imply that these micronutrients do not play a significant role
in increasing shoot (and inflorescence) development over root formation. Alternatively, it
may reflect that their concentration is more affected by other parameters, such as water
movement [86] and availability of chelates [87], which are frequently correlated with Ca
and Fe translocation, respectively. As N concentration was generally stable and did not
vary between growth phases (Figure 8A), we conclude that its demand and deposition
are more stable, and it is less involved in the physiological transition of the decrease in
root:shoot ratio and inflorescence formation. This is supported by findings of our latest
studies, which revealed that the demand of cannabis for N, and therefore N supply, is
similar for the vegetative and the reproductive growth phases [5,42].
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Figure 8. Translocation factor (TF) of three medical cannabis cultivars (RM, DQ, ANP) during
vegetative and reproductive development: N (A), P (B), K (C), Fe (D), Ca (E), Mg (F), Mn (G), Zn (H),
Cu (I), and Na (J). Presented data are averages ± SE (n = 5). Results of two-way ANOVA indicated as
** p < 0.05, F-test; NS, not significant p > 0.05. P*G represents the interaction between growth phase
(P) and genotype (G). p values are presented at the Supplementary Materials, File S1.
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3.5. Agronomic Considerations

The results of this study that demonstrate substantial changes in accumulation and
deposition rates of minerals into cannabis plants over time have agronomic implications.
First, the deposition rate of most nutrients increases over time while Ca deposition decreases
at the second stage of the reproductive growth phase, revealing that the fertilization regime
needs to be adjusted accordingly. Second, as nutrient supply was one of the main factors
affecting uptake of nutrients by the plants, an optimal and uniform nutritional regime
between cultivation batches is required for standardization and optimization of plant
growth and secondary metabolism. Third, as the accumulation of most nutrients increases
with the increase in biomass production, it is concluded that bigger plants require larger
amounts of nutrients for their overall development regardless of genotype. Furthermore,
the demand of the cannabis plant for nutrients continues up to plant maturation and
does not stop at the second stage of the reproductive growth phase, raising the question
whether the “flushing” practice performed by cannabis cultivators (i.e., irrigating with
water without nutrients at the last 7–10 days prior to harvest) is necessary, beneficial, or
harmful. This issue is currently under investigation in our laboratory. Finally, while using
the nutritional requirements shown in this study, possible effects of cultivation conditions
including growth media, climatic conditions, plant architecture manipulations, and plant
phenotypical traits that may differ between agricultural systems, need to be considered.

4. Conclusions

The present study examined trends of uptake, deposition, and translocation of mineral
nutrients during the vegetative and reproductive development of three medical cannabis
cultivars. The results, which include also the analyses of temporal trends of physiological
activity, demonstrate that (i) The uptake of most nutrients increases gradually during plant
development. (ii) The mineral deposition rate is nutrient-specific and highly sensitive
to the plant’s nutritional regime. (iii) Root-to-shoot translocation is nutrient-specific as
well, but most nutrients demonstrated higher translocation during reproductive growth
as the inflorescence biomass rose and root:shoot ratio decreased. (iv) The length of the
maturation period of a cultivar, and plant age, were identified as key factors for the
observed differences in physiological activity between cultivars. The results provide a
first step toward understanding the plant’s temporal physiological activity and nutritional
requirements over the crop cultivation cycle.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13122865/s1, File S1: p values for the results presented
in the figures; Table S1. Mineral composition of the irrigation solutions during the vegetative and the
reproductive growth phases.
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Abstract: A large part of Brazilian maize is double-cropped after soybeans, when water shortages are
very frequent. A larger root system can mitigate drought stress and enable better nitrogen (N) use.
Alleviating acidity and applying gypsum can increase root growth and N-use efficiency in maize,
which has a more aggressive root system than soybeans. However, it is not known how these factors
interact in integrated cropping systems, or how soybeans respond to them. Soybean and maize root
growth and grain yields as affected by soil Ca enrichment using lime and gypsum, along with the
N rates applied to maize intercropped with Guinea grass (Megathyrsus maximus), were assessed in
a medium-term field experiment. Liming resulted in greater root growth for both crops; however,
when lime was used in conjunction with gypsum, root growth was further enhanced. The total
maize grain yield was 35% higher compare to the control when gypsum was used in conjunction
with lime; however, subsoil Ca enrichment increased the total soybean grain yield by 8% compared
to the control. Nitrogen fertilization increased the total maize grain yield by 36%, with a more
expressive increase when applying 160 kg ha−1 or more, and despite a positive effect on soybean
grain yields in the long term, this response seems not to be a direct effect of the N applied to the maize.
Both subsoil Ca enrichment and N application to maize increase root growth and the total yield
of the system.

Keywords: gypsum; lime; Guinea grass; intercropping systems; acid soils

1. Introduction

Soil acidity affects approximately 30% of the world’s potential food production area [1].
Acidic tropical soils are usually calcium (Ca)-deficient and show aluminum (Al) toxicity,
which inhibits root growth and decreases agricultural production [2,3]. Surface liming has
been effective in alleviating topsoil acidity; however, alleviating subsoil acidity by using
lime alone is challenging due to its low solubility [4]. Agricultural gypsum—hydrated
calcium sulfate (CaSO42H2O)—has been used in conjunction with lime in acidic soils as an
alternative to increase calcium (Ca) contents and alleviate Al toxicity in the subsoil. Some
no-till studies have shown lime’s effects in the subsoil even when applied on the soil surface,
but this takes time [5,6], whereas the alleviation of subsoil acidity is faster with gypsum.
Due to its higher mobility, gypsum application increases Ca2+ and SO4

2− in the soil solution,
facilitating leaching of these elements in the soil profile [7], and reduces aluminum activity
and toxicity in the subsoil, favoring deep root growth [8]. A better root system results in
higher soil exploration [9,10] and plays a crucial role in water acquisition and NUE [11–13]
by avoiding N leaching [3]. In no-till systems, when lime is applied without incorporation,
the pH is steeply increased close to the soil surface. At pH levels above 5.5, nitrification is
enhanced, and the applied N is converted to nitrate, which can leach and take Ca2+ with it,
significantly improving the effect of lime [3]. Moreover, it has been shown that N fertiliza-
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tion improves maize root branching and growth [14], which can further increase root growth
in the soil profile.

Double-cropping of maize with forage grasses after soybeans has proven to be a
sound and economical agricultural practice. However, as maize is grown after soybeans,
and in many years this period is characterized by rainfall scarcity in tropical climate
regions, there is a risk of decreased yields due to water stress. Therefore, improving subsoil
conditions to establish a deep root system is paramount for the success of this cropping
system [15,16]. Accordingly, greater crop responses to gypsum have been reported in
water-deficient growing seasons [17,18]. Furthermore, a deeper root system results in
increased N uptake by maize, higher N cycling within the system, and less N loss by
leaching [3]. Forage grasses with vigorous root systems have been grown as cover crops
or in association/consortium with maize in integrated systems in subtropical and tropical
regions, and Guinea grass has been shown to be better than Urochloa, especially under
N fertilization [19]. However, there is no reliable recommendation of N fertilization for
maize/forage systems, especially when cropped after soybeans, since it is assumed that
some of the atmospheric N fixed by soybeans could be available for maize. Therefore,
considering the lower maize yield potential in this system, the higher N cycling, and the
soybean contribution, the optimal N rate would be lower than when maize is grown as
a lone crop.

Despite the general belief that mineral N application is unnecessary for inoculated
soybeans, since the nutrient can be fully supplied by biological N fixation or by the soil [20],
Salvagiotti et al. [21] reported that high-yield soybeans require large amounts of N to
sustain their aboveground biomass and seeds with high protein content. These authors
speculated that supplying N without decreasing the nodule activity could increase the
soybean yield, and promising options include applying N before sowing or at depths below
the nodulation zone—that is, increasing the availability of N in the soil profile. However,
this has been not demonstrated so far.

Therefore, the hypothesis is that subsoil Ca enrichment with lime and gypsum, in
a production system with maize double-cropped with Guinea grass after soybeans, will
increase root growth in the soil profile, resulting in higher yields of maize and soybeans,
while better root growth of the grasses along with N fertilization and higher dry matter
production can also improve soybeans’ root growth and grain production. Although the
effect of Ca in the subsoil increasing root growth is not new, there is a gap in knowledge
about its legacy effect for the next crop, and its interaction with N in integrated cropping
systems with maize cropped after soybeans has not yet been addressed. The objective of
this study was to evaluate the effects of enriching the subsoil with Ca using lime alone or
in conjunction with gypsum and N fertilizer on root growth and grain yields in a no-till
cropping system.

2. Materials and Methods
2.1. Site Description

The experiment was carried out in Botucatu, São Paulo State, Brazil, from 2016 to
2020, in a clayey, kaolinitic, thermic Typic Haplorthox [22] located at 48◦25′38.84′′ W,
22◦49′50.90′′ S, 790 m above sea level. The climate is Cwa, i.e., tropical with dry win-
ters and warm, rainy summers. Precipitation and temperatures were recorded dur-
ing the experiment at a meteorological station located 300 m from the experimental
area (Figure 1).
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(Megathyrsus maximus). 

Figure 1. Rainfall and minimum, average, and maximum temperatures in the first (A), second
(B), third (C), and fourth (D) growing seasons: 2016/2017, 2017/2018, 2018/2019, and 2019/2020,
respectively. Botucatu, SP.

Before the experiment, the area was under fallow, with a mix of grasses and some
broad leaves. In September 2016, the soil was sampled for chemical characterization
analyses [23], and the results are shown in Table 1.

Table 1. Soil chemical characteristics at four depths in the experimental area before initiating the
experiment, August 2016.

Depth pH # OM † P S K Ca Mg Al H + Al CEC ‡ BS §

m CaCl2 g dm−3 mg dm−3 --------------- mmolc dm−3 --------------- %

0.00–0.10 4.4 18 13 5 2.1 12 12 9 52 78 32
0.10–0.20 4.3 14 10 5 1.1 9 8 9 48 66 27
0.20–0.40 4.1 11 6 22 0.5 4 4 12 55 63 13
0.40–0.60 4.0 11 6 21 0.4 3 4 20 90 97 8

# Soil pH measured in calcium chloride solution. † Organic matter. ‡ Cation-exchange capacity. § Base saturation.

2.2. Experimental Design and Treatments

The treatments were lime, lime + gypsum, and control, with 0, 80, 160, and 240 kg ha−1

of N applied to the maize, arranged in a 3 × 4 factorial scheme in completely randomized
blocks with four replications. The lime (CaCO3) rate was calculated to raise the soil’s base
saturation to 70%, and the gypsum (CaSO42H2O) rate was calculated using the average
soil clay content from 0 to 0.4 m multiplied by six, as recommended by Duarte et al. (2022).
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The rates corresponding to 2.92 Mg ha−1 lime and 2.0 Mg ha−1 gypsum were applied
on the soil surface. Gypsum was applied to the respective plots immediately after the
application of lime. In September 2017, lime and gypsum were reapplied at the same
rates. The four rates of N were applied annually to maize intercropped with Guinea grass
(Megathyrsus maximus).

2.3. Experiment Management

The plots consisted of 10 soybean or maize rows that were 10 m long and spaced 0.45 m
apart from one another. The spontaneous vegetation was desiccated using glyphosate
(2.30 kg−1 a.i.). The lime + gypsum treatment was applied in September 2016 and
October 2017. Soybean, cv. TMG 7062 IPRO (Tropical Improvement and Genetics), was
planted each year in November, over the desiccated residues of the previous spontaneous
species or maize/Guinea grass, which was desiccated two weeks before soybean planting
each year. The seeds were inoculated with Bradyrhizobium japonicum. Phosphorus (P) and
potassium (K) were applied in the seed furrow at 26 kg ha−1 and 50 kg ha−1, respectively,
each year, as triple superphosphate [Ca(H2PO4)2] and potassium chloride (KCl). Soybean
was harvested 125, 145, 136, and 128 days after emergence in the growing seasons 2017,
2018, 2019, and 2020, respectively, and the grain yield was adjusted to 13% moisture.

Maize (Dow AgroSciences Hybrid 2B 587 RRBTPW) was planted after the soybean
harvest each year, with a population of 55,000 plants ha−1, intercropped with Guinea grass
using 10 kg ha−1 of pure live seeds. The forage seeds were mixed with the phosphate
fertilizer and applied at a depth of 0.08 m. Each plot received 35 kg ha−1 P as triple
superphosphate. Potassium chloride was used to supply K at 82 kg ha−1 at sowing,
plus 41 kg ha−1 at V4 (i.e., plants with four fully developed leaves). Ammonium sulfate
[(NH4)2SO4] was applied to supply N at 30 kg ha−1 at sowing, completed with 50, 130,
and 210 kg ha−1 side-dressed 0.1 m from the plant line to the respective treatments at
stage V4. For a yield of 6–8 Mg ha−1, 120 kg ha−1 N would be recommended [24]. The
rates used in this experiment ranged from low to very high, because we wanted to know
the effects on the subsequent soybean crop. Maize was harvested at, 155, 122, and 132 days
after plant emergence in the growing seasons 2017, 2018, 2019 and 2019, respectively. The
grain moisture was corrected to 13%.

2.4. Root Sampling and Dry Matter Determination

Root samples were collected at the depths 0 to 0.1, 0.1 to 0.2, 0.2 to 0.4, and 0.4 to 0.6 m,
using a steel probe with a 0.075 m internal diameter. Five root subsamples were randomly
taken per plot for soybeans and maize, in the planting row and between rows. For soy-
beans, sampling was performed at R2—the full flowering stage [25]—on 24 January 2017,
8 January 2018, 15 January 2019, and 13 January 2020. For maize intercropped with Guinea
grass, the samples were taken on 22 June 2017, 29 July 2018, and 7 July 2019. The roots
were carefully separated from the soil and other residues by washing them under a flow
of swirling water over a 0.5 mm mesh sieve. Then, the roots were immersed in 30% ethyl
alcohol solution, placed in plastic pots, and stored under refrigeration at 2 ◦C. Afterward,
the roots were scanned [26] using an optical scanner (Scanjet 4C/T, HP) at 300 dpi reso-
lution and analyzed with WinRHIZO version 3.8-b (Regent Instrument Inc., Quebec, QC,
Canada). The samples were dried in a forced-air oven (Fanen, model 32 E, Brazil) at 60 ◦C
for 48 h to assess the roots’ dry matter.

2.5. Soil Sampling and Chemical Analysis

Soil samples were collected 12, 24, and 36 months after the first lime application, in
September 2017, 2018, and 2019, respectively, up to the depth of 0.6 m. Four subsamples
were randomly collected and combined into a composite sample, and exchangeable Ca was
extracted with ion-exchange resin [23].
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2.6. Statistical Analysis

Data from each year and each soil layer were analyzed separately. After testing for
normality and homoscedasticity, the root length density, dry matter, and grain yield data
were subjected to ANOVA. Blocks were considered as random effects, and for the first
soybean crop, one-way ANOVA was used. For the remaining years, a factorial ANOVA
was used based on a completely randomized block design with two factors (corrective
and nitrogen rates). When the ANOVA result was significant, the modified t-test (Fisher’s
protected least significant difference (LSD) at p ≤ 0.05) was used to separate the means.
SAS software, version 9.4, was used. Pearson’s correlation coefficients between maize and
soybean root length densities were determined (p ≤ 0.05).

3. Results

Soil Ca2+ was increased by liming in the second, third, and fourth growing seasons
up to the depth of 0.60 m (Figure 2A–C). However, when gypsum was used in conjunc-
tion with lime, the Ca2+ concentrations were higher in the soil profile. Nitrogen appli-
cation further increased the percolation of Ca2+ through the soil profile, with rates over
160 kg ha−1, but in the fourth growing season there was generally no significant effect of
N fertilization (Figure 2F).

There were no significant interactions of lime application with N rates for root
length density (RLD), root dry matter (RDM), soil Ca2+ concentrations, or grain yield
for any of the crops and in any of the growing seasons. In the upper soil layers, RLD
was generally higher—both in the soybean plant rows and between rows—with lime or
lime + gypsum compared to the control (Figure 3), except in the first growing season
(2016/2017) in the 0.10 to 0.20 m layer (Figure 3(A1)). In the third growing season,
the RLD was higher when lime was used in conjunction with gypsum compared with
isolated lime—both in the soybean plant rows and between rows—in the 0.00 to 0.10 m
layer (Figure 3(E1,F1)). In the fourth growing season (2019/2020), a higher RLD was also
observed between soybean rows in the 0.10 to 0.20 m layer when lime was applied in
conjunction with gypsum, with values higher than the other treatments (Figure 3(H1)).
In the subsoil (0.40–0.60 m layer), the application of lime in conjunction with gypsum
increased the RLD compared with the control, except for between soybean rows in the
first growing season (Figure 3(B1)). In the third and fourth growing seasons, there was no
difference between lime and lime + gypsum in the soybean plant rows (Figure 3(E1,G1)).
However, in the fourth growing season, the RLD between soybean rows was higher
when lime was used in conjunction with gypsum (Figure 3(H1)). The soybean RDM was
higher in almost the entire soil profile after alleviating acidity (Figure 3). However, in
the 0.00 to 0.10 m layer, there was no difference in the plant rows in the second growing
season (2017–2018) or between rows in the second, third, and fourth growing seasons.
Furthermore, lime + gypsum resulted in higher RDM only in the third growing season
at the 0.10 to 0.20 m layer.

The use of lime in conjunction with gypsum resulted in higher RDM of soybeans
in the subsoil compared with the control (Figure 3), regardless of the sampling location.
Comparing lime + gypsum with lime, there was an effect on RDM only in the plant rows
in the 0.20 to 0.40 m layer in the second and third growing seasons (Figure 3(C2,E2)), and
in the 0.40 to 0.60 m layer in the second and fourth growing seasons (Figure 3(C2,G2)).
However, between rows, the RDM was higher in the 0.20 to 0.40 m layer in the first, third,
and fourth growing seasons (Figure 3(B2,F2,H2)), and in the 0.40 to 0.60 m layer in the
second, third, and fourth growing seasons (Figure 3(D2,F2,H2)). The differences found in
the results for the plant rows and between rows probably occurred due to the water deficit
during the experiment (Figure 1).
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Figure 3. Soybean root length density within rows—growing seasons 2016/2017 (A1), 2017/2018 (C1),
2018/2019 (E1), and 2019/2020 (G1)—and between rows—growing seasons 2016/2017 (B1),
2017/2018 (D1), 2018/2019 (F1), and 2019/2020 (H1)—and soybean root dry matter in rows—growing
seasons 2016/2017 (A2), 2017/2018 (C2), 2018/2019 (E2), and 2019/2020 (G2)—and between rows—
growing seasons 2016/2017 (B2), 2017/2018 (D2), 2018/2019 (F2), and 2019/2020 (H2)—as affected by
lime and gypsum application. Different letters indicate means that are statistically different according
to the Turkey HSD test (p ≤ 0.05).

When N was applied to maize at 160 and 240 kg ha−1 N, the soybean RLD was higher
in the plant rows at the 0.00 to 0.10 m soil layer and in the subsoil (0.40–0.60 m) in the
second soybean growing season (Figure 4(A1)). Between the soybean rows, the RLD was
higher with 240 kg ha−1 N up to 0.20 m, and in the subsoil the highest soybean RLD
was observed in the treatments receiving 160 and 240 kg ha−1 N (Figure 4(B1)). In the
third growing season, a higher RLD was observed in the surface layer and the 0.40 to
0.60 m subsoil layer under the plant rows when soybeans were grown after N-fertilized
maize, regardless of the applied rate (Figure 4(C1)). However, between the soybean rows
(Figure 4(D1)), the RLD was higher in the treatments receiving N at 160 and 240 kg ha−1,

36



Agronomy 2023, 13, 1547

except in the 0.00 to 0.10 m layer, where the increase was observed only with 240 kg ha−1

compared with the control. In the fourth growing season, the soybean RLD was increased
in the plant rows by N fertilization up to 160 kg ha−1, only in the 0.20 to 0.40 m layer
(Figure 4(E1)). The soybean RDM was higher in the plant rows with the use of higher
N rates compared with the control in the uppermost soil layer (Figure 4(A2)). In the
subsoil (0.20–0.40 layer), the RDM was higher in the treatments with N in the second
(Figure 4(A2)) and third (Figure 4(C2)) growing seasons compared with the control. In the
0.40 to 0.60 m layer, both in the plant rows and between rows, N rates of 160 and 240 Kg ha−1

resulted in higher RDM compared with the treatment without N in the second, third, and
fourth growing seasons (Figure 4(A2–C2,E2,F2)), except between rows in the third growing
season (Figure 4(D2)).
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Figure 4. Soybean root length density within plant rows—growing seasons 2017/2018 (A1),
2018/2019 (C1), and 2019/2020 (E1)—and between rows—growing seasons 2017/2018 (B1),
2018/2019 (D1), and 2019/2020 (F1)—and soybean root dry matter in rows—growing seasons
2017/2018 (A2), 2018/2019 (C2), and 2019/2020 (E2)—and between rows—growing seasons
2017/2018 (B2), 2018/2019 (D2), and 2019/2020 (F2)—as affected by N rates. Different letters
indicate means that are statistically different according to the Tukey HSD test (p ≤ 0.05).

The RLD in the maize/Guinea grass intercropping was increased by lime (whether
used in conjunction with gypsum or not) in all growing seasons, both in the plant rows
and between rows, with a few exceptions (Figure 5). In the second and third growing
seasons, the RLD was higher from 0.20 to 0.60 m (Figure 5(C1–F1)) when lime was used in
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conjunction with gypsum. In general, it was higher with the use of gypsum in the subsoil
than when lime was applied alone. However, generally, there was no difference in the RDM
when lime was applied with or without gypsum (Figure 5(A2–F2)). The response of RLD
to N in the maize/Guinea grass consortium was significant up to 240 kg ha−1 in almost
all soil layers (Figure 6). However, N application did not increase the RDM in the plant
rows (Figure 6), except for the 0.40 to 0.60 m layer in the first growing season (Figure 6(A2))
and the 0.20 to 0.40 m layer in the second growing season (Figure 6(C2)). Between rows,
an increase in RDM was observed only in the second growing season in the 0.40 to 0.60 m
layer for the highest rate (Figure 6(D2)), and in the third growing season in the 0.00 to
0.10 m layer for all N rates, compared with the control (Figure 6(F2)).
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Figure 5. Root length density of maize intercropped with Guinea grass within plant rows—growing
seasons 2017 (A1), 2018 (C1), and 2019 (E1)—and between rows—growing seasons 2017 (B1),
2018 (D1), and 2019 (F1)—and root dry matter in rows—growing seasons 2017 (A2), 2018 (C2),
and 2019 (E2)—and between rows—growing seasons 2017 (B2), 2018 (D2), and 2019 (F2)—as affected
by lime and gypsum application. Different letters indicate means that are statistically different
according to the Tukey HSD test (p ≤ 0.05).
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Figure 6. Root length density of maize intercropped with Guinea grass within plant rows—growing
seasons 2017 (A1), 2018 (C1), and 2019 (E1)—and between rows—growing seasons 2017 (B1),
2018 (D1), and 2019 (F1)—and root dry matter in rows—growing seasons 2017 (A2), 2018 (C2),
and 2019 (E2)—and between rows—growing seasons 2017 (B2), 2018 (D2), and 2019 (F2)—as affected
by N rates. Different letters indicate means that are statistically different according to the Tukey HSD
test (p ≤ 0.05).

It is interesting to observe that the soybean RLD was correlated with the RLD of the
intercrop in all seasons and soil depths, with a few exceptions (Table 2).

Table 2. Correlation coefficients of root length density between maize intercropped with Guinea
grass and soybeans (plant rows and between rows) in growing seasons 2017/2018, 2018/2019, and
2019/2020.

Depth (m)
2017/2018 2018/2019 2019/2020

Row Inter-Row Row Inter-Row Row Inter-Row

0–0.10 0.641 ** 0.588 ** 0.733 ** 0.686 ** 0.493 ** 0.597 **
0.10–0.20 0.481 ** 0.630 ** 0.319 * 0.544 ** 0.407 ** 0.661 **
0.20–0.40 0.292 * 0.269 ns 0.433 ** 0.302 * 0.565 ** −0.066 ns

0.40–0.60 0.699 ** 0.732 ** 0.735 ** 0.448 ** 0.387 ** 0.462 **

* Significant p < 0.05. ** Significant p < 0.01. ns means not significant.
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When the effects of lime and gypsum were compared year by year, there was no
difference in soybean grain yield up to the third growing season. However, in the fourth
growing season, lime increased the grain yield by 10.8% compared with the control, and no
further increase was observed when used in conjunction with gypsum. However, when
looking at the accumulated soybean grain yield, the response to lime was also 5.8% higher
than in the control (Figure 7A).
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Figure 7. Soybean and maize yields as affected by lime and lime + gypsum (A and B, respectively)
and by nitrogen rates (C and D, respectively). Means followed by a common letter are not significantly
different between amendments or N rates (LSD, p < 0.05).

Again, there was no effect of N rates on soybean grain yield when analyzed year by
year. The N concentrations in soybean leaves were not affected by the treatments and
averaged 52.5 mg kg−1 over four years. However, the accumulated grain yield was higher
with 160 and 240 kg ha−1 applied to the consortium compared with the treatment without
N (Figure 7C). It is important to note that in the first soybean crop, the effect of the N dose
was not considered, since nitrogen was applied only to the maize crop.
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Maize was more responsive than soybeans to liming (Figure 7B). In 2017, the applica-
tion of lime and lime + gypsum resulted in an average increase of 17.8% compared with the
control. However, in 2018, the combination of gypsum with lime resulted in higher maize
grain yields: 20.5% and 29.8% higher compared to lime alone and the control, respectively.
In 2019, again, the addition of gypsum increased the grain yield by 7.2% compared with
lime alone and 20.2% compared with the control, and these increases were reflected in the
accumulated grain yields (Figure 7B). However, there was no significant effect of lime or
gypsum on maize leaf N concentrations.

Maize grown in association with Guinea grass as a relay crop after soybeans responded
to N fertilization up to 160 kg ha−1 (Figure 7B), and the leaf N content was increased from
28.7 mg kg−1 to 34.2 mg kg1 on average. Although the N rate of 80 kg ha−1 increased the
yield by 2988 kg ha−1 compared with the control, when 160 and 240 kg ha−1 were applied
there was an average increase of 5104 kg ha−1 in the accumulated grain yields.

4. Discussion

The enrichment of the soil profile with Ca2+ after the application of gypsum was
expected; however, this has been seldom observed when lime is applied alone [4,27].
Gypsum is considered to be an important alternative to improve root system distribution
in the soil profile [3], and its association with lime is efficient in improving the Ca2

+ content
in the soil.

As we hypothesized, Ca2+ leaching to the subsoil was improved by N fertilization
(Figure 2D–F). This result can be explained, since when lime is applied to the soil surface
there is a sharp pH increase close to the surface, and the N from the fertilizer is transformed
into nitrate. According to Rosolem et al. [28], nitrate is mobile in the soil profile and
tends to follow the water infiltration flow, which is facilitated under no-till conditions due
to both less evaporation and better soil profile structuring. Pearson et al. [29] reported
that nitrogen fertilization increased the movement of Ca2+ along the soil profile when
acidity amendments were applied. The authors attributed this effect to the formation
of soluble salts such as Ca (NO3)2, subject to leaching by the downward movement of
water. Additionally, the movement of small particles of lime [4] may have played a role in
increasing Ca throughout the soil profile.

Root growth was positively influenced by soil acidity alleviation (Figure 3). Calcium
is essential for root elongation [30], so root development is impaired in acidic soils or under
low concentrations of Ca2+, especially in the subsoil [3]. There are reports of regular growth
of soybean roots with 10 mmolc dm−3 Ca2+ [31], and the response is expected to be low
when the soil concentrations are over 12 mmolc dm−3 [32], but the response was significant
with higher Ca2+ contents in the deeper soil layers in this experiment. This could have been
due to the weather conditions, in response to dry spells. In the present study, although lime
was found to be efficient in increasing the soybean root system, greater development was
observed in the subsoil when it was used in conjunction with gypsum (Table 1), probably
due to the higher Ca2+ content at this depth (Figure 2). Despite a report of greater soybean
root growth when the soil Ca2+ content was increased after the application of gypsum, the
effect of Ca on root growth after soil acidity correction was inconsistent for soybeans.

The effect of soil and subsoil acidity alleviation on root growth in the intercropped
maize/Guinea grass was more evident than that observed in soybeans after liming, with or
without gypsum. This suggests that maize is more responsive to soil acidity correction. Vari-
ations in responses between different plant species occur because of genetic factors linked
to the plants’ efficiency in acquiring soil Ca2+, since this only occurs in new, non-suberized
parts of the roots, and the availability of Ca2+ in situ is paramount for constant absorption
by very young roots. Therefore, the better root distribution in the subsoil observed in
the present study could be related to the Ca2+ concentrations, since the application of
gypsum in conjunction with N fertilization was efficient in increasing its contents in the
subsoil compared to those observed with the application of lime alone. On average, the
Ca2+ content in the subsoil was increased in this experiment (Figure 2), reaching up to
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20.0 mmolc dm−3 (0.20–0.60 m layer). However, there is evidence of maize root responses
to Ca2+ in the order of 15 mmolc dm−3 [33]. In addition, an effect on root growth was
observed throughout the soil profile after N supply (Figures 4 and 6). Nitrate (NO3

−) is
known to play a signal-regulating role in many physiological processes, including root
growth, and an interconnection of the concentrations of NO3

− and Ca2+ [34,35] with auxin
is possible [36]. These processes are controlled by several concentrations of gene transcrip-
tion, which are regulated by NO3

− [37]. Studies have shown that the growth of the root
system is regulated by NO3

− and auxin signaling pathways [38,39].
It has been demonstrated [9] that intercropping systems with forage grasses are

efficient in the use of N, avoiding N leaching, and it has been reported that Guinea grass
is highly demanding with respect to N [40]. In addition, deep root growth may also have
been favored by the presence of Guinea grass, which has an aggressive root system and was
alive up to the desiccation before the next soybean crop. Soybeans’ root growth is improved
as a result of the previous root growth of cover crops [41], probably because of the biopores
present in the soil profile. Under no-till conditions, without soil disturbance, continuous
channels are formed by decomposing roots, which serve as paths that favor the root growth
of subsequent crops in the soil profile [42,43]. This is supported by the positive correlation
between soybean root growth and the root length density of the intercrop (Table 2). As
Urochloa species have a vigorous, abundant, and deep root system, these plants can explore
a large volume of soil and take up greater amounts of nutrients available in soil regions
that are far from the roots of the consortium’s grain-producing crop, which are usually
more superficial and sparser [3]. In addition, its aggressive root system improves the soil’s
physical condition by increasing its pore continuity [9], which may result in greater soil
microporosity, and the root length density is improved at higher soil microporosity [44].

Grain Yield

Soybean yields were higher when soil acidity was corrected, with significant differ-
ences for the last season and the accumulated yields. Several studies have shown no
soybean yield responses to the superficial application of lime and/or gypsum when there
was no water shortage [45,46]; thus, the lack of response was attributed to the adequate
rainfall conditions during crop development. In addition, greater organic matter and
nutrient accumulation on the soil surface under NT decreases Al toxicity through the
formation of Al–organic complexes [47]. This may explain the lack of soybean response in
the first three harvests of this study, since there was no water deficit in this period (Figure 1).
However, the 2018/2019 season was marked by low rainfall (total precipitation of 493 mm)
and, eventually, the soybean yield was lower in the control treatment (3.4 Mg ha−1) than
after the application of lime (3.9 Mg ha−1) and lime + gypsum (3.8 Mg ha−1), corroborating
previous observations. The increase in grain yield may have been associated with the in-
creased concentrations of Ca2+ in the soil [17]. The authors observed responses in soybean
grain yield when rainfall conditions were unfavorable, applying a similar rate of gypsum
to that used in the present study. Thus, the increase in soil Ca2+ concentration (Figure 6)
with the application of lime and gypsum improved root development (Figure 3), which
lessened the effects of water shortage on plant growth and yield. This study demonstrates
that soil acidity alleviation is efficient in increasing soybean yields throughout the sea-
sons, justifying the need for correction even when year-to-year comparisons do not show
significant differences.

The application of N rates of 160 and 240 kg ha−1 to maize intercropped with Guinea
grass positively affected the accumulated soybean grain yields (Figure 7). Biological
nitrogen fixation (BNF) can supply the N requirements of soybeans through the use of
adapted rhizobia strains selected for tropical conditions [20]. However, there are studies
reporting that the decrease in BNF generally observed after flowering may restrict N’s
availability to soybeans, which would not be able to acquire adequate amounts of the
nutrient for high yields. Salvagiotti et al. [21] analyzed several field studies in different
regions after a comprehensive literature review and observed that high-yield soybeans
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require large amounts of N to support their aboveground biomass and protein-rich seeds.
According to the authors, the supply of N without decreasing the nodule activity could
increase crop yield and, as promising options, they suggested supplying N before sowing or
at depths below the nodulation zone—that is, increasing N’s availability in the soil profile.
Despite the efficiency of N supply by BNF for soybeans in tropical soils [20], there was a
response to the N applied to the previous maize. Crop and cover crop residues accumulated
on the soil surface constitute an important nutrient reserve, whose availability can be fast
and intense [3] or slow and gradual, depending on precipitation, temperature, soil microbial
activity, and the quality and quantity of plant residue [48]. Additionally, Guinea grass has
a high N-cycling capacity in the system; therefore, the amount of N recycled by Guinea
grass certainly increased the total N availability as the system progressed. However, in this
study, the N concentration in soybean leaves was not affected by the application of N to
maize. Therefore, the effect of maize fertilization on soybean yields was not a direct effect
of the nutrient but, rather, a consequence of a general improvement of the system.

In the first season of maize intercropped with Guinea grass, the grain yield was in-
creased by liming, with no further increase when gypsum was applied (Figure 7). Favorable
rainfall conditions in this season (Figure 1) can explain this result, as a greater crop response
to gypsum has been reported [17] when there was a water deficit. In the second and third
seasons of maize intercropped with Guinea grass, lime + gypsum resulted in a higher
yield when compared with lime alone. In addition, the accumulated maize grain yield
was higher when gypsum was used in conjunction with lime (Figure 7). These results
confirm that the use of gypsum is an important tool to increase maize yields when cropped
after soybeans in a period in which there is usually a decrease in soil water availability
that results in plant drought stress. Caires et al. [46] also observed significant increases in
maize yields due to the higher Ca availability in deep soil, and the authors related these
results to a better distribution of the crop’s root system. A long-term experiment with
maize concluded that the combined application of gypsum and lime resulted in a 17%
increase in yields [4], highlighting the importance of this tool in maximizing the grain
yield of this species under water shortage during crop development. Penariol et al. [49]
showed that maize’s grain yield can be compromised if there is a water deficit during
flowering—a phase that determines the number of ovules to be fertilized and, consequently,
grain production. This explains the lower yields observed in the 2018 season compared
with 2017 and 2019.

In general, an increase in maize grain yield was observed when N was added af-
ter soil acidity alleviation compared with the control treatment, even when a low rate
(80 kg ha−1) was applied. These results suggest a response of maize grown as a relay crop
to lower N doses, which can be explained by the high N residues deposited on the soil sur-
face by soybeans, plus the N recycled by the grass. There is a fast decomposition of soybean
residues due to the low C/N ratio, which benefits the next crop. The recommendations for
N fertilization in an intercropped system are not yet clear. The best yields were obtained in
this study with the application of 160 kg ha−1 N, which is comparable with the findings
of Souza and Soratto [50], who also observed an increase in maize grain yield grown as a
relay crop when 120 kg ha−1 was applied. These results suggest that intercropping maize
with Guinea grass is an alternative to avoid N losses [39], due to its potential for deep
soil exploration.

5. Conclusions

The results of this study provide important information on the effects of soil acidity
alleviation and N supply on soybean and maize root growth in a no-till system. Soil acidity
correction and N supply result in better distribution of the soybean and maize root systems
in the soil profile, increasing soil exploration, which facilitates water extraction in periods
of scarcity and nutrient absorption in deeper layers of the soil, ultimately resulting in
higher yields.
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The combination of lime with gypsum is an important alternative to increase Ca2+

concentrations in the soil profile and improve the distribution of the crop root systems, and
N fertilization helps in improving this system, not only in resulting higher maize yields but
also improving soybean yields.

These results show the need for and the benefits of N application to maize on the next
soybean crop, and they should be considered in recommending soil acidity correction and
N fertilization in integrated cropping systems. Future research on this topic should focus
on the recovery of the N applied to maize by the next crop.
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Abstract: Tools quantifying phosphorus (P) status in plants help to achieve efficient management
and to optimize crop yield. The objectives of this study were to establish the relationship between
P and nitrogen (N) concentrations of flax (Linum usitatissimum L.) during the growth season to
determine the critical P concentration for diagnosing P deficiency. Field experiments were arranged
as split plots based on a randomized complete block design. Phosphorus levels (0, 40, 80, 120, and
160 kgP2O5 ha−1) were assigned to the main plots, and cultivars (Dingya 22, Lunxuan 2, Longyaza
1, Zhangya 2, and Longya 14) were allocated to the subplots. Shoot biomass (SB) and P and N
concentrations were determined at 47, 65, 74, 98, and 115 days after emergence. Shoot biomass
increased, while P and N concentrations and the N:P ratio declined with time in each year. The
P concentration in respect of N concentration was described using a liner relationship (P = 0.05,
N + 1.68, R2 = 0.76, p < 0.01) under non-limiting P conditions, in which the concentrations are
expressed in g kg−1 dry matter (DM). The N:P ratio was fitted to a second-order polynomial equation
(N:P = 11.56 × SB−0.1, R2 = 0.71, p = 0.03), based on the SB of flax. This research first developed a
predictive model for critical P concentration in flax, as a function of N concentration in shoots of flax.
The critical P concentration can be used as a promising alternative tool to quantify the degree of P
deficiency of flax during the current growing season.

Keywords: nitrogen; phosphorus; shoot biomass; N:P ratio

1. Introduction

Rock phosphate reserves are finite, non-renewable, and rapidly shrinking due to
use in phosphorus (P) fertilizers [1]. Further, with the growing human population, the
oversupply of P fertilizers in agriculture to maximize crop yield has resulted in a series
of environmental, ecological, and human health issues [2,3]. Therefore, diagnosing P
nutrient status and optimizing P fertilizer management have become important topics in
agriculture production.

Flax (Linum usitatissimum L.) is an important oil crop and is used as an industrial
material [4,5]. Many studies have shown that improving the productivity of flax to meet
growing demands is worth investigating as flaxseed has functional nutritional ingredients
for human health [4,5], flax oil is used in biodiesel production [6–9], and flax shives are used
as a biosorbent and biochar after processing of fiber [10,11]. Thereafter, precise management
of P fertilization of flax has become a core area of research [12].
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A method to diagnose P nutrition, based on the relationship between P and N concen-
trations during growth, was proposed earlier on the basis of the relationship between P and
N concentrations during growth [13]. A number of researchers have documented that N
and P concentrations decrease with increasing plant biomass during crop growth [14–16].
With the dilution of N and P in plant biomass, P concentrations decrease when N is lim-
iting [17]. The positive relationship between P and N concentrations was proposed by
Kamprath [18] and reflects the dilution of both elements with increasing shoot biomass as
well as indicating the effect of crop N status on P absorption in plants. The relationship
between shoot N and P concentrations has also been reported in wheat [19–21], maize [22],
rapeseed [23], and forage grasses [15,24]. The coupling of P and N is carried out through
different mechanisms, such as N availability in accelerating P cycling [25], the availability
of P on N cycling [26,27] and the control of biological N fixation [28]. Furthermore, P
regulates N uptake and translocation, and vice versa [14,17,29]. Given the close balance
and synergy of N and P in crops [14,30], it is crucial to assess the level of N deficiency
and estimate the critical P concentration. At the same time, due to the decrease in N and
P concentrations with increasing shoot biomass, use of the N:P ratio was also proposed
for diagnostic purposes [13]. Use of the N:P ratio to detect the nature of nutrient limita-
tions was also proposed by Koerselman and Meuleman [31] on natural ecosystems and
by Sinclair et al. [32] on cut white clover/ryegrass swards. Moreover, Güsewell [14] and
Greenwood et al. [33] reported that the N to P ratio decreases as plants grow larger. This
could be because the relative decline in P concentration is lower compared to that in N
concentration [24,33]. The necessity of a multi-element integrated approach to nutrition
in crops is highlighted by the interaction between N and P in crops [16]. However, this
relationship between P and N concentrations in shoots of flax under different P fertilization
levels and the application of this the relationship in evaluating the critical P concentration
have not been extensively studied in flax.

The objectives of this study were to elucidate the relationship between P and N
concentrations of flax using data from experiments with five P rates, and with various flax
cultivars grown under non-limiting P conditions. Specifically, we wanted to determine the
critical P concentration using the relationship for shoot growth, which could be used to
diagnose and quantify P deficiency in flax.

2. Materials and Methods
2.1. Site Description, Experimental Design and Treatments

Field experiments 1 and 2 were conducted at Dingxi Academy of Agricultural Science
(34.26◦ N, 103.52◦ E, and altitude 2060 m) in 2017 and 2018 in Gansu, China; experiments 3
and 4 were carried out at Yongdeng (36◦02′ N, 103◦40′ E, altitude 2149 m) in 2018 and 2019,
in Gansu, China. The two sites have a continental climate. The soil type is Arenosols [19].
Wheat was the previous crop for the four experiments.

Monthly mean temperatures over the growing season, from March to August, ranged
from −4 to 26 ◦C at Dingxi and from −5 to 26 ◦C at Yongdeng. The lowest temperature
was recorded in March and the highest value in July for the four-year sites. The monthly
mean temperatures each year was close to the long-term average (30 yr). In brief, total
precipitation over the growing season in March to August was from 264 to 259 mm at
Dingxi and from 275 to 262 mm at Yongdeng.

The experiments were arranged as split plots based on a randomized complete block
design with three replicates, with a plot size of 5.0 m× 4.0 m. Five P rates (0, 40, 80, 120, and
160 kg P2O5 ha−1) were assigned to the main plots, with five cultivars (Dingxi: Lunxuan
2 and Dingya 22; and Yongdeng: Longyaza 1, Zhangya 2, and Longya 14, respectively)
allocated to the subplots. Urea, calcium superphosphate, and potassium sulfate were
incorporated into the top 30 cm of soil prior to sowing. The K rate was 52.5 kg K2O ha−1,
and the N rate was 80 kg N ha−1 to flax. All of the P and K was used as the base fertilizer for
flax while 75% of N was applied as the base fertilizer before sowing, and 25% as topdressing
at the budding stage. The crop was only irrigated once, prior to flowering, and each plot
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received 40 mm of irrigation with pipes of 13 cm in diameter. A water meter installed at the
discharging end of the pipes measured and recorded the amount of irrigation. Other crop
management procedures followed along local agricultural practices to ensure maximum
potential productivity.

2.2. Preplant Soil Sampling and Analysis

The soil samples were collected from a depth of 0–30 cm before the application of
P fertilizer and were air dried. Soil pH was determined using the solution of 10 g soil:
10 mL water [34]. The analysis of available P was determined using the Colorimetric
Molybdenum-Blue method according to Olsen et al. [35]. The micro-Kjeldahl method was
used to quantify total N concentration [36]. Available K was measured by flame emission
spectroscopy [36]. In brief, the basic information of soil in Dingxi of 2017 plots contains
an organic matter of 10.2 g kg−1, alkali-hydrolyzable N of 48.9 mg kg−1, available P of
11.7 mg kg−1 and available K of 122.5 mg kg−1 and pH of 7.9. The soil in Dingxi of 2018
contains an organic matter of 11.0 g kg−1, alkali-hydrolyzable N of 50.6 mg kg−1, available
P of 12.6 mg kg−1 and available K of 135.4 mg kg−1 and pH of 8.1. Additionally, the soil
at Yongdeng was described as follows: an organic matter of 9.8 and 7.6 g kg−1, alkali-
hydrolyzable N of 53.9 and 48.2 mg kg−1, available P of 8.0 and 8.7 mg kg−1 and available
K of 178.3 and 141.6 mg kg−1, pH of 7.5 and 8.2 in 2018 and 2019, respectively. When P
concentration is below 10 mg kg–1, it is considered low; the optimum soil P concentration
is considered to be above 20 mg kg−1 [37].

2.3. Plant Sampling and Analysis

Each year growth period, 30 plants per plot were gathered to measure shoot biomass
(SB) (namely, shoot dry matter), the P concentration and N concentration in shoot at 47,
65, 74, 98, and 115 days after emergence (DAE). At each year-site sampling date, 30 plants
was randomly selected from the two central rows of a plot then separated above ground
parts and roots. For chemical analysis, all above ground parts were rinsed with deionized
water, then samples were oven-dried at 105 ◦C for half an hour, and then at 80 ◦C until
they reached a constant weight and shoot biomass was weighed. The dry matter (DM) of
shoot was ground to pass a 1 mm sieve for measuring P and N concentrations. The P and
N concentrations were determined by the H2SO4-H2O2 digestion method, then P and N
concentrations were quantified using the Colorimetric Molybdenum-Blue method [35] and
the micro-Kjeldahl method [36], respectively.

Seed yield was measured in each plot by harvesting manually with a sickle.

2.4. Data Analysis

All data were subjected to analysis of variance (ANOVA) to compare differences
between all studied parameters caused by the variation in P levels and cultivar, using
the SPSS (version 19, Inc., Chicago, IL, USA) at a probability level of 5%. The differences
among the treatments were calculated using the least significant difference (LSD) test
at the 95% confidence level. Different P levels and cultivars were investigated as fixed
impacts when present in all experiments. The relationship between P and N concentrations
under nonlimiting conditions was described by linear regressions of SPSS by a combined
analysis. A non-P-limiting treatment was defined as one in which P application did
not lead to an increase in shoot biomass; however, there was a significant increment in
shoot P concentration (SPC). The critical P concentration, which is defined as the lowest P
concentration required to obtained highest shoot growth [12].

The P nutrition index (PNI) was determined by dividing the P concentration in shoot
by the critical P concentration, similar to an approach previously used on flax [12]. The
relative shoot biomass (RSB) and relative seed yield (RY) were the rates of shoot biomass
and seed yield gained for a given P level to their respective peak values observed at a
specific year [12]. The coefficients of determination (R2) were calculated using SPSS 20.0.
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3. Results
3.1. Shoot Biomass at Different P Levels

Phosphorus fertilization significantly improved the SB of flax in all years-sites excluded
at 47 DAE (Tables 1 and 2). Moreover, the SB of flax were not significant difference among
P80, P120, and P160 treatments. Moreover, the SB increased gradually, as plants grew from
47 to 115 DAE. Over the two years, the average SB of Luanxuan 2 ranged in between 0.82
to 7.18 t ha−1 and Dingya 22 ranged within 0.92 to 7.22 t ha−1, while in case of Longyaza 1
ranged in between 0.82 and 7.26 t ha−1, Zhangya 2 ranged from 0.87 to 7.21 t ha−1, and
Longya 14 varied from 0.91 to 7.38 t ha−1, respectively (data not shown).

Table 1. Shoot biomass (t ha−1) at Dingxi in 2017 and 2018 with two cultivars flax and five phosphorus rates.

Year Treatment DAE 47 DAE 65 DAE 74 DAE 98 DAE 115

Cultivar

2017
Lunxuan 2 1.22 2.03 3.56 4.68 b 6.19
Dingya 22 1.30 2.46 3.62 4.94 a 6.33

2018
Lunxuan 2 1.13 2.00 b 3.50 4.66 6.15
Dingya 22 1.23 2.31 a 3.59 4.74 6.21

P rate
P0 0.89 1.30 c 2.33 c 3.41 c 4.51 c
P40 1.20 1.82 b 3.11 b 4.43 b 5.51 b

2017 P80 1.34 2.57 ab 4.21 a 5.40 a 6.94 a
P120 1.43 2.72 a 4.08 a 5.42 a 7.09 a
P160 1.47 2.83 a 4.25 a 5.40 a 7.26 a
P0 0.85 1.30 c 2.39 c 3.21 4.49 c
P40 1.17 1.70 b 2.96 b 3.96 5.47 b

2018 P80 1.28 2.52 a 4.15 a 5.44 6.79 a
P120 1.31 2.61 a 4.12 a 5.46 7.01 a
P160 1.29 2.65 a 4.12 a 5.44 7.14 a

Source of variance (SOV)
C 0.3142 0.5276 0.5441 0.0032 0.2183

2017 P 0.5051 0.0042 0.0313 0.0113 0.0372
C × P 0.9011 0.0192 0.7465 0.7698 0.3521

C 0.8326 0.0120 0.4798 0.5266 0.7145
2018 P 0.1425 <0.0001 0.0244 0.0158 0.0116

C × P 0.3764 0.0197 0.5218 0.2671 0.6899

C, cultivar. P, phosphorus. DAE, days after emergence. Means (n = 3) with a different letter in each column are
significantly different at the 5% probability level according to the least significant difference test. P0, P40, P80, P120,
and P160 represent 0, 40, 80, 120, and 160 kg P2O5 ha−1, respectively.

Table 2. Shoot biomass (t ha−1) at Yongdeng in 2018 and 2019 with three cultivars flax and five
phosphorus rates.

Year Treatment DAE 47 DAE 65 DAE 74 DAE 98 DAE 115

Cultivar
Longyaza 1 1.22 2.46 3.55 4.68 6.48

2018 Zhangya 2 1.14 2.46 3.38 4.68 6.35
Longya 14 1.27 2.60 3.57 4.63 6.55
Longyaza 1 1.18 2.44 3.51 4.48 c 6.38

2019 Zhangya 2 1.22 2.51 3.49 4.66 b 6.38
Longya 14 1.17 2.49 3.74 4.83 a 6.41

P rate
P0 0.87 1.48 c 2.38 c 3.08 c 4.87 c
P40 1.09 1.97 b 2.75 b 4.06 b 5.78 b

2018 P80 1.35 2.95 ab 4.09 a 5.34 a 7.10 ab
P120 1.35 3.05 a 4.12 a 5.41 a 7.24 a
P160 1.40 3.07 a 4.16 a 5.44 a 7.31 a
P0 0.85 1.41 c 2.43 b 3.35 c 4.79 c
P40 1.08 2.02 b 2.95 b 4.01 b 5.62 b

2019 P80 1.29 2.93 ab 4.17 a 5.29 a 7.12 a
P120 1.34 3.01 a 4.12 a 5.35 a 7.17 a
P160 1.39 3.03 a 4.23 a 5.28 a 7.26 a

Source of variance (SOV)
C 0.3481 0.5664 0.0602 0.0722 0.1233

2018 P 0.527 <0.0001 0.0247 0.0196 0.0416
C × P 0.644 0.4152 0.0809 0.1009 0.0208

C 0.241 0.0815 0.0941 0.0247 0.2258
2019 P 0.089 <0.0001 0.0125 <0.0001 0.0200

C × P 0.529 0.0864 0.2145 0.0992 0.7431

C, cultivar. P, phosphorus. DAE, days after emergence. Means (n = 3) with different letters in each column are
significantly different at the 5% probability level according to the least significant difference test. P0, P40, P80, P120,
and P160 represent 0, 40, 80, 120, and 160 kg P2O5 ha−1, respectively.
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The SB was affected by cultivar, the SB of Dingya 22 was greater than that of Lunxuan 2
at 98 DAE of 2017 and at 65 DAE of 2018 in Dingxi (Table 1), and Longya 14 had highest SB,
moreover, there were significant difference among three cultivars at 98 DAE in Yongdeng
of 2019 (Table 2). In addition, the interaction between cultivar and P influenced the SB.
The relationship between SB and P rate over two cultivars at 65 DAE in Dingxi of 2018 can
be described through the linear functions: SB = 0.398Prate + 1.054 (R2 = 0.90, p < 0.01) in
Dingxi of 2017 and SB = 0.360Prate + 1.075 (R2 = 0.88, p < 0.01). Additionally, the SB was
affected by the interaction between cultivar and P rate at 115 DAE in Yongdeng of 2018, the
relationship between SB and P rate over three cultivars can be described using the linear
functions: SB = 0.595Prate + 4.615 (R2 = 0.86, p < 0.01).

3.2. Shoot P Concentration at Different P Levels

With the exception of sampling date at 47 DAE in each site-year and at 74 DAE in Dingxi
of 2017, P fertilizer significantly influenced shoot P concentration of flax (Tables 3 and 4). Never-
theless, there were no differences in shoot P concentration between P120 and P160 treatments
in Dingxi and no differences in shoot P concentration among P80, P120, and P160 treatments
in Yongdeng. In general, shoot P concentration increased with P levels, increasing at the
same sampling date and the same cultivar. Averaged over the P40, P80, P120, and P160
treatments, the fertilized flax increased the P concentration in the shoot by 18, 18, 17, and
15% in Dingxi of 2017 and 2018, in Yongdeng of 2018 and 2019, respectively, compared
with the zero P control. Furthermore, P concentration decreased with time from 47 DAE to
115 DAE. Across sampling dates and site years, P concentration ranged from 1.77 to 5.36 g
kg−1 DM (data not shown).

Table 3. Shoot P concentration (g kg−1 DM) at Dingxi in 2017 and 2018 with two cultivars flax and
five phosphorus rates.

Year Treatment DAE 47 DAE 65 DAE 74 DAE 98 DAE 115

Cultivar

2017
Lunxuan 2 5.11 3.47 2.58 b 2.49 2.14
Dingya 22 5.06 3.45 2.89 a 2.29 2.06

2018
Lunxuan 2 5.02 3.31 b 3.01 2.70 2.40
Dingya 22 5.07 3.52 a 3.14 2.59 2.16

P rate
P0 4.79 3.01 b 2.31 1.88 c 1.78 b
P40 4.97 3.15 b 2.58 2.03 bc 1.86 b

2017 P80 5.18 3.46 a 2.68 2.39 b 1.98 ab
P120 5.20 3.78 a 2.89 2.75 a 2.35 a
P160 5.31 3.92 a 3.22 2.91 a 2.55 a
P0 4.80 3.08 b 2.58 c 2.11 c 1.86 b
P40 4.98 3.22 b 2.83 b 2.35 bc 1.98 b

2018 P80 5.03 3.41 ab 3.03 b 2.67 b 2.25 ab
P120 5.17 3.49 a 3.43 a 2.98 a 2.59 a
P160 5.25 3.88 a 3.51 a 3.13 a 2.73 a

Source of variance (SOV)
C 0.5277 0.06431 0.0128 0.3440 0.0812

2017 P 0.0976 0.0129 0.0906 <0.0001 0.0215
C × P 0.1254 0.4685 0.0342 0.7411 0.4125

C 0.0708 0.0366 0.7164 0.4962 0.3588
2018 P 0.0924 0.0218 0.0324 <0.0001 0.0400

C × P 0.1457 0.2586 0.3457 0.2568 0.6215
P, phosphorus. DM, dry matter. C, cultivar. DAE, days after emergence. Means (n = 3) with different letters in
each column are significantly different at the 5% probability level according to the least significant difference test.
P0, P40, P80, P120, and P160 represent 0, 40, 80, 120, and 160 kg P2O5 ha−1, respectively.
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Table 4. Shoot P concentration (g kg−1 DM) at Yongdeng in 2018 and 2019 with three cultivars flax
and five phosphorus rates.

Year Treatment DAE 47 DAE 65 DAE 74 DAE 98 DAE 115

Cultivar
Longyaza 1 4.84 3.68 a 3.10 2.54 2.16

2018 Zhangya 2 4.92 3.39 b 3.18 2.71 2.14
Longya 14 4.71 3.66 a 3.29 2.78 2.37
Longyaza 1 4.83 3.51 3.21 a 2.74 2.33

2019 Zhangya 2 4.79 3.76 2.69 b 2.52 2.35
Longya 14 4.86 3.50 3.19 a 2.69 2.51

P rate
P0 4.44 3.14 c 2.79 c 2.24 c 1.90 b
P40 4.60 3.41 b 2.96 b 2.37 bc 2.14 b

2018 P80 4.85 3.55 ab 3.18 a 2.60 ab 2.18 ab
P120 5.08 3.72 a 3.35 a 3.02 a 2.40 a
P160 5.13 4.05 a 3.65 a 3.13 a 2.51 a
P0 4.53 3.37 b 2.73 c 2.16 b 1.94 b
P40 4.70 3.42 b 2.91 b 2.36 b 2.20 b

2019 P80 4.73 3.51 ab 2.96 ab 2.70 ab 2.45 a
P120 5.04 3.70 a 3.13 ab 2.93 a 2.62 a
P160 5.12 3.95 a 3.42 a 3.11 a 2.76 a

Source of variance (SOV)
C 0.4188 0.0259 0.0912 0.2438 0.6257

2018 P 0.0954 0.0329 <0.0001 0.0241 0.0115
C × P 0.0325 0.2549 0.4752 0.3892 0.2567

C 0.1230 0.4258 0.0344 0.0615 0.1281
2019 P 0.4785 0.0329 <0.0001 0.0274 0.0315

C × P 0.6352 0.0174 0.7548 0.6351 0.5322
P, phosphorus. DM, dry matter. C, cultivar. DAE, days after emergence. Means (n = 3) with different letters in
each column are significantly different at the 5% probability level according to the least significant difference test.
P0, P40, P80, P120, and P160 represent 0, 40, 80, 120, and 160 kg P2O5 ha−1, respectively.

The shoot P concentration was affected by cultivar, the P concentration of Dingya 22
was greater than that of Lunxuan 2 at 74 DAE of 2017 and at 65 DAE of 2018 in Dingxi
(Table 3); and Zhangya 2 was observed the lowest P concentration at 65 DAE of 2018
and at 74 DAE of 2019 in Yongdeng (Table 4). Furthermore, cultivar and P interaction
significantly affected the P concentration was at 74 DAE in Dingxi 2017, at 47 and 115 DAE
of 2018 and at 65 DAE of 2019 in Yongdeng. The relationship between P concentration
and P rate at 74 DAE over two cultivars can be described through the linear functions:
Pconcentration = 0.213Prate + 2.097 (R2 = 0.79, p < 0.01) in Dingxi of 2017, and the relationship
between P concentration and P rate over three cultivars can be described through the linear
functions: Pconcentration = 0.187Prate + 4.261 (R2 = 0.88, p < 0.01), Pconcentration = 0.206Prate +
1.775 (R2 = 0.89, p < 0.01), and Pconcentration = 0.142Prate + 3.164 (R2 = 0.83, p < 0.01), at 47
and 115 DAE in 2018 and at 65 DAE of 2019 in Yongdeng, respectively.

3.3. Shoot N Concentration at Different P Levels

Shoot N concentration was significantly affected by P fertilization apart from at 47
DAE in each site-year and at 65 DAE in Yongdeng of 2019 (Tables 5 and 6). Averaged over
the P40, P80, P120, and P160 treatments, the fertilized flax increased the N concentration in
shoot. Similar to shoot P concentration, shoot N concentration also decreased with plant
growth from 47 to 115 DAE. In the study, over sampling dates all years, N concentration
varied between 16.77 and 54.78 g kg−1 DM (Tables 5 and 6).
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Table 5. Shoot N concentration (g kg−1 DM) at Dingxi in 2017 and 2018 with two cultivars flax and
five phosphorus rates.

Year Treatment DAE 47 DAE 65 DAE 74 DAE 98 DAE 115

Cultivar

2017
Lunxuan 2 53.83 35.71 25.40 b 21.73 18.22
Dingya 22 53.42 34.65 27.59 a 21.83 18.51

2018
Lunxuan 2 54.93 36.51 30.43 23.39 19.97
Dingya 22 53.31 35.76 31.03 24.83 20.16

P rate
P0 53.40 32.93 b 24.61 c 19.10 c 16.77 b
P40 53.55 33.83 b 25.93 b 20.30 b 17.66 b

2017 P80 53.68 34.82 ab 26.21 ab 22.60 ab 17.88 ab
P120 53.77 36.99 a 26.90 a 23.18 a 19.48 a
P160 53.74 37.36 a 28.83 a 23.73 a 20.06 a
P0 52.96 33.93 c 27.50 c 21.92 c 18.86 b
P40 54.16 34.81 b 29.90 b 23.40 b 18.99 b

2018 P80 54.30 36.44 ab 30.55 ab 24.60 a 20.44 a
P120 54.43 37.50 a 32.69 a 25.34 a 20.50 a
P160 54.78 38.00 a 33.02 a 25.31 a 21.53 a

Source of variance (SOV)
C 0.0942 0.7415 0.0195 0.4578 0.6942

2017 P 0.2043 0.0125 <0.0001 0.0005 0.0200
C × P 0.4108 0.4256 0.3289 0.3452 0.0981

C 0.0922 0.6500 0.0672 0.1280 0.3211
2018 P 0.1288 0.0248 0.0324 0.0288 0.0109

C × P 0.3145 0.0904 0.2584 0.0127 0.0992
N, nitrogen. DM, dry matter. P, phosphorus. C, cultivar. DAE, days after emergence. Means (n = 3) with different
letters in each column are significantly different at the 5% probability level according to the least significant
difference test. P0, P40, P80, P120, and P160 represent 0, 40, 80, 120, and 160 kg P2O5 ha−1, respectively.

Table 6. Shoot N concentration (g kg−1 DM) at Yongdeng in 2018 and 2019 with three cultivars flax
and five phosphorus rates.

Year Treatment DAE 47 DAE 65 DAE 74 DAE 98 DAE 115

Cultivar
Longyaza 1 54.66 39.97 32.99 24.84 20.15

2018 Zhangya 2 52.36 35.80 32.71 26.89 20.96
Longya 14 54.88 38.32 33.23 26.76 21.90
Longyaza 1 53.74 39.16 33.94 a 26.22 21.87

2019 Zhangya 2 51.97 35.74 24.64 c 23.11 20.26
Longya 14 54.10 37.48 29.62 b 23.81 22.47

P rate
P0 54.16 37.18 b 31.43 b 24.38 b 19.79 b
P40 53.86 37.53 b 32.15 b 24.73 b 20.27 b

2018 P80 53.59 38.34 ab 33.15 a 25.69 ab 20.82 ab
P120 54.32 38.41 a 33.74 a 27.81 a 21.42 a
P160 53.91 39.89 a 34.42 a 28.20 a 22.03 a
P0 52.84 36.60 28.30 b 21.73 c 18.95 c
P40 52.95 36.74 28.51 b 22.38 c 20.02 b

2019 P80 52.97 37.25 29.04 ab 24.97 b 21.94 b
P120 53.76 38.03 29.38 ab 25.83 a 23.06 a
P160 53.82 38.69 31.78 a 26.99 a 23.67 a

Source of variance (SOV)
C 0.0815 0.2708 0.0815 0.0679 0.4352

2018 P 0.2431 0.0142 0.0403 0.0279 0.0183
C×P 0.1688 0.4215 0.0855 0.2144 0.3216

C 0.0621 0.2789 <0.0001 0.0740 0.1259
2019 P 0.3219 0.1528 0.0224 0.0165 0.0411

C×P 0.1452 0.0578 0.0298 0.0911 0.2016
N, nitrogen. DM, dry matter. P, phosphorus. C, cultivar. DAE, days after emergence. Means (n = 3) with different
letters in each column are significantly different at the 5% probability level according to the least significant
difference test. P0, P40, P80, P120, and P160 represent 0, 40, 80, 120, and 160 kg P2O5 ha−1, respectively.

The shoot N concentration was affected by cultivar at 74 DAE in Dingxi of 2017
(Table 5). In Yongdeng, N concentration was affected by cultivar at 74 DAE of 2019,
Longyaza 1 exhibited the maximum value, followed by Longya 14 and Zhangya 2 (Table 6).
Moreover, the interaction between cultivar and P rate impacted the N concentration at 98
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DAE in Dingxi of 2018 and at 74 DAE in Yongdeng of 2019 (Tables 5 and 6). The relationship
between N concentration and P rate over two cultivars at 98 DAE of 2018 can be described
through the linear functions: Nconcentration = 0.871Prate + 21.498 (R2 = 0.71, p < 0.01), and the
relationship between N concentration and P rate over three cultivars at 74 DAE of 2019 can
be described by the linear functions: Nconcentration = 0.782Prate + 27.053 (R2 = 0.76, p < 0.01).

3.4. Phosphorus and N Concentration Relationships in Shoot

This study was to elucidate the relationship between P and N concentrations of
flax throughout the growing period, namely from 47 to 115 DAE under non-limiting P
conditions. Hence, the data from the experiments conducted in Dingxi of 2017 and 2018
under non-limiting P conditions were pooled with data obtained under non-limiting P
conditions in Yongdeng of 2018 and 2019. In the current, shoot N concentration increased
with increasing P concentration at four sites-years. Obviously, the relationship between N
and P concentrations in shoot under non-limiting P conditions can be described through
the linear function: P = 0.05N + 1.68 (R2 = 0.82, p < 0.01) (Figure 1A), in which both
concentrations are expressed in g kg−1 DM. This relationship approximates the critical
P concentration under non-limiting P conditions that is, the minimum P concentration
needed when attained the highest shoot growth.
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3.5. Implications for P Diagnostic in Flax

The rate of N:P has also been suggested to diagnose purposes. In the present study,
the N:P ratio declined with increasing biomass (R2 = 0.71, p = 0.027) (Figure 1B), similar to
the changes trend of N and P concentrations. The N:P ratio was 11.56, corresponding to
1 t ha−1 DM, within the range of 10:20 (mass basis) reported to be optimal by Güsewell [14].
Moreover, the dilution coefficient of the N:P curve was 0.10.

To diagnose P nutrition status, the PNI and relative seed yield (RY) was applied for
all sampling dates. The values of PNI < 1, P deficiency, while values > 1, P excess, and
PNI was 1, P optimal. Our results showed that the relationship between the PNI and RY
was well fitted using a second-order polynomial equation (RY = −1.58 PNI2 + 3.38 PNI −
0.82) (R2 = 0.88, p < 0.001) (Figure 2). Value PNI = 1, the RY was near 1.0, while PNI > 1 or
PNI < 1, the RY reduced on the basis of those relationships. Those indicate that inadequate
and excessive of P application both lower the RY, while the optimal P rate leads to the
maximum RY.
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4. Discussion

This study first suggests the notion of the critical P concentration through the relation-
ship between P and N concentrations in shoot of flax to quantify the degree of P deficiency
during the current growing season. This diagnostic model based on this relationship
between P and N concentrations can be used to guide agricultural field production.

4.1. Shoot Dry Matter, Phosphorus and Nitrogen Concentrations

The values of shoot biomass on flax in the current study are lower than those reported
by Flénet et al. [38] in a study conducted in northern France with four levels of fertilizer
N. The growing season in Gansu, China, has cold and dry conditions. However, the water
holding capacities of soils are great due to the cool and humid climate of northern France.
Hence, there is little risk of water deficit. Irrigation was triggered when the soil water
content of the 0–30 cm layer was below half of the soil water availability. Lower biomass
in our study (ranged from 1 to 7 t ha−1) compared to those conducted in northern France
(1 to 10 t ha−1) could be correlated with differences in water availability, cultivars, and
fertilizer type.

Our results observed that P concentration in shoot varied from 1.77–5.36 g kg−1

DM from 47 to 115 DAE, namely seedling to maturity, which a wider range than those
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in C3 crops reported by Bélanger et al. [20] on wheat (1.6–4.6 g kg−1 DM) from vegeta-
tive to late heading stages of development in Canada and by Cadot et al. [39] of rape-
seed (5.38–6.52 g kg−1 DM) between inflorescence emergence and ripening and of wheat
(3.84–4.53 g kg−1 DM) between tillering and joint stage in Switzerland. This probably due
to the following: (i) sampling dates were at different stages of growth and development
among them, which might have caused the different the capability of uptake P; (ii) the
difference may be correlated to species, of which organ weight ratios and P concentration
of organs were significant different; and (iii) the difference could be correlated to environ-
ments, especial soils properties and soil microbial phosphorus. Further research is required
to do for exploring the cause.

Shoot N concentration in flax ranged between 16.12 g kg−1 DM and 55.70 g kg−1 DM
in our study, which a wider range than that reported on linseed in northern France [38],
and others C3 crops, such as winter wheat in Canada (14.4–43.4 g kg−1 DM), in Finland
(17.3–49.8 g kg−1 DM), and in China (17.3–32.6 g kg−1 DM) [20]. The difference among
crops was probably explained with diversity in P and N absorption and utilization among
different species with various organ weight ratios and N concentration of organs, and
significant differences existing in N concentrations under the environment’s conditions.

In addition, the effect of cultivar and the interaction between cultivar and P doses on
SB, N, and P concentrations were few, with a sampling date from 47 to 115 DAE. However,
this study intended to elucidate the relationship between P and N concentrations of flax
throughout the growing period under within a range of P levels, hence, we concentrated
on analysis of the effect of P doses on SB, N, and P concentrations.

4.2. Diagnosis of Phosphorus Nutrition Status

Our results exhibited that the N and P concentrations in shoot of flax existed a signif-
icant positive correlation. This confirms the powerful inter-dependence between N and
P in crops [40], as observed in previous studies on grasses [13,24], wheat leaves [19,22],
grassland swards [15], and canola [20]. Additionally, in the present study, the value of N:P
ratio is in the extent of reported previously in terrestrial plants (10–20) [14] and oilseed
crops (1.5–20) [40]. These strongly supported the results of the present study.

In 2008, Greenwood et al. [33] established the unifying N:P dilution curve for several
crops, in which assumed non-limiting nutrient availability. The N:P dilution curve in our
study was higher than those developed by Greenwood et al. [33]. This is possibly due
to differences in N and P requirements between flax and the others crop species. The
N:P ratios in shoot of flax (11.56) are close to the value of 11.83 for growth-related tissues,
identifying that the interpretation of the N:P ratio for diagnosis of N and P sufficiency must
be closely connected to the biomass [15,33,37].

According to the opinion of Güsewell [14] there is a ‘critical N:P ratio’ below which
growth is limited only by N and above which growth is limited only by P. In the current
study, the N:P ratios in shoot were in the range of 10–20, which validates that N and P were
in sufficiency for the data set used to develop the critical P concentration curve.

Our results clearly showed that there were significant quadratic relationships between
PNI and relative seed yield. The quadratic relationships correlated to seed yield increased
with the P fertilizer up to 120 kg P2O5 ha−1 and then declined with further P application
rate. The positive effect of appropriate P application on seed yield may be a consequence
of improving photosynthesis [41] and increasing photosynthesis efficiency [42]. Value of
relative seed yield was 1, PNI was 1, and the seed yield reached the peak, P optimal; PNI > 1
or PNI < 1, P excess or deficiency, those production decreased. Obviously, P nutrition status
can be estimated by sampling biomass of shoot and this would represent a fast and cost
effective option. Therefore, our results showed that the relationship between the P and N
concentrations provided tools to evaluate the critical P concentration, in turn, to assess P
status of flax during growing season.
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5. Conclusions

Effective management of P fertilizer is critical to crop production and environment.
In the current study, the N and P concentrations as well as N:P ratio of shoot all declined
with increasing shoot biomass. The positive relationship between P and N concentrations
under non-limiting P conditions for shoot growth identified in the strong stoichiometry
between P and N in flax. Moreover, studies showed that the relationship between P and N
concentrations and the N:P ratio in shoot are potential indices of P nutrition sufficiency,
however, considering in relation to shoot biomass amount. When PNI was 1, the maximum
seed yield obtained. Therefore, the current study provides diagnosis tool by the relationship
between P and N concentrations to estimate the critical P concentration for quantifying the
degree of P deficiency in flax production. This tool can be used to adjust P fertilization in
the following growing seasons for the species-specific condition at the pH approximately
to 8 of soil.
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Abstract: The objective of this study was to evaluate dry matter (DM) production of Urochloa brizantha
cv. Marandu and ammonia volatilization in response to rates and sources of enhanced-efficiency N
fertilizers. The experiment was took place in a pasture area, two growing seasons. A randomized
block design with four replications was used, in a 4 × 2 + 1 factorial arrangement, consisting of four
N sources (Urea—UrConv; Ammonium nitrate—AN; Urea + NBPT—UrNBPT; Urea + Duromide—
UrDuromide) and two nitrogen rates (100 and 200 kg ha−1 year), plus a treatment without nitrogen
fertilization (control). At both N rates, ammonia volatilization from UrConv100/200 was greatest.
Ammonia volatilization was less after UrNBPT and UrDuromide application, with values similar to
AN. Ammonia losses from UrDuromide tend to be lower than from UrNBPT. The N use efficiency in
dry matter production of Marandu was influenced by the N sources and rates. At both N rates, the
efficiency of UrDuromide and UrNBPT was greater than that of UrConv. With regard to total DM and
leaf percentage in response to N rates, DM production increased after 200 kg N ha−1 rates in response
to all sources, in both years. The UrDuromide reduce N losses by volatilization compared to UrNBPT

and Urconv, and resulted in greater total DM production and relative leaf production of Marandu, in
comparison to UrNBPT, AN and Urconv.

Keywords: dry matter production; Duromide; pasture; urease inhibitor; Urochloa brizantha

1. Introduction

Urochloa brizantha cv. Marandu is native to tropical Africa and adapts well to soils of
medium fertility, obtaining high yields in fertile soils [1]. With a short cycle and perennial, it
grows in clump form, its stems have a dense hairiness, and the plant has good digestibility
and palatability. When grown in medium to high fertility soils, the plants exceed 1.5 m in
height [2]. The predominance of the genus Urochloa in Brazil is more common in sown
pastures, with about 50 million hectares of arable land, mainly because it is robust, and is
associated with a high productive potential, great nutritional quality and widely adaptable
in various edaphoclimatic environments [3–5].

The forages used for pasture, extremely relevant for livestock production, are predom-
inantly grasses, which are very responsive to nitrogen fertilization. This nutrient (N) is
applied in large amounts to pasture, so sound agronomic practices and modern technology
are needed in the sector [6].

Nitrogen fertilization can improve yield and crude protein content of forages [7,8].
Urea is the most frequently used nitrogen source, mainly due to its low cost. However, it is
highly susceptible to losses by ammonia volatilization, caused by changes in soil moisture,
temperature and pH, wind speed, soil organic C and N, and the applied urea rate [9].
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Certain products have increase urea efficiency, e.g., urea treated with N–(n-butyl)
thiophosphoric triamide (NBPT), marketed since 1996 in the United States and, more
recently, in Brazil. This urease inhibitor is currently the only commercially available option
for agriculture and is sold in more than 70 countries [10,11]. The main benefit of stabilizing
urea by adding substances for this purpose is the reduction of volatilization, which: (a)
extends the period (number of days) of chemical stability between nitrogen fertilization and
soil incorporation by rainwater or irrigation, reducing N losses by volatilization; (b) reduces
the N volatilization losses caused by urea hydrolysis on the soil surface; (c) increases N
uptake, fertilization efficiency and crop yield and quality [10].

The retardant NBPT is a conventional inhibitor that loses its efficiency under acidic soil
pH conditions and temperatures above 30 ◦C. A novel urease inhibitor called Duromide is
the active ingredient of a new urease inhibitor generation [12]. The new molecule has the
same chemical function as conventional NBPT, having the same mode of action to block
the urease active site by binding to it. On the other hand, the rest of its chemical structure
differs from NBPT, making it more stable. The greater stability of this new active principle
raises expectations of allowing more durable storage and applications in wider ranges of
soil pH and temperature. Based on these characteristics, enhanced urease inhibition and
accordingly, reduced N volatilization losses are expected [12]. In view of the above, the
objective was to evaluate ammonia volatilization and dry matter production of Urochloa
brizantha cv. Marandu in response to rates and sources of enhanced-efficiency N fertilizers.

2. Material and Methods
2.1. Experimental Area

The experiment was installed in an experimental field of the Faculty of Agricultural
and Technological Sciences of UNESP, Campus de Dracena (21◦27′ S; 51◦36′ W), with a
tropical climate, classified as Aw by Köppen [13], mean annual rainfall of approximately
1300 mm, mean annual air temperature of 24 ◦C and mean maximum of 31 ◦C and minimum
of 19 ◦C. An area in the process of pasture formation of Urochloa brizantha cv. Marandu was
evaluated over two growing seasons (2018/2019 and 2019/2020) (Figure 1).
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The soil of the experimental area was classified as Argissolo Vermelho Amarelo
distrófico soil with sandy texture [14], corresponding to a dystrophic Ultisol [15]. Soil
chemical and particle-size analyses (0.00–0.20 m layer), showed the following results:
13 g dm−3 organic matter; pH (CaCl2) 4.5; 3 mg dm−3 P (Resin); 5.0 mmolc dm−3 Ca2+;
3.0 mmolc dm−3 Mg2+; 1.4 mmolc dm−3 K+; 24.4 mmolc dm−3 cation exchange capacity;
120 g kg−1 clay; 30 g kg−1 silt; and 850 g kg−1 sand.

2.2. Experimental Design

The experiment was arranged in randomized blocks with four replicates, in a 4 × 2 + 1
factorial design, consisting of four N sources: conventional urea (UrConv100 and UrConv200),
ammonium nitrate (AN100 and AN200), urea treated with NBPT (UrNBPT100 and UrNBPT200),
urea treated with Duromide (UrDuromide100 and UrDuromide200) and two nitrogen rates (100
and 200 kg ha−1 year), plus a treatment without nitrogen fertilization (control), resulting in
a total of 36 plots. The annual rates of 100 and 200 kg N ha−1 were split in four applications
of 25 and 50 kg ha−1, respectively, broadcast on the soil surface. The first fertilization was
applied 30 days after sowing and the others subsequently after each cut. In the second year,
the first rate was applied in the beginning of the rainy season, in October 2019, and the
others after the next three cuts, resulting in a total of four applications.

2.3. Soil Management, Sowing and Cultural Treatments

In August 2018, dolomitic limestone was incorporated to a soil depth of 0.20 m, to
raise base saturation to 60%. Three months after liming, immediately before sowing, 80 kg
P2O5 ha−1 as single superphosphate and 30 kg K2O ha−1 as potassium chloride were
broadcast [16].

Marandu grass was sown in rows (December 2018), spaced 25 cm apart, at a density
of 10 kg ha−1 of pure, healthy seeds. The plot size was 4 × 4 m and spacing between plots
and blocks was 1 m.

In January 2019, the first nitrogen fertilization was carried out in the treatments, at the
respective rates. In each growing season, four cuts were made in the rainy and one in the
dry season, resulting in a total of five forage cuts per growing season. In the second year,
the same phosphorus and potassium rates as in the first were applied, together with the
first N fertilizer application.

2.4. Ammonia Volatilization

Volatilization cylinders similar to those described by [17–20] were used (Figure 2).
In the first year of evaluation, ammonia volatilization was evaluated by analyzing the
polyethylene foam strips soaked in phosphoric acid, which were collected from the cylin-
ders and exchanged on day 2, 5, 9, 14, 20 and 26 after fertilization with each of the four N
rates. In the second year, these foams were collected and exchanged twice (tow cycles), on
day 1, 2, 5, 9, 14, 20 and 26 after the 2nd and 4th application of N rates, to assess ammonia
volatilization.

The polyethylene cylinders were fitted on top of round PVC bases (diameter 9 cm,
height 10 cm) (Figure 2). In each plot, six bases per cylinder were installed (one per
evaluation). Since the contact between rain and fertilizer was impeded within the cylinders,
they were shifted to a subsequent base at each foam exchange. In this way, in the following
period, NH3 losses from the fertilizer treatments were evaluated under exposure to the
same conditions (rain, temperature, wind, etc.) as in the rest of the experimental field.

At the moment of fertilizer broadcasting in the total area of the plots, the volatilization
cylinders were sealed and the respective relative amount of fertilizer of each treatment
was individually weighed and applied to the area within the bases underneath the cylin-
ders. In each cylinder, the amount of fertilizers applied corresponded to rates of 100
and 200 kg N ha−1, divided into four applications of 25 and 50 kg ha−1, respectively, per
growing cycle.
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To determine volatilization, the retained ammonia was extracted from the foam strips
by washing four times with 10 mL deionized water and measuring this solution in a 100 mL
volumetric flask, Thereafter, an aliquot of 20 mL was distilled and the volatilized NH3 was
determined by subsequent titration (H2SO4 0.0025 mol L−1) [21].
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Figure 2. Semi-open static NH3 collection cylinder.

2.5. Grass Production

Four cuts were taken, at intervals regulated by the mean plant height of 28 cm (i.e.,
95% light interception) in the best treatment [22]. In the rainy season, the cutting height
was reached within intervals of approximately 30 days.

Leaf fresh matter was measured in one sample of 0.5 m2 (1 × 0.5 m) per experimental
unit, taken with a rectangular iron sampler. The sampler was placed randomly at represen-
tative points of each plot and the forage within the rectangle was cut at 15 cm above the
ground and immediately weighed to determine leaf fresh matter. Then, a forage subsample
was taken, immediately weighed and dried to constant weight in a forced air circulation
oven at 65 ◦C, to determine dry matter production [23].

2.6. Morphological Composition of Forage

To determine the relative participation of each morphological component, a subsample
of leaf fresh matter was removed, separated in leaf blades and pseudostem (stems + sheaths)
and separately dried to constant weight in a forced-air circulation oven, at 65 ◦C [23].

2.7. Data Analysis

Data were evaluated for error normality and homogeneity and the results subjected to
analysis of variance and mean comparison by the Tukey test at 5% significance (p < 0.05).
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Pearson’s correlation (Minitab statistical software version 21.2.0, State College, PA, USA)
was calculated to investigate the relationship between total dry matter, leaf percentage,
leaf dry matter, N loss reduction, N use efficiency and percent N loss. All statistical
analyses were performed using the Statistical Analysis System software (SAS OnDemand
for Academics 2022). Graphs were plotted using Sigmaplot® version 14.5 (Systat Software,
Inc., San Jose, CA, USA, www.sigmaplot.com, accessed on 12 December 2022). The model
was selected according to the Akaike Information Criterion (CIA) [24] by choosing the
models with the least CIA. After selecting the model, the data were subjected to non-linear
regression, using the logistic model represented by Equation (1), as described by [25]. This
model is traditionally used to estimate cumulative ammonia volatilization [26–28].

Ŷ =
α

1 + exp[−(t−β)/γ]
(1)

where Ŷ is the amount of N volatilized in form of NH3-N (kg ha−1) at time t; α is the
maximum cumulative volatilization; β the moment when 50% of the losses had occurred,
corresponding to the inflection point of the curve (day of maximum daily NH3-N loss); t
the time (days); and γ a parameter of the equation used to calculate the maximum daily
loss (MDL) of NH3-N, as shown in Equation (2).

MDL =
α

4γ
(2)

To evaluate the reduction in ammonia loss compared to urea, as shown in Equation (3).

NH3 −N = 100− N loss by f ertilizer× 100
N loss by urea

(3)

3. Results
3.1. NH3-N Volatilization Losses

Figure 3a,c,e,g and Figure 4a,c show ammonia volatilization over a 26-day period. The
climatic conditions of each evaluation period are shown in Figure 3b,d,f,h and Figure 4b,d.
In the four evaluations of both annual N rates, ammonia volatilization from UrConv was
observed to be highest. In turn, UrNBPT and UrDuromide proved more efficient in reducing
ammonia volatilization compared to conventional urea, reaching values close to AN.

In the first experiment (2019) (Figure 3a), two days after the first split applications
of UrConv100 and UrConv200, respectively, 2.82 and 7.45 kg ha−1 of the applied N was lost,
with losses peaking on the 5th day after fertilization, with 5.41 and 13.93 kg N ha−1, respec-
tively. Subsequently, the N losses from UrNBPT200 reached approximately 6.52 kg N ha−1,
3.76 kg N ha−1 from UrDuromide200 and approximately 0.32 kg N ha−1 from AN200. In the
first experiment, NH3 losses were less after application of fractional rates of 25 kg N ha−1

(Table 1). Compared with urea, NH3 losses from AN, UrNBPT and UrDuromide for the split
rates of 25 kg N ha−1 were reduced by 94.4%, 35.1% and 52.4%, respectively, and by 97.7%,
54.2% and 74.7% in response to rates of 50 kg N ha−1 (Table 1).

The second evaluation of the first year (Figure 3c) showed that 3.94 and 7.83 kg N ha−1

was lost from UrConv100/200 on the second day of data collection, while the sources
UrNBPT100/200 and UrDuromide100/200 lost approximately 1 kg N ha−1. During this period, it
should be mentioned that rain (8 mm) fell on the first day after fertilization and another
rainfall (7 mm) occurred on the second day, after data collection (Figure 3d). The reduction
in ammonia loss in this cycle was greater than in the first, reaching 96.2% and 98% at
rates of 25 and 50 kg N ha−1 compared to AN. This performance was better than that of
UrNBPT100/200, with respective reductions of about 73% and 81.4% and for UrDuromide100/200,
with respective reductions of about 81.9% and 87%, exceeding those in response to UrNBPT
(Table 1).

After the third fertilization (Figure 3e,f), the first rainfall occurred only nine days after
application, and during this rain-free period, volatilization was practically nonexistent. As
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of the onset of rainfall (37.6 mm), intense volatilization occurred in response to UrConv100/200,
peaking at 14 days after fertilization, with respective losses of 4.04 and 10.43 kg N ha−1 at the
end of the cycle. Losses were least from UrDuromide100 (0.42 kg N ha−1), and UrDuromide100
reached a 90.8% reduction in NH3 losses (Table 1). The efficiency of urease inhibitor with
urea in reducing ammonia volatilization was confirmed. Thus, N volatilization losses
from unprotected urea proved to be higher than from urea with urease inhibitor, in other
words, volatilization losses from UrDuroimide100/200 were 90.8% and 88.4% less than from
UrConv100/200 (Table 1).
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4 of the total rate of 100 kg ha−1 and 200 kg N ha−1, respectively. (a)
1st application (c) 2nd application (e) 3rd application (g) 4th application. Growing season 2018/2019.

The rainfall (9.7 mm) in the first days after fertilization in the fourth evaluation
intensified ammonia losses from UrConv100, to about 11.47 kg N ha−1 (32% of applied N)
(Figure 3g,h). The losses from UrDuromide100/200 were slightly less than from UrNBPT100/200
at both rates, with values very close to AN100/200.

Figure 4 shows the values of ammonia volatilization after two forage cuts. In both
evaluations and at both rates, ammonia volatilization from UrConv was higher. In turn,
UrNBPT100/200 and UrDuromide100/200 proved to be efficient in reducing ammonia volatiliza-
tion, reaching values similar to AN100/200.
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At the second fertilizer rate application, the first rainfall occurred one day after fertil-
ization, but was insufficient to solubilize the fertilizers and incorporate them into the soil, so
UrConv100 reached 7.8% volatilization (2.00 kg N ha−1) and UrConv200 6.8% (3.47 kg N ha−1)
(Figure 3a). Compared to conventional urea, the responses to AN in the second growing
season (2019/2020) in the second cycle provided reductions of 92.7% and 93.9%, respec-
tively, in response to N rates of 100 and 200 kg N ha−1. For sources with urease inhibitors,

67



Agronomy 2023, 13, 837

losses from UrDuromide100/200 were reduced by 77.6% and 74.3 and from UrNBPT 100/200 by
70.3% and 63.1%, in response to the same respective rates (Table 2).

Table 1. Parameters of the nonlinear (logistic) model fitted to the cumulative NH3-N losses for N rates
of 100 and 200 kg ha−1, split into four applications, and reduction of NH3-N losses in comparison
with urea. Growing season 2018/2019.

Treatments

Growing Season
2018/2019

Parameters MDL Reduction of
NH3-N Losses in
Comparison with

Urea (%)

α
Γ

β
R2 kg ha−1 day−1

NH3-NCycle kg NH3-N
ha−1 Day

UrConv100

1 4.9 0.31 1.9 0.96 3.86 -
2 4.26 0.1 1.77 0.97 10.65 -
3 3.9 1.81 10.79 0.96 0.53 -
4 8.88 2.49 5.48 0.97 0.89 -

AN100

1 0.27 3.1 8.83 0.99 0.02 94.4
2 0.16 5.23 11.87 0.95 0.00 96.2
3 0.95 3.69 7.39 0.93 0.06 75.6
4 3.5 2.99 4.77 0.89 0.29 60.6

UrNBPT100

1 3.18 1.48 5.38 0.97 0.53 35.1
2 1.15 6.25 11.74 0.89 0.04 73.0
3 0.53 2.01 4.76 0.85 0.06 86.4
4 5.1 2.48 5.16 0.92 0.51 42.6

UrDuromide100

1 2.33 1.32 5.02 0.96 0.44 52.4
2 0.77 3.43 5.47 0.88 0.05 81.9
3 0.36 0.93 4.13 0.89 0.09 90.8
4 4.25 2.26 4.47 0.93 0.47 52.1

UrConv200

1 13.42 0.29 1.93 0.99 11.41 -
2 8.17 0.09 1.77 0.99 22.69 -
3 9.93 1.48 11.4 0.96 1.67 -
4 11.13 2.52 5.5 0.97 1.10 -

AN200

1 0.31 2.99 9.62 0.99 0.02 97.7
2 0.16 5.23 11.9 0.95 0.00 98.0
3 1.28 8.08 16.92 0.89 0.03 87.1
4 3.99 1.66 3.3 0.92 0.60 64.2

UrNBPT200

1 6.14 1.54 5.72 0.98 0.99 54.2
2 1.52 3.6 5.7 0.91 0.10 81.4
3 0.98 2.8 10.5 0.98 0.08 90.1
4 6.42 2.74 5.83 0.96 0.58 42.3

UrDuromide200

1 3.39 1.14 4.7 0.96 0.74 74.7
2 1.06 3.3 5.71 0.84 0.08 87.0
3 1.15 4.28 9.26 0.96 0.06 88.4
4 4.77 4.37 7.47 0.9 0.27 42.9

MDL: maximum daily NH3-N loss.

After the fourth fertilization, the first rainfall occurred only five days after fertilization,
showing that during this rainless period, volatilization was very low. At the onset of rains,
volatilization became intense in the treatments with UrConv200, reaching losses of approxi-
mately 13% in 14 days after fertilization, while losses from UrDuromide100/200, UrNBPT100/200
and AN100/200 were less throughout the entire period. In this experiment, at rates of 25
and 50 kg N ha−1 as AN, volatilization reduction was smaller than in the previous cycle,
with 88.6% and 86.5%, respectively, while volatilization from UrNBPT100/200 was reduced by
57.6% and 82.9% and from UrDuromide100/200 by 82.5% and 85.1%, respectively (Table 2). In
summary, of the total of twelve volatilization comparisons, in eleven of them UrDuromide
resulted in less losses than UrNBPT.
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Table 2. Parameters of the nonlinear (logistic) model fitted to the cumulative NH3-N losses for N
rates of 100 and 200 kg ha−1, split into four applications, and reduction of NH3-N losses in relation to
urea. Growing season 2019/2020.

Treatments

Growing
Season 2019/2020

Parameters MDL Reduction of
NH3-N Losses in
Comparison with

Urea (%)

α
γ

β
R2 kg ha−1 day−1

NH3-NCycle kg NH3-N
ha−1 Day

UrConv100 2 1.79 0.53 1.15 0.93 0.23 -
4 3.26 2.65 3.6 0.9 2.15 -

An100 2 0.13 4.37 5.34 0.83 0.14 92.74
4 0.37 2.15 2.83 0.88 0.19 88.65

Ur NBPT100 2 0.53 3.03 7.23 0.98 0.40 70.39
4 1.38 2.13 3.34 0.91 0.73 57.67

UrDuromide100 2 0.4 2.74 6.99 0.98 0.27 77.65
4 0.57 0.01 1.53 0.96 0.00 82.52

UrConv200 2 3.12 0.54 1.07 0.89 0.42 -
4 6.31 2.76 3.71 0.89 4.35 -

An200 2 0.19 4.56 4.86 0.79 0.21 93.91
4 0.85 2.53 4.2 0.94 0.53 86.53

UrNBPT200 2 1.15 2.79 6.29 0.96 0.80 63.14
4 1.08 1.96 3.5 0.95 0.52 82.88

UrDuromide200 2 0.8 2.75 6.6 0.96 0.55 74.36
4 0.94 2.1 3.92 0.95 0.48 85.10

MDL: maximum daily NH3-N loss.

3.2. Nitrogen Use Efficiency for Dry Matter Production

Nitrogen use efficiency in Marandu dry matter production in the first growing season
(p < 0.001) was influenced by N sources and rates. The N use efficiency of UrDuromide200
(50.6 kg dry matter/kg N) was greater than that of UrConv100 (5.1 kg dry matter/kg N). In
turn, UrDuromide 100 (37.1 kg dry matter/kg N) and UrNBPT100/200 (30 and 34.8 kg dry mat-
ter/kg N, respectively) also proved more efficient than UrConv100/200 (kg dry matter/kg N).
The efficiency of dry matter production in response to fertilization with AN100/200 was
close to that observed for UrConv100/200 (Figure 5).
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In the second year of evaluations, the forage used more N from UrDuromide100/200 than
from UrConv100/200 and AN100/200 (p < 0.001). The efficiency of UrDuromide 100 was higher
(55.5 kg dry matter/kg N) than that of the sources without urease inhibitor. In the case of
AN200, the production efficiency ratio was less (17.3 5 kg dry matter/kg N) (Figure 5).

The total dry matter and leaf production in response to N rates differed significantly
between treatments, and the rate of 200 kg N ha−1 differed for all sources, in both years of
evaluation. In the first year, UrDuromide200 stood out from the other sources, with increases
of 73.6% dry matter production and 20.4% leaf production in relation to UrConv100/200. On
the other hand, compared to UrConv100/200, UrDuromide 100 provided an increase of 47.6%
dry matter and 33% leaf production (Figure 6a,c).
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In the second year, dry matter and leaf production were relatively less than in the
previous year (2018/2019), although dry matter production in response to UrDuromide100/200
still exceeded that of UrConv100/200, with about 56.3% dry matter, i.e., more than in the
previous year at 100 kg N ha−1. The increase at 200 kg N ha−1 was 41.3% in comparison
with UrConv (Figure 6b,d)

In the second year, nitrogen fertilization induced an increase in leaf percentage over
the control, mainly in response to UrDuromide200, resulting in an increase of 17.1% in leaf
production (Figure 6d).

3.3. Correlation

Pearson’s correlation analysis between pasture production parameters and nitrogen
rates detected a positive correlation between dry matter production and leaf production,
leaf dry matter, reduction of N losses and N use efficiency. Total dry matter and N loss
percentage were negatively correlated, i.e., dry matter increases as N losses decrease. This
result was also observed for leaf percentage and N use efficiency, which increased with
decreasing N losses (Table 3).

Table 3. Pearson’s correlation of total dry matter production and leaf production with parameters of
N dynamics in a Urochloa brizantha cv. Marandu pasture, in two growing seasons and in response to
two annual N rates, applied in four split rates.

Parameters
2018/2019 2019/2020

100 (kg ha−1) 200 (kg ha−1) 100 (kg ha−1) 200 (kg ha−1)

Total dry matter/% leaves 0.87 0.88 0.98 0.99
Total dry matter/leaf dry matter 0.97 0.99 0.99 0.99

Total dry matter/N loss reduction 0.73 0.38 0.43 0.24
Total dry matter/N use efficiency 1.00 1.00 0.97 0.99

Total dry matter/% N loss −0.75 −0.35 −0.44 −0.26
% leaves/N loss reduction 0.85 0.54 0.40 0.31
% leaves/N use efficiency 0.77 0.83 0.97 0.99

% leaves/% N loss −0.86 −0.52 −0.40 −0.33
N use efficiency/% N loss −0.73 −0.35 −0.44 −0.26

4. Discussion

In general, ammonia losses were high in the UrConv treatment (Figures 3 and 4), which
contributed to reduce N availability, reflecting in lower dry matter production than of
UrDuromide100/200 and UrNBPT100/200 (Figure 6). The high ammonia losses from UrConv can
be explained by the greater saturation of the sites of urease enzyme action, due to the higher
ammonium availability in soil fertilized with untreated urea, as stated by [29].

In both years, NH3-N losses occurred as of the 2nd day after fertilizer application to the
soil, except for the third cycle, with the onset of volatilization on the 10th day (Figure 3e,f).
The amplitude of ammonia losses is very variable after urea application to the soil surface,
and depends on the rates, sources and prevailing climatic conditions during the evaluation
period. The hydrolysis rate of UrConv by the enzyme urease was higher in the first 2–3 days
after fertilization, according to soil temperature, moisture and fertilizer volume applied per
area [29].

The intense volatilization from the third fertilization plot of the first year may also
have been caused by the collector, where UrConv100/200 was possibly prevented from being
incorporated in the area of volatilization measurement (inside the collector) by rainwater.
The rain that fell around the collector probably caused surface wetting of the soil, favoring
urea solubilization, but not enough for soil incorporation. With regard to the sources with
urease inhibitor and ammonium nitrate, the values were much lower during the whole
period, demonstrating the inhibition efficiency under adverse conditions (Figure 3e,f).
According to Afshar et al. [30], the variation in the amount of volatilized NH3 was signif-
icant, which may be a result of the measurement method and environmental conditions.
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Indeed, the total emissions were possibly not fully captured because measurements were
not made daily.

In all evaluations, losses ceased after the volatilization peak, which can be explained
by the rainfall volume, which was insufficient for fertilizer aggregation in the soil, resulting
in a stabilization of the losses after a period with higher soil water concentrations. This
may have occurred due to the rapid hydrolysis of urea by urease, since losses were greater
in the first seven days immediately after soil fertilization [30]. Similar results were reported
for coffee, where the authors observed that up to 35% N can be lost from UrConv [31].

The results of this study confirmed that the amount of volatilized N was lower from
sources with urease inhibitors and ammonium nitrate. This finding is in agreement with
Otto et al. [19], who observed that fertilization with ammonium nitrate resulted in N
volatilization losses of less than 1%. However, under favorable climatic conditions, the N
fertilizers commonly used in agriculture, as is the case with UrConv and AN, can be used as
fertilizers for pasture growth. However, fertilizers containing ammonia or urea promote
soil acidification in the production system, especially when used at high rates [32].

Losses from UrDuromide were a little lower than from UrNBPT at both annual rates and
very close to AN, and also promoted a slightly delayed onset of N losses. A delay in the
initial loss of N from UrNBPT and UrDuromide was confirmed by Cassim et al. [33], increasing
the chances that urea is incorporated into the soil by rain, for example, which would reduce
NH3 volatilization. However, it is worth remembering that the ammonia loss measurement
method in this study was not able to detect losses by denitrification and leaching, which
occur more easily from AN.

The reduction in ammonia loss from fertilizer with UrNBPT was greater than that found
by Souza [34]. Comparing the peak of fertilizer volatilization, the NH3 loss from UrNBPT
was reduced by 77% in relation to UrConv (fourth day after fertilizer application). Other
studies also concluded that the urease inhibitor reduces NH3 losses by 54% in comparison
with UrConv [29]. Sources with urease-inhibiting technologies (UrDuromide and UrNBPT) were
more efficient than UrConv, with reductions of over 50% compared to UrConv. According
to Cassim et al. [33], UrDuromide and UrNBPT were extremely efficient in reducing NH3
volatilization (reductions of 35–54%) at 45 and 90 kg N ha−1. In comparison with UrConv,
the new Duromide stabilizing technology reduced NH3 losses by up to 33%, compared to
NBPT alone.

The dry matter production efficiency of Urochloa brizantha cv. Marandu, in the first
growing season with UrDuromide200 was more efficient than that of UrConv100, however in
the second year, the efficiency of UrDuromide200 as well as AN200 decreased with increasing
nitrogen rates. According to Rowlings et al. [35], a reduction in fertilization efficiency
is common with increasing N rates. Nitrogen rates and sources positively influence dry
matter and leaf production of Marandu grass, and should be taken into account to achieve
improved forage quantity and quality [36,37]. A study on N fertilization of Mombasa grass
also showed an increase in dry matter accumulation, in addition to increasing nutrient
accumulation and improving pasture maintenance [38]. It is worth emphasizing that not
only volatilization was reduced by the new UrDuromide technology, but that leaf percentage,
dry matter production and N use efficiency were also increased.

5. Conclusions

The urease inhibitors UrNBPT and UrDuromide reduced N losses by ammonia volatiliza-
tion, to values similar to those observed for ammonium nitrate. Ammonia losses from
UrDuromide tend to be lower than from UrNBPT. In the separate evaluation of each cut, in the
2018/2019 and 2019/2020 growing seasons, volatilization losses from UrConv100/200 were
greater than from AN, UrNBPT and UrDuromide.

The total dry matter and the leaves dry matter production of Marandu grass in the
first and second year, were highest in response to UrDuromide100/200 in comparison with the
other sources (UrConv, AN and UrNBPT).

72



Agronomy 2023, 13, 837

It is concluded that compared to conventional urea, UrNBPT and UrDuromide reduce N
losses by NH3 volatilization. The total dry matter and leaf yield of Marandu grass in the
first and second year were higher in response to UrDuromide100/200 compared to the other
sources (UrConv, AN and UrNBPT).

Thus, the combination of duromide and NBPT is a very promising technology for
reducing losses by ammonia volatilization and greater utilization of nitrogen from the
fertilizer by the crop and higher productivity.
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Abstract: Soil pH is the most important factor in evaluating plant nutritional status due to its close
association with nutrient availability. In the 2018 and 2019 seasons, two field experiments were
conducted to evaluate the performance of olive trees (Olea europaea, Picual cv.) grown in sandy clay
loam soil under multi-abiotic stresses with the application of three different acidifying agents (AAs),
acetic (AC), citric (CA), and sulfuric (SA) acid, at two doses (25 and 50 cm3; AC1 and AC2, CA1

and CA2, and SA1 and SA2, respectively), as compared with a control treatment. This study was
established according to a randomized complete block design. In general, our results showed that all
the AAs applied surpassed the control treatment with respect to all the studied parameters except for
the leaf iron content. Furthermore, the trees treated with CA yielded the best results in terms of the
leaf nitrogen, calcium, and magnesium contents; the physiological and growth parameters (except for
the performance index); the total fruit weight, flesh weight, and flesh dry matter; the fruit diameter;
the oil content; and the total olive yield. Furthermore, the maximum leaf potassium, manganese,
zinc, and copper contents were obtained in the trees growing in soil injected with AC. The correlation
coefficient fluctuated between positive and negative among the studied characteristics.

Keywords: soil reaction; olive trees; acetic; citric and sulfuric acids; leaf nutrient content; growth and
physiological parameters; productivity and its attributes

1. Introduction

Soil pH is an influential factor in the adsorption/absorption and availability of nu-
trients in the soil owing to the close relationship between them. In addition, most of the
chemical, fertility, and biological properties of soil are strongly associated with soil pH;
thus, in turn, it also affects plant growth and development [1,2]. Chemically, soil pH can be
defined as the negative logarithm of the active hydrogen (H+) or hydroxyl ion concentra-
tion (OH−) or, simply, pH = − log [H+]; pOH = − log [OH−] [3,4]. A scale ranging from
0 to 14 is used to describe the acidity and alkalinity of soil. pH values of less than 7 refer
to acidic conditions, while those above 7 indicate an alkaline environment; however, pH
values at 7 are considered neutral [3,5]. Soils in arid and semi-arid regions are commonly
alkaline with a high pH [6] as a result of water scarcity, in addition to low precipitation and
potential evapotranspiration [7,8], as indicated by the negative correlations between soil
pH and temperature and between soil pH and precipitation. Recently, some studies have
reported that the soil pH in Egypt varies from neutral to strongly alkaline as an inherent
characteristic of the soil, resulting from the nature of the parent material [9] along with
the prevailing climatic conditions [10–12]. The results obtained from the studies of [13–15]
indicate that the low availability of some nutrients, especially phosphorus (P) and other
micronutrients (except molybdenum), is strongly related to an increase in soil pH. The
decrease in micronutrient availability in alkaline soil could be explained by the fact that
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these cations become strongly bonded with soil organic matter (SOM) and soil colloids as
the pH approaches 8.

The available information regarding the strong association between soil pH and
nutrient availability suggests that the ability of plants to uptake nutrients through their root
hairs and root tips is affected by soil pH. Although this issue is worthy of attention, since
alkaline soils cover more than one-fourth of Earth’s surface and the maximum availability of
most nutrients occurs at a pH less than 6 [16], studies related to soil alkalinity modifications
are still required. Adjustments in soil pH are often caused by the application of either
acidic fertilizers or synthetic chemicals; however, these changes are resisted by the soil’s
buffering capacity (SBC). Accordingly, the availability of nutrients depends indirectly
on the SBC [17,18]. Furthermore, soil pH is not only affected by climatic conditions but
also by soil type; calcareous soils are particularly alkaline owing to their high CaCO3
content [19]. In addition, salinity and sodicity are considered as major factors in increasing
soil pH. Globally, the total area of salt-affected soils is about 935,000,000 ha [20]; about
560,000,000 ha of this area is characterized by saline–sodic soils [21,22]. Moreover, several
factors, such as soil texture, soil mineralogical compounds, and SOM, as well CEC, have an
appreciable influence on soil pH [23].

Since the 1960s, many efforts have been made to bring soils to a desired pH [24].
Accordingly, several acidifying materials, either chemical or organic, have been applied
to alkaline soil in an attempt to obtain a more optimal pH. For example, the application
of organic manures has a significant impact on soil pH [25] due to their role in producing
acidic organics and enhancing the cation exchange capacity (CEC), which consequently
increases the acid saturation percentage [26]. In addition, the application of some acidifying
agents, such as gypsum (CaSO4·2H2O), has been shown to result in a significant adjustment
in the pH at a lower cost [27]. Sulfuric acid (SA) and polyacrylamide are also considered
as vital chemical treatments [28,29] for lowering soil pH. In addition, other acidifying
agents have been applied, including nitric acid (HNO3), hydrochloric acid (HCl), or the
salts of trivalent metal ions, including aluminum (Al) and iron (Fe), as well as materials
containing ammonium (NH4

+) ions [30]. Recently, the influential role of organic acids
(OAs) as acidifying agents for lowering soil pH has been reported in some studies. In
addition to their effect on soil pH, OAs generally play a pivotal role in enhancing the
solubility of micronutrients through chelation and complexation, which in turn improves
their uptake by plants [31]. Acetic (AA) and citric acid (CA), both classified as OAs, are
natural substances that exhibit a low toxicity to microorganisms; their chemical formulas
are CH3COOH and C3H5O(COOH)3, respectively. In their study on three different textured
soils (sandy clay loam, clay loam and silt loam) using four chemicals, including aluminum
sulfate Al2(SO4)3, hydrogen peroxide (H2O2), hydrochloric acid (HCl), and sulfuric acid
H2SO4, [16] reported that Al2(SO4)3 had the greatest effect in terms of lowering pH either
alone or in combination with other chemicals. Similarly, H2O2, HCl, and H2SO4 are helpful
in the conditioning of soil pH.

In this study, to understand the potential influence of the application of acidify-
ing agents on the availability of nutrients and the physiological aspects of plants, olive
(Olea europaea L.) trees grown under multi-stress conditions were selected because of their
socioeconomic importance and the fact that the majority of olive trees are cultivated in
newly reclaimed soils [32,33]. According to the FAO, 2022 [34], the total area cultivated
with olive trees around the world is nearly 11 million ha, more than 90% of which is found
in the Mediterranean basin countries, such as Spain, Italy, Greece, Turkey, and Tunisia [35].
In Egypt, olives rank fourth after citrus, mango, and table grape cultivation [36,37]. Egypt
is considered as a good competitor in global markets as it produces 13% of the total
global yield [34]. In the last thirty years, Egypt has achieved unprecedented progress
in terms of the total cultivated area and the total production of several varieties, includ-
ing Picual, Kalamata, Teffahi, Waleken, etc. In 2017, the total cultivated area reached
101,326 ha, with the total production estimated at about 874,748 tons according to the
Agricultural Affairs Sector.
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For this purpose, two field experiments were conducted in the growing seasons of
2018 and 2019 on olive trees (Olea europaea, Picual cv.) growing under multi-abiotic stresses
(pH = 7.95 vs. 7.87; CaCO3 = 9.1 vs. 9.8%; and ECe 6.5 vs. 7.4 dS·m−1) in a sandy loam
clay soil using two doses (25 and 50 cm3) of three different acidifying agents (AAs): acetic
acid (AC, AC1, and AC2), citric acid (CA, CA1, and CA2), and sulfuric acid (SA, SA1, and
SA2) in an attempt to adjust the soil pH, which is the main problem with Egyptian soils,
and evaluated their potential impacts on nutrient availability, which in turn influences
the physiological and growth parameters, the yield of table and oil olives, and the fruit’s
physical attributes.

2. Materials and Methods
2.1. Field Experiment Site and Climatic Conditions

Two field experiments were performed in the Kawm Ushim region, situated between
29◦32′39′′ N latitude and 30◦52′35′′ E longitude and located on the Cairo-Fayoum Desert
Road, Egypt, during the 2018 and 2019 seasons, to evaluate the potential performance
of some acidifying agents in an attempt to decrease the soil pH within an optimal range
for plant uptake. This investigation focused on olive (Olea europaea L.) trees grown in
sandy loam clay textured soil in both seasons. The average weather data from January to
December for both growing seasons are shown in Table 1.

Table 1. Monthly climate averages for Kawm Ushim region, Fayoum, Egypt, during the 2018 and
2019 seasons.

Month
ADT ANT ARH AWS AM-PEC-A AP

◦C (%) (ms−1) (mmd−1) (mmd−1)

January 22.15 2.05 60.41 2.89 3.58 0.14
February 27.49 4.43 54.00 2.43 4.13 0.10

March 31.59 5.77 46.78 2.96 4.78 0.04
April 36.89 7.83 40.60 3.23 5.59 0.05
May 43.98 12.82 32.03 3.55 6.71 0.00
June 42.40 17.06 35.56 3.75 6.77 0.00
July 42.67 19.59 39.88 3.71 7.55 0.00

August 40.67 19.74 43.41 3.51 6.87 0.00
September 38.95 17.18 50.35 3.62 6.65 0.00

October 35.50 12.33 51.63 3.14 6.41 0.10
November 31.56 8.95 54.60 2.44 5.62 0.07
December 22.55 4.97 65.72 2.90 4.33 0.70

ADT ◦C = average day temperature, ANT ◦C = average night temperature, ARH = average relative humidity,
AWS = average wind speed, AM-PEC-A= average measured pan evaporation class A, and AP = average precipitation.

2.2. Plant Material and Agricultural Practices

The tested Picual variety trees were about 15 years old and were propagated using
leafy cuttings planted at a distance of about 5 × 8 m2 between trees under a drip irrigation
system. The trees were carefully selected to ensure that they were free from fungal and
insect diseases.

All the horticulture practices were accomplished according to the recommendations
of the Egyptian Ministry of Agriculture, including the amount and schedule for water
irrigation and weed control (glyphosate 48% sprayed prophylactically with Kocide 54.8%
copper hydroxide). Based on the technical bulletin NO2, issued by the General Adminis-
tration of Agriculture in 2016, the fertilization program of olive trees aged over 6 years
included the application of ammonium sulfate [(NH4)2SO4 N ≈ 20.6], granular calcium
super phosphate [Ca(H2PO4)2 P2O5 ≈ 15.5%], potassium sulfate [K2SO4 K2O ≈ 48%], and
magnesium sulfate [MgSO4·7H2O MgO ≈ 24%] as sources of nitrogen (N), phosphorus (P),
potassium (K), and magnesium at a rate of 394, 500, 810, and 400 g per tree, respectively.
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2.3. Treatments, Application Timing, and Experimental Design

Three acidifying agents—acetic acid (AC), CH3COOH; citric acid (CA), C6H8O7; and
sulfuric acid (SA), H2SO4, 99.99%—were injected individually as soil applications. For each
acidifying agent (AA), two doses were applied and compared with a control treatment
(without AAs) (AC1 = 25 and AC2 = 50 cm3; CA1 = 25 and CA2 = 50 cm3; and SA1 = 25
and SA2 = 50 cm3). These doses were selected depending on the depth of the olive trees’
roots, which ranged from 100 to 120 cm; the soil pH in the study area; and the pH target
to reach, as shown in Table 2. All the AAs applied were purchased from Sigma Aldrich,
St. Louis, MO, USA. The acidifying agents were prepared via dilution in 20 L of irrigated
water and applied to the soil around the tree trunk three times in the middle of March, May,
and July during the 2018 and 2019 seasons. The main experimental plots were arranged
according to the two doses of the three acidifying agents, in addition to the untreated trees.
Thus, there were (3 acidifying agents × 2 doses) six treatments and one control treatment
(a total of seven treatments), and each plot included 3 trees that were ordered according to
the randomized complete block design (RCBD).

Table 2. The description of treatments applied, application method, and applying time in the
field experiment.

Symbol Treatment Description Application Method Applying Time

Con. No acids were applied and treated with
irrigated water

Three times in four plots before
direct fertilizer application

AC1
Twenty-five cubic centimeters of acetic acid

was added to 20 L of irrigated water per tree

AC2
Fifty cubic centimeters of acetic acid was
added to 20 L of irrigated water per tree

CA1
Twenty-five cubic centimeters of citric acid

was added to 20 L of irrigated water per tree

CA2
Fifty cubic centimeters of citric acid was
added to 20 L of irrigated water per tree

SA1
Twenty-five cubic centimeters of sulfuric acid
was added to 20 L of irrigated water per tree

SA2
Fifty cubic centimeters of sulfuric acid was

added to 20 L of irrigated water per tree

All acids were applied three
times before fertilizer
application for 2 days.

However, the fertilizers were
added in the middle of March,
May and July. The treatments
were applied in around the

rhizosphere area

2.4. Soil Sampling and Determination of Chemical and Physical Properties

Soil samples were taken from five consecutive depths (0–25, 25–50, 50–75, 75–100,
and 100–120 cm) in the root system area before AA application (in February 2018 and
2019) and transferred to the Soil, Water, and Plant Analysis Laboratory (SWPA) at the
Faculty of Agriculture, Fayoum University, for the characterization of the chemical and
physical properties, as shown in Table 3. The following properties were analyzed: soil
texture was determined using the hydrometer method [38]. Soil pH and soil electrical
conductivity (ECe) were determined from the saturation soil paste and extract soil paste
using a pH meter (Jenway, UK) and an EC meter (LF 191 Conduktometer, Germany),
according to [39,40], respectively.

The calcium carbonate (CaCO3%) content was determined using a Collin’s calcimeter,
as described in [39]. The soil organic matter (SOM) was measured according to [41], Walkely
and Black’s method.

Soluble cations, such as Na+, K+, Ca2+, and Mg2+, were extracted with ammonium ac-
etate 1 M NH4CH3CO2, while Na+ and K+ were determined using a flame photometer [42].
On the other hand, both Ca2+ and Mg2+ were measured via the EDTA titration method.
Soluble anions, such as HCO3

−, CO3
2−, and Cl−, were determined via the titration method

described by [39]. The SO4
2− ions were calculated as the difference between the total
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soluble cations and anions. In addition, the macronutrients nitrogen (N), phosphorus (P),
and potassium (K) were determined using the methods described by [43,44].

Table 3. Some soil chemical and physical properties.

Soil Property 2020 Season 2021 Season

Particle size distribution (%)

Sand 47.32 48.49
Silt 19.56 20.20

Clay 33.12 31.31
Soil texture Sandy clay loam Sandy clay loam

pH (in soil paste) 7.78 7.89
ECe (dS m−1) 6.4 7.2

Organic matter (%) 0.63 0.52
CaCO3 (%) 8.8 9.2

Soluble ions (mmol L−1)

CO3
2− —- —-

HCO3
− 2.8 3.7

Cl− 53.4 55.3
SO4

2− 19.3 21.1
Ca2+ 39.6 41.2
Mg2+ 7.8 8.4
Na+ 22.4 24.3
K+ 5.7 6.2

Macronutrients (mg kg−1)

Total N 414 640
Available P (extractable with NaHCO3 pH = 8.5) 4520 4830
Available K (extractable with NH4OAC pH = 7.0) 1337 1415

DTPA Extractible micronutriments (mg kg−1)

Fe 10.7 11.2
Mn 4.5 6.3
Zn 0.15 0.14
Cu 0.48 0.38

2.5. Physiological and Growth Parameters

One-year-old shoots were randomly collected from each side of the orchard trees to
measure shoot length (ShL, cm), the average number of leaves per meter (NLf), and the
leaf area (LA, cm2) of the third and fourth leaves from the top of the new spring shoots,
which were estimated using a digital planimeter device (Planx 7 Tamaya).

The relative chlorophyll content (SPAD reading) was determined using a SPAD-502 m
device (Minolta, Osaka, Japan). The variable fluorescence by maximum fluorescence
(fv/fm) and the photosynthetic performance index (PPI) were measured using a fluorimeter
(Handy PEA, Hansatech Instruments LTd., Kings Lynn, UK) as described by [45,46].

2.6. Evaluation of Leaf Nutrient Content

Random leaf samples were taken from twenty shoots selected from each tree, trans-
ferred to the laboratory, washed with distilled water, oven-dried at 70 ◦C to constant weight
(72 h), and crushed to determine the N, P, K, Na, Ca, and Mg, as described by A.O.A.C,
2005. In addition, the total contents of Fe, Mn, Zn, and Cu were determined via inductively
coupled plasma-optical emission spectrometry (ICP-OES, Perkin-Elmer OPTIMA-2100 DV,
Norwalk, CT, USA), according to the methods described by Baird et al. [47].
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2.7. Statistical Analysis

All parameters studied were analyzed according to a randomized complete block
design (RCBD) with four replications. An analysis of variance (ANOVA) was conducted
using the GenStat software, 12th edition [48]. Mean values were calculated using Duncan’s
multiple range test. Correlation was determined by the calculation of Pearson’s linear
correlation coefficient (r).

3. Results
3.1. Effect of Acidifying Agents on Soil pH Values

Initially, the tested soil was characterized as moderately alkaline, similar to the native
soil (7.78 vs. 7.89) but also possessing some undesirable characteristics, such as high CaCO3
content (9.1 vs. 9.8%) and salinity (ECe; 6.5 vs. 7.4 dS m−1), which effectively contributed
to raising its alkalinity, as shown in Table 3. The data presented in Figure 1 show the
soil pH values obtained as a result of the application of the acidifying agents (acetic acid
(AC1 = 25 and AC2 = 50 cm3), citric acid (CA1 = 25 and CA2 = 50 cm3), and sulfuric acid
(SA1 = 25 and SA2 = 50 cm3)), in comparison with those of the untreated soil (Con.) tested
in this investigation. The overall trend indicated that the acidifying agents appreciably
decreased the soil pH values; however, this occurred at different rates depending on the
type of acidifying agent used and the application dose.
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Figure 1. Effect of acidifying agents on the gradual change average in soil pH values during the 2018
and 2019 seasons.

It can be seen from the graphical representation of the data that the AC1 treatment
resulted in the lowest pH values (6.30 vs. 6.29) immediately after injection (i.e., on the
first day), when compared to the other acidifying agents. Furthermore, the soil pH values
oscillated, increasing and decreasing, such that there was no stable tendency observed. The
lowest pH values detected were 6.30 vs. 6.29 for AC1; 6.43 vs. 6.47 for AC2; 6.72 vs. 6.73 for
CA1; 6.58 vs. 6.60 for CA2; 6.69 vs. 6.70 for SA1; and 6.80 vs. 6.82 for SA2 for the 2018 and
2019 growing seasons, respectively.

In addition, decreasing percentages of the highest and lowest values were also ob-
served: 3.37 vs. 3.82 for AC1; 8.27 vs. 7.97 for AC2; 6.15 vs. 6.14 for CA1; 7.19 vs. 7.04 for
CA2; 13.57 vs. 15.51 for SA1; and 5.56 vs. 4.75 for SA2 in both seasons, respectively.

The results obtained from the statistical analysis revealed highly significant differences
in soil pH with all the acidifying agents applied and a non-significant impact with the
control treatment, where the changes in pH were very limited.

80



Agronomy 2023, 13, 539

3.2. Leaf Macro and Micronutrient Content

The results shown in Table 4 indicate that all the applied acidifying agents appreciably
improved the leaf macronutrient content. However, the highest leaf nitrogen content (LNC),
with values of 2.50 vs. 2.32% in both seasons, and leaf sodium (LNaC), calcium (LCaC),
and magnesium (LMgC) contents, with values of 0.65, 1.38, and 0.43%, respectively, in the
first season, were only obtained with the application of CA2.

Table 4. Effect of acidifying agents as a soil application on the leaf macronutrient content of olive
trees (Picual cv.) grown in a sandy loam clay soil under multi-abiotic stresses (pH = 7.78 vs. 7.89;
CaCO3 = 8.8 vs. 9.2%; and ECe = 6.4 vs. 7.2 dS m−1).

Treatment
LNC LPC LKC LNaC LCaC LMgC

(%, in DM of Leaves)

2018 season

Con. 1.43c ± 0.01 0.26c ± 0.01 0.59b ± 0.09 0.42cd ± 0.01 1.12c ± 0.01 0.27bc ± 0.01
AC1 0.90d ± 0.01 0.32b ± 0.01 0.60b ± 0.01 0.50bc ± 0.03 1.13c ± 0.03 0.34ab ± 0.02
AC2 0.71d ± 0.01 0.32b ± 0.01 0.86a ± 0.02 0.61a ± 0.07 1.21bc ± 0.06 0.28bc ± 0.04
CA1 1.07cd ± 0.01 0.34ab ± 0.02 0.70ab ± 0.04 0.51b ± 0.05 1.29ab ± 0.05 0.18c ± 0.05
CA2 2.50a ± 0.01 0.32b ± 0.01 0.69ab ± 0.07 0.65a ± 0.08 1.38a ± 0.01 0.43a ± 0.06
SA1 0.89d ± 0.01 0.38a ± 0.02 0.67b ± 0.05 0.39d ± 0.03 1.13c ± 0.05 0.36ab ± 0.03
SA2 1.97b ± 0.01 0.35ab ± 0.02 0.52b ± 0.03 0.43cd ± 0.01 1.20bc ± 0.03 0.28bc ± 0.04

2019 season

Con. 2.14a ± 0.01 0.25c ± 0.01 0.69b ± 0.03 0.39a ± 0.01 1.16e ± 0.01 0.25b ± 0.01
AC1 2.14a ± 0.01 0.43b ± 0.01 0.62c ± 0.01 0.36a ± 0.01 1.27d ± 0.08 0.43a ± 0.03
AC2 1.61b ± 0.03 0.40b ± 0.01 0.83a ± 0.01 0.31b ± 0.03 1.51a ± 0.05 0.24b ± 0.11
CA1 1.07c ± 0.01 0.43ab ± 0.01 0.72b ± 0.02 0.25c ± 0.03 1.08f ± 0.03 0.47a ± 0.05
CA2 2.32a ± 0.01 0.24c ± 0.02 0.73b ± 0.04 0.26c ± 0.01 1.36c ± 0.10 0.15bc ± 0.01
SA1 1.25bc ± 0.02 0.27c ± 0.06 0.71b ± 0.03 0.27c ± 0.01 0.94g ± 0.03 0.38a ± 0.03
SA2 1.43bc ± 0.01 0.46a ± 0.02 0.60c ± 0.03 0.38a ± 0.03 1.44b ± 0.03 0.25c ± 0.01

Mean values (±SE), different letters in each column indicate significance at p ≤ 0.05. CA1, CA2, AC1, AC2, SA1,
and SA2 represent citric acid, acetic acid, and sulfuric acid applied at 25 and 50 cm3, respectively.

Furthermore, the plants treated with AC2 had the highest values (0.86 vs. 0.83%) for
leaf potassium content (LKC) in both seasons and leaf calcium content (LCaC; 1.51%) in
the second season only. While the application of sulfuric acid, irrespective of the applied
concentration, was found to be the best treatment for leaf phosphorus content (LPC); maxi-
mum leaf values were achieved in the plants treated with SA1 and SA2 during the growing
season (0.38 vs. 0.46%, respectively). Dissimilar data were observed for LNaC, LCaC, and
LMgC in the second season; however, the highest values were produced in the untreated
plants (Con.) and those treated with AC2 and CA1, (0.39, 1.51 and 0.47%, respectively).
Concerning the lowest values, similar data were obtained, where the minimum values for
LPC in the 2018 and 2019 growing seasons (0.26 vs. 0.25%, respectively) and LCaC in the
2018 season (1.12%) were only achieved in the untreated plants.

Furthermore, the values of 0.52 vs. 0.60% for LKC were produced with the SA2 soil
treatment in the 2018 and 2019 growing seasons, respectively. Furthermore, the lowest
values of LNC and LNaC were similar in each season. However, the SA1 treatment in
the 2018 season and the CA1 treatment in the 2019 season had the least impact on both
nutrients, with values of 0.89 vs. 0.39% and 1.07 vs. 0.25% in the first and second seasons,
respectively. Moreover, the CA treatment, regardless of the concentration applied, had
the weakest effect on LMgC, which was recorded as 0.18 vs. 0.15% for the 2018 and 2019
seasons, respectively. The results depicted in Table 4 show that the increment rates were
180.90 vs. 116.82 for LNC; 46.15 vs. 84.00 for LPC; 65.39 vs. 38.33 for LKC; 28.89 vs. 28.00
for LNaC; 23.21 vs. 60.64 for LCaC; and 138.89 vs. 213.33 for LMgC in the 2018 and 2019
growing seasons, respectively.
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The analysis of variance indicated that all the treatments had a significant influence on
LNC, LPC, and LNaC in both growing seasons and LKC, LCaC, and LMgC in the second
season only at p ≤ 0.01. However, the impact on the contents of the latter three nutrients
was significant in the first season at p ≤ 0.05.

As can be seen from Table 5, the use of the acidifying agents applied in this study
significantly improved the content of the leaf micronutrients, except for the leaf iron content
(LFeC); the highest values (389.67 vs. 449.67 mg kg−1) were produced in the untreated
plants in both seasons. Furthermore, the general trends indicated that CA1 was the superior
treatment for the leaf zinc content (LZnC) and the leaf copper content (LCuC) in both
growing seasons, as well as the leaf manganese content (LMnC) in the first season only,
with maximum values of 22.17 vs. 40.03 mg kg−1 for LZnC and 7.09 vs. 8.09 mg kg−1 for
LCuC in the 2018 and 2019 seasons, respectively, and 22.17 mg kg−1 for LMnC in the 2018
season. The greatest value for LMnC (20.86 mg kg−1) was observed in the second season
with the AC1 treatment.

Table 5. Effect of acidifying agents as a soil application on the leaf micronutrient content of olive
trees (Picual cv.) grown in a sandy loam clay soil under multi-abiotic stresses (pH = 7.78 vs. 7.89;
CaCO3 = 8.8 vs. 9.2%; and ECe = 6.4 vs. 7.2 dS m−1).

Treatment
LFeC LMnC LZnC LCuC

(mg·kg−1, in DM of Leaves).

2018 season

Con. 389.67a ± 9.72 17.03cd ± 0.12 16.00e ± 0.48 2.25d ± 0.14
AC1 259.42c ± 10.16 22.17a ± 0.19 22.17a ± 0.19 7.09a ± 0.34
AC2 167.00e ± 4.61 19.92b ± 0.53 20.92b ± 0.05 6.83a ± 0.19
CA1 195.25de ± 4.19 19.25b ± 0.24 19.25c ± 0.24 5.25b ± 0.05
CA2 228.50cd ± 2.02 17.75c ± 0.14 17.75d ± 0.14 4.42c ± 0.14
SA1 320.92b ± 4.76 14.75e ± 0.43 14.75f ± 0.33 5.17b ± 0.10
SA2 231.42cd ± 10.83 16.59d ± 0.24 16.59e ± 0.23 4.33c ± 0.29

2019 season

Con. 449.67a ± 7.60 18.00d ± 0.48 27.41d ± 0.42 3.25c ± 0.14
AC1 300.42b ± 2.45 23.67a ± 0.10 40.03a ± 0.86 8.09a ± 0.24
AC2 198.50d ± 7.53 20.00bc ± 0.58 37.50b ± 0.73 7.33a ± 0.10
CA1 216.25cd ± 1.59 20.68b ± 0.09 33.37c ± 0.76 5.75b ± 0.33
CA2 238.50c ± 2.60 19.37c ± 0.08 37.80ab ± 0.68 4.92b ± 0.43
SA1 329.50b ± 8.37 16.75e ± 0.14 39.12ab ± 0.29 5.67b ± 0.38
SA2 246.25c ± 1.88 18.18d ± 0.01 38.91ab ± 0.53 5.33b ± 0.30

Mean values (±SE), different letters in each column indicate significance at p ≤ 0.05. CA1, CA2, AC1, AC2, SA1,
and SA2 represent citric acid, acetic acid, and sulfuric acid applied at 25 and 50 cm3, respectively.

The least impactful treatment was the control treatment, for which we recorded minimum
values for LZnC (16 vs. 27.41 mg kg−1) and LCuC (2.25 vs. 3.25 mg kg−1) in both growing
seasons, followed by the CA2 and SA1 treatments, with values of 167.00 vs. 198.50 mg kg−1

for LFeC and 14.75 vs. 16.75 mg kg−1 for LMnC in the 2018 and 2019 seasons, respectively.
It can be seen from Table 5 that the increasing percentages of the highest and lowest values
were 133.34 vs. 126.53 for LFeC; 50.31 vs. 23.46 for LMnC; 38.56 vs. 46.04 for LZnC;
and 215.11 vs. 138.29 for LCuC in the 2018 and 2019 seasons, respectively. The results
obtained from the statistical analysis showed highly significant differences among the
studied micronutrients in both seasons.

3.3. Growth and Physiological Attributes

The data pertaining to the impact of the applied acidifying agents, irrespective of the
doses, indicated that CA generally surpassed the other acids, as shown in (Figure 2A–C).
In particular, the application of a high dose of CA (CA2) had the most desirable effect on all
studied growth attributes except the number of leaves per m2 (NLf) in the 2019 season.
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Figure 2. Effect of acidifying agents applied to (A) shoot length (ShL, cm); (B) number of leaves per
shoot; and (C) leaf area (LA, cm3) of olive trees picual cv. grown in a sandy loam clay soil under
multi-abiotic stresses (pH = 7.78 vs. 7.89; CaCO3 = 8.8 vs. 9.2%; and ECe = 6.4 vs. 7.2 dS m−1 and).
Different letters in each column indicate significance at p ≤ 0.05. CA1, CA2, AC1, AC2, SA1, and SA2

represent citric acid, acetic acid, and sulfuric acid applied at 25 and 50 cm3, respectively.
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The results (Figure 3A–C) showed that all applied acids markedly increased the stud-
ied physiological parameters, including SPAD chlorophyll, Fv/Fm, and the performance
index (PI). The data obtained indicated that the AC2 treatment was the superior treatment
in both the 2018 and the 2019 seasons, with recorded values of 0.838 vs. 0.831 for fv/fm
and 5.39 vs. 5.44 for PI and an increase in percentages of 3.08 vs. 2.72 and 42.21 vs. 39.85%
when compared with the control treatment, which had the lowest values (0.813 vs. 0.809
for fv/fm and 4.17 vs. 3.89 for PI) in the 2018 and 2019 seasons, respectively. The plants
treated with CA2 had the highest values (82.45 vs. 82.52) for SPAD, while the lowest values
(76.60 vs. 75.20) were produced in the untreated plants. The increase in percentages was
7.64 vs. 9.80% for the 2018 and 2019 seasons, respectively.

The results of the ANOVA indicated that all treatments had a significant impact on the
SPAD reading and Fv/Fm in the first season at p ≤ 0.01 and a significant influence on PI
in the first season at p ≤ 0.05; non-significant effects were observed for the SPAD reading,
Fv/Fm, and PI in the second season.
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Figure 3. Impact of soil pH induced by some acidifying agents applied to (A) SPAD reading,
(B) fv/fm, and (C) performance index (PI) of olive trees picual cv. grown in a sandy loam clay soil
under multi-abiotic stresses (pH = 7.78 vs. 7.89; CaCO3 = 8.8 vs. 9.2%; and ECe = 6.4 vs. 7.2 dS m−1).
Different letters in each column indicate significance at p ≤ 0.05. CA1, CA2, AC1, AC2, SA1, and SA2

represent citric acid, acetic acid, and sulfuric acid applied at 25 and 50 cm3, respectively.

3.4. Fruit Parameters, Olive Oil Yield, and Table Olive Yield

According to the data displayed in Table 6, the studied parameters improved ap-
preciably as a result of the acid treatments. The general trend indicated that the ap-
plication of AC and CA, irrespective of the dose, resulted in the highest values when
compared with SA. However, the maximum values (4.53 vs. 4.52 g), (36.80 vs. 35.51%),
and (30.25 vs. 40.75 kg tree−1) for the total fruit weight (TFrW), olive oil content (OOC),
and table olive yield (TOY), respectively, were observed in the plants treated with AC2 in
both seasons.

Furthermore, the maximum values for the flesh weight (FlW) (3.68 vs. 3.72 g) and the
percentage flesh weight on the total fruit weight (FTW) (81.75 vs. 81.65%) in both growing
seasons were found in the plants treated with AC1 and CA2, respectively. Dissimilar data
were obtained for the flesh dry weight (FDrM), fruit length (FrL), and fruit diameter (FrD).
The plants treated with AC2 had the highest values for FlDrW (40.75%) and FrL (24.29 mm)
in the first season. On the other hand, it was found that AC1 was the best treatment for
FDrM (38.73) and FrD (16.76) in the second season. The application of the CA2 treatment
gave the highest values for FrD in the 2018 season (17.86 mm) and FrL in the 2019 season
(22.60 mm).

As presented in Table 6, the lowest values of all the studied parameters were recorded
with the control treatment (Con.), except for FDrM and OOC in the second season
(33.09 and 34.40, respectively). As shown in Table 6, the untreated plants had values
of 3.29 vs. 3.41 for TFrW; 2.56 vs. 2.66 for FlW; 77.88 vs. 77.99 for FTW; 19.68 vs. 19.11 for
FrL; 14.21 vs. 13.74 for FrD; and 23.00 vs. 31.50 for TOY. The increasing percentages of the
maximum and minimum values were 37.69 vs. 25.75 for TFrW, 43.75 vs. 39.85 for FlW,
4.74 vs. 4.69 for FTW, 12.49 vs. 17.04 for FDrM, 23.43 vs. 18.26 for FrL, 25.69 vs. 21.98 for
FrD, 10.48 vs. 9.60 for OOC, and 31.52 vs. 29.73 for TOY.
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The results obtained from the statistical analysis indicated significant differences
among some studied parameters at p ≤ 0.01, including TFrW, FlW, FTW, FDrM, and OOC,
in both growing seasons. Furthermore, significant effects were found for FrD and TOY at
p ≤ 0.05 in both seasons and FrL in the first season, while a non-significant influence was
found for FrL in the second season.

3.5. The Heat Map of Correlation Coefficient and Stepwise Regression

The results of the correlation analysis between the leaf nutrient contents (N, P, K, Ca,
Mg, and Na), the physiological and growth parameters (ShL, NLf, LA, and SPAD reading),
and the yield and its attributes (TFrW, FrL, FrW, FrDrM, FiW, and TOY) are shown in
(Figure 4A,B).
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The results obtained from the stepwise regression analysis, presented in Table 7,
mention the relationship between the olive oil content (OOC,%) and the total olive yield
(TOY, kg) as the dependent variables and the leaf macro- and micronutrients, the physio-
logical and growth parameters, and the yield components as the independent variables of
the olive plants (Picual cv.) grown under multi-abiotic stresses in the 2018 and 2019 seasons.
Our results indicate that the variations in OOC are explained by the variations in the leaf
nitrogen (LNU) and phosphorus uptake (LPU) in the first season and the leaf manganese
uptake (LMnU) in the second season, while the differences in TOY were explained on the
basis of the total fruit weight (TFrW) in the 2018 season and the shoot length (ShL) and
number of leaves (NLf) in the 2019 season. In both seasons, most of the studied parameters
contributed effectively to OOC and TOY. The adjusted R2 values were (r= 0.671 vs. 0.708)
for OOC and (r = 0.551 vs. 0.897) for TOY in the 2018 and 2019 seasons, respectively.

Table 7. Proportional contribution in predicting olive oil content (OOC) and total olive yield (TOY)
using stepwise multiple linear regression for olive tree (Picual cv.) with three acidifying agents
applied in two doses in comparison with untreated trees in 2018 and 2019 seasons.

Season r R2 Adj. R2 SEE Significance Fitted Equation

2018
0.671 0.451 0.390 1.368 *** OOC = 25.921 + 20.539LNU + 24.317LPU
0.551 0.304 0.267 3.175 *** TOY = 7.298 + 4.410TFrW

2019
0.708 0.501 0.446 1.167 *** OOC = 29.023 + 3.083FiW − 0.257LMnU
0.897 0.804 0.770 1.700 *** TOY = 2.956 + 0.772ShL + 1.015FrL − 0.118NLf

r = correlation coefficient, R2 = coefficient of determination, Adj. R2 = adjusted R2, and SEE = standard error of
estimates *** means differences at p ≤ 0.001 probability levels.

4. Discussion

Soil pH is a very important property for plant growth and development due to
its direct influence on nutrient availability. However, available information regarding
this subject is still scarce and incomplete. In Egypt, excessive alkalinity is an inherent
problem associated with many factors, the most important of which is the prevailing
climate conditions, including high temperature and low precipitation, as presented in
Table 1. Furthermore, the nature of the parent material and the predominance of basic
cations, such as Ca2+, Mg2+, and Na+, and their accumulation also have an effect on soil
pH. In addition, unsuitable fertilization practices, such as applying alkaline fertilizers, can
increase alkalinity, despite the high buffering capacity of the soil. The main method of our
study relied on determining leaf nutrient contents as a measure of nutrient availability in
the soil, which in turn affects physiological processes and improves the total yield and
its attributes. The results presented in Figure 1 clearly show that the AC1 treatment more
quickly reduced the soil pH when compared to the other AAs. This significant decrease in
soil pH was observed from the first day of injection. Although the pH values fluctuated
between increase and decrease from the second to the sixth day, the increase was slight.
These findings could be attributed to the ionization of the H+ ions of the carboxyl group
(-COOH) being faster than that of the other acidifying agents; then, the decrease in pH
would be observed. Regarding the control treatment, the results obtained suggested that the
soil pH decreased, but in a non-significant manner. This slight decrease could be attributed
to the decomposition of H2O molecules into OH− and H+ ions in soil and the subsequent
adsorption of H+ ions on soil particles as a result of the ion substitution between H+ and
the other base ions, such as Ca2+, Mg2+, and Na+. In both seasons, the general trend of
our findings indicated that the acidifying agents could be ranked in descending order as
follows: AA1 > AA2 > CA2 > CA1 > SA1 > SA2. The effect of the application of both AC
and CA surpassed that of SA due to the fact that organic acids have a buffering influence,
owing to their high ion exchange capacity [49].

The results shown in Table 4 reveal that CA, irrespective of the dose applied, was
more influential in improving the leaf nitrogen (LNC) and magnesium content (LMgC) in
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both seasons, as well as the leaf calcium content (LCaC) in the first season, when compared
with the other AAs. In other words, the increase in LCaC, LNaC, and LMgC may have
been due to a disturbance of the ion balance by the acetate (-COOH−) anion [50]. These
results are in agreement with those of [51], who reported that the addition of increased
levels of CA caused an increase in the nutrient content of wheatgrass plants, in addition
to a significant decrease in soil pH. Furthermore, it was observed that the rate of decrease
in soil pH increased with increasing molarity, although there was no strong evidence to
support this assumption. Among the AAs applied, the SA treatment—whether applied at a
low dose (as in the first season) or a high dose (as in the second season)—led to significant
improvements in LPC. These enhancements are likely due to the pivotal role of SA in
dissolving calcium, which is the element most closely related to P ions under alkaline
soil conditions [52]. The reaction of H2SO4 with CaCO3 can occur according to the first
equation (open reaction) or the second equation (closed reaction) as follows:

H2SO4 + CaCO3 → Ca2+ + SO4
2− + CO2 + H2O (1)

H2SO4 + 2CaCO3 → 2Ca2+ + SO4
2− + 2HCO3

− (2)

As can be seen from in Equation (2), the efficiency of the SA application in the ame-
lioration of high soil pH may be due to the considerable amounts of hydrogen carbonate
(HCO3

−) ions formed in the closed reaction. In other words, SA, irrespective of the dose ap-
plied, introduces SO4

2− and replaces Ca2+ with Na+ in the soil colloids [53,54]. In addition,
CA has a high ionic ability to form complexes with soil nutrients [55].

Concerning the leaf micronutrient contents, as shown in Tables 4 and 5, the results
obtained indicated that the AC treatment, regardless of the dose applied, had the greatest
influence on the contents of most of the studied nutrients. It was also observed that the
higher dose (AC2) was associated with improved macronutrient measures, as was seen for
LKC in both seasons and LCaC in the second season only. Conversely, the lower dose of
CA (CA1) was strongly related to increases in most of the studied micronutrients except
for LFeC, including LMnC, LZnC, and LCuC, in both seasons. These findings could be
explained by AC being too rapidly oxidized in the soil, which would cause a decrease in the
soil pH values [56]. On the other hand, the decrease in LFeC could be due to competition
for sorption sites. However, the accumulation of micronutrients depends not only on soil
pH but also on other environmental factors [57]. Another explanation could be that AC is
synthesized as a result of its small size and role in the tolerance to abiotic stresses [58]. These
findings were confirmed in the studies by [59] on ryegrass plants, where AC production
was shown to be enhanced for tolerance to salt stresses through hormone and antioxidant
metabolism, improving K+/Na+ homeostasis. Furthermore, ref. [60] suggested that the
improved effect of AC could perhaps be due to its large volume, which makes it difficult
for it to enter the soil pores.

The results for the leaf nutrient contents were closely related to the improvement in
the vegetative growth parameters (ShL, NLSh, and LA (Figure 2A–C) and physiological
performance (SPAD reading, fm/fv, and PI (Figure 3A–C) of the olive trees. However, a
significant increase in plant growth resulted from the application of a high dose of CA (CA2),
which played a significant role in decreasing soil pH and thus increasing the availability of
some nutrients in the soil, subsequently enhancing LNC and LMgC. The obvious response
to the application of N to olive trees was previously supported by the results of the studies
by [61,62], in addition to its conspicuous roles in contributing to the formation of the
chlorophyll molecule [63]. Furthermore, the vital role of Mg should be noted: it is a cofactor
for many physiological processes that activate phosphorylation, and it is essential for
amino acid and fat synthesis [64] and glutathione RNA polymerase, phosphatase, ATPase,
and protein kinase activities [65,66]. In their previous studies, refs. [67–69] indicated the
significant role of N in enhancing horticultural crops, in addition to its crucial role in the
plant metabolism system, by increasing leaf area production and promoting photosynthetic
processes. In addition, the influential role of Mg in carbohydrate formatting should also be
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mentioned [70]. In other words, the appreciable enhancements of all plant physiological
and growth characteristics could perhaps be due to the improved influence of AC on
micronutrient availability (except Fe), resulting from a significant decline in soil pH values,
as presented in Table 5. In this context, the positive physiological impact of micronutrient
availability was explained by several researchers [71–74]. Zn is known to be an essential
component for many enzymes, such as carbonic anhydrase, and a principle component
in tryptophan and indole acetic acid synthesis. Mn is an active component of the water-
splitting system of photosystem II. Furthermore, Cu plays a crucial role in photosynthesis
and the respiration and metabolism of N and carbon. Although most studies have indicated
the positive effect of N on enhancing vegetative growth parameters, the findings of [75] were
not in agreement with the majority; the authors reported that N had adverse impacts on root
length. Furthermore, the application of AC increased IAA under abiotic stresses [59,76].
The only exception in our results is that SA provided the best results in terms of LPC.
Although SA only had a slight effect on lowering soil pH when compared with the other
AAs applied, it was the most influential for P uptake by plants. According to the studies
by [77,78] on olive trees, P promotes new shoot growth and many physiological processes,
such as cell division and the fixation of carbon from carbon dioxide during photosynthesis.
These findings were in line with those of a study by [52] on sweet potato plants, which
indicated that P played a crucial role in improving physiological and growth parameters.
From our point of view, the minimum values for soil pH of 6.69 and 6.70 in the 2018 and
2019 seasons, respectively, as a result of the application of SA1 and SA2, prevented P fixation
and reduced its linkage with the Ca2+ ions in the soil solution.

As a result of the positive influences of the application of AAs on the uptake of
nutrients—either macro- or micronutrients, as reflected in the growth and physiological
parameters—we observed that the total olive yield (TOY) and its attributes, in addition to
the olive oil content (OOC), improved, as shown in Table 6. Our results evidently showed
that the olive trees responded to the decrease in soil pH that resulted from the application
of AAs as compared to the control treatment. The significant improvement in TOY and
its attributes as well as the OOC of the Picual trees resulted from the positive effect of the
AAs on the reduction in soil pH, which in turn improved the availability of the nutrients in
the soil, enhancing their absorption, as shown in Tables 4 and 5. This trend was observed
in our current investigation, where the control trees showed a significant decline in leaf
nutrient contents, which, in turn, negatively affected TOY and its attributes.

5. Conclusions

Among the chemical properties of soil, pH is considered to be the most important
due to its direct effect on nutrient solubility. Furthermore, simply controlling or changing
soil pH is considered to be a very difficult task owing to the soil’s buffering capacity,
which resists any changes in pH. In addition, most nutrients have an optimal pH range
between 6.0 and 6.5 with respect to their availability [79], which varies according to the
element’s behavior. In general, our results showed that all the studied AAs surpassed
the control treatment in terms of reducing soil pH values. Furthermore, the daily soil pH
measurements taken over the 6 days following application indicated that the AC treatment
was faster in reducing soil pH values, while the CA treatment provided the most stable
effect. Based on our work, the trees grown in soil injected with CA, followed by those
treated with AC, gave the most desirable results when compared with the control treatment,
which resulted in maximum leaf iron content, while the SA treatment provided maximum
leaf phosphorus content in both seasons. In short, the results of our investigation can be
summarized as the effectiveness of the treatments ranked and arranged in descending
order, as follows: AC1 > AC2 > CA2 > CA1 > SA1 > SA2.
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Abstract: Effective nitrogen (N) management practices are critical to sustain crop production and
minimize nitrate (NO3

−) leaching loss from irrigated fields in the Columbia Basin (U.S.), but studies
on the applied practices are limited. Therefore, from 2014 to 2016, two separate field studies were
conducted in sandy loam soils in the region to evaluate the performance of various N fertilizers in
spring and winter wheat. The treatments consisted of two nitrification inhibitors (NIs) (Instinct®

II and Agrotain® Ultra) in combination with two N fertilizers (urea and urea ammonium nitrate
[UAN]) under two application methods (single vs. split-application) and two rates (100% vs. 85% of
growers’ standard). The results from these field trials demonstrated that N fertilizer treatments did
not affect wheat grain yield (GY) and grain protein (GP). In the spring wheat trial, higher NH4

+-N
content but lower NO3

−-N content was observed in the UAN treatments (0–30 cm). However, the
application of NIs had no considerable effect on soil N content. In the winter wheat trial, the split
N application generally reduced NO3

−-N and total mineral nitrogen (TMN) content, especially at
30–60 cm, in comparison to a single application. The use of Instinct® II tended to reduce NO3

−-N
and TMN contents, while Agrotain® Ultra was not effective in inhibiting nitrification. Our findings
suggest that more studies on the effectiveness of NIs and N applications would enable growers to
optimize N use efficiency and crop production in the region.

Keywords: nitrification inhibitors; nitrogen management; soil ammonium; soil nitrate; grain yield

1. Introduction

Nitrogen (N) supply is highly relevant in wheat production, affecting yield and
yield components. However, insufficient N in the rhizosphere is one of the most yield-
limiting practices in intensive agricultural systems [1,2]. Balanced N management is
key to sustainable wheat production and a cost-effective strategy to increase crop yields
and improve long-term product quality [3]. While increased N fertilizer applications in
intensive agriculture enhance yields, they increase the risk of N release into the environment
(gaseous N loss, erosion, leaching) [4]. To maximize crop returns, farmers repeatedly
apply N fertilizers in various forms (i.e., urea—CO(NH2)2, ammonium nitrate—NH4NO3,
ammonium sulfate—(NH4)2SO4, etc.), although these applications are not accompanied by
proportional increases in N use efficiency (NUE) [5]. High NUE is paramount to reducing
environmental pollution and guaranteeing acceptable yield while minimizing unnecessary
fertilizer waste. Soil erosion, surface runoff, ammonia (NH3) volatilization, nitrate (NO3

−)
leaching, and denitrification make N unavailable to plants. These processes are widely
dependent on the cropping system, the form of fertilizer, and the method of application [6].

Ammonium (NH4
+) and NO3

− are the two N forms available for plants, and they have
an important effect on crop growth and quality. More than 90% of soil N is in the organic
form [7]. Physiologically, NH4

+ uptake by plants from the soil is faster than NO3
− [8].
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Salsac et al. [9] found that assimilation of NH4
+ requires 5 ATP mol−1 NH4

+, while NO3
−

assimilation needs about 20 ATP mol−1 NO3
−. Moreover, absorption of 1 mol NH4

+ by
plant roots consumes about 0.31 mol O2, but 1 mol of NO3

− absorption requires 1.5 mol
O2 [10]. Hence, NO3

− absorption requires about five times more energy compared to NH4
+

absorption. In addition, NH4
+ can be directly used by plants to produce amino acids, but

NO3
− must be converted to NO2

− and then to NH4
+. Thus NO3

− metabolism requires
more energy than NH4

+ metabolism.
Maintaining N in the NH4

+ form in the soil would prevent its loss to nitrification
and denitrification. In agricultural soils, NO3

− originates from fertilizers, animal manure,
atmospheric deposition, and nitrification of NH4

+. During nitrification, NH4
+ is converted

by specific nitrifying microorganisms to NO3
−, which is highly mobile and can leach after

heavy rainfall or extensive irrigation management events [11]. NO3
− readily moves with

water from the root zone to deeper soil layers, depleting the plant-available N supply and
causing environmental pollution [12]. The potential for nitrate-N to leach depends on soil
type, N fertilizer source, and farm management strategies.

Management practices and the adoption of technologies such as controlled-release
fertilizers and urease and nitrification inhibitors (NIs) can mitigate NO3

− loss from the
soil–plant system. Research suggests that the use of NIs is a promising approach to the
reduction of nitrate leaching [13,14]. NIs diminish the transformation of NH4

+ to NO3
− in

soil by reducing the activity of nitrifying microorganisms, with the benefit of decreasing
NO3

− leaching potential [15].
Common fertilizers usually contain N in one or more of the following forms: NO3

−,
NH3, NH4

+, or CO(NH2)2. Each form has specific properties determining its suitability
for use. Most N fertilizers are used in the form of NH4

+ or CO(NH2)2, which are easily
converted to NO3

− in the nitrification process. Previous studies have shown that adding
NIs to NH4

+ or NH4-containing fertilizers decreases NO3
−-N formation, N leaching, and

denitrification process, thus retaining N at the root zone, which is where the crops need
it [16,17]. Lin and Hernandez-Ramirez [18] reported that NIs steadily increase concen-
trations of N in the NH4

+ form. The stabilization of NH4
+ by NIs allows for simplified

fertilization strategies with reduced fertilizer applications [19,20]. This stabilization may in-
crease crop yield while reducing negative environmental impacts. Bhatia et al. [21] showed
that the application of urea with NIs [S-benzylisothiouronium butanoate (SBT-butanoate) and S-
benzylisothiouronium furoate (SBT-furoate)] improves wheat yield. Liu et al. [22] revealed that
NIs (dicyandiamide and DMPP) increase grain yield and NUE in a wheat–maize cropping
system. Ma et al. [23] stated that the application of dicyandiamide and chlorinated pyridine as
NIs increased wheat yield in conventional and no-till practices. In a recent study, Dawar
et al. [24] showed that NIs preserve N in the rhizosphere and improve NUE in wheat.
During the wet season in Montana, the application of Agrotain® Ultra (urease inhibitor,
Koch Agronomic Services) with urea increased winter wheat yield, although no noticeable
increase was found during the dry season [25].

There are some inconsistent reports about the efficiency of NIs. Dawar et al. [26]
observed that urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) reduced NH4

+

concentrations for the first 5 days following fertilizer application. However, afterward,
NH4

+ concentration did not differ from the urea control. Chen et al. [27] observed that
under moist (60% water-filled pore space) and mild conditions (15 ◦C), the effect of NI
declined substantially after 14 days. Zaman and Blennerhassett [28] reported that spring
applications of NIs did not significantly reduce NO3

− leaching in a pasture system. They
attributed this lack of response to a nine-month delay between the NIs application and
the first leaching event. During this period, NIs may have been rendered ineffective by
soil microorganisms. Following the application, bacteria gradually decompose NIs and
they can be leached down the soil profile. NIs effectiveness is, therefore, governed by
factors such as temperature, rainfall/drainage levels, soil organic matter, and pH [29–32].
It has been reported that the half-life of dicyandiamide (DCD) was 111–116 days at a soil
temperature of 8 ◦C, while it became 18–25 days at a soil temperature of 20 ◦C [33]. The
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low effectiveness of DCD was attributed to late-season drainage occurring when soil DCD
concentrations were likely low [34]. Suter et al. [35] reported that neither DMPP- nor NBPT-
coated urea increased pasture yields. Cookson and Cornforth [36] did not find any increase
in pasture dry matter from DCD use. Because Instinct® II (Cortiva Agriscience) did not
induce positive effects on corn growth or yield, Sassman et al. [37] concluded that Instinct®

II use with UAN solution at spring pre-plant would not be effective in enhancing fertilizer
N availability to the crop, nor to increase corn production. Owing to the inconsistent
efficiency of NIs under different climate conditions, further investigations are needed to
optimize NUE from NI use.

Oregon’s Columbia Basin is a main crop production region in the U.S. Soils are
generally coarse-textured with low soil organic matter content and low water holding
capacity. Therefore, there is a great potential for nitrate leaching, particularly in irrigated
systems. Deteriorating groundwater quality has increased regulatory pressure to reduce
nitrate leaching. Identification of optimal fertilization strategies could sustain or improve
crop production while minimizing environmental hazards. However, little information
is available on how nitrogen fertilizer sources, rates, and application methods impact
crops and soils in the region. NIs might be effective tools to overcome nitrate-leaching
issues in the Columbia Basin. Agrotain® Ultra urease inhibitor is marketed as an effective
product for reducing N losses and improving crop NUE. Instinct® II is a nitrogen stabilizer
containing nitrapyrin that delays the nitrification of ammoniacal and urea N fertilizers
in soils by controlling the nitrification process. Thus, it can sustain or increase crop yield
while reducing environmental issues. Both products are available in the region, but the
information on their effectiveness is very limited. Therefore, comprehensive studies to
evaluate the efficacy of these products in managing N could be of great importance in this
region. For this purpose, we carried out two field trials with spring wheat and winter
wheat from 2014 to 2016, using two kinds of NIs (Instinct® II and Agrotain® Ultra) on two
N fertilizer sources, i.e., urea [CO(NH2)2] and urea ammonium nitrate UAN (liquid form;
UAN32) with two N rates (85% vs. 100%) and two application methods (single application
vs. split-application). We measured soil and plant parameters, including mineral soil N
content (NO3

−-N, NH4
+-N and total mineral nitrogen-TMN), grain yield (GY), SPAD (leaf

greenness), and grain protein (GP). These findings will provide growers with insights about
N management strategies, improve NUE, and reduce environmental contamination.

2. Materials and Methods
2.1. The Experiments and Growing Conditions

Two field trials were conducted at the Oregon State University-Hermiston Agricultural
Research and Extension Center, Hermiston, OR (Latitude: 45◦50′43.9548′ ′ N, Longitude:
119◦17′33.5076′ ′ W, elevation 140 m above sea level). The trial with spring wheat (Triticum
aestivum L.) was conducted in 2014; the trial with winter wheat was conducted during the
2015−2016 growing seasons. The climate in the region is classified as Csa (= temperate,
dry, and hot summer) by the Köppen-Geiger system [38]. In the 2014 growing season
(March to July), cumulative precipitation was 60.0 mm, and the mean air temperature was
16.4 ◦C. March, with a mean temperature of 8.1 ◦C, was the coldest month, while July,
with a mean temperature of 25.3 ◦C, was the warmest month (Figure 1). In the 2015–2016
growing season (October 2015 to July 2016), precipitation was 175.4 mm, and the mean
air temperature was 11.2 ◦C. January was the coldest month, with a mean temperature of
2.0 ◦C, and July was the warmest month, with a mean temperature of 22.5 ◦C (Figure 1).
Both trials were conducted on an Adkins fine sandy loam (Adkins coarse-loamy, mixed,
superactive, mesic Xeric Haplocalcid). The basic soil properties for a soil depth of 0–30 cm
were pH of 6.3, soil organic matter of 0.8%, soil available P of 39 mg kg−1, soil available K
of 330 mg kg−1, and soil S of 49 mg kg−1. Soil nitrogen (N) of 0–60 cm before the trials are
compiled in Table 1.
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Figure 1. Average monthly air and soil temperatures (20 cm depth) and amount of precipitation
during the two growing seasons (2014 for spring wheat and 2015−2016 for winter wheat).

Table 1. Soil nitrogen (mg kg−1 soil) before field trial establishment at Hermiston, OR, 2014–2016.

Growth Season NH4+-N NO3−-N NH4+-N NO3−-N

(0–30 cm) (30–60 cm)

2014 (spring wheat) 10.3 34.0 10.8 16.0
2015–2016 (winter wheat) 7.1 17.1 4.1 9.2

In the spring wheat trial, the variety ‘Westbred 528′ was sown on March 10, 2014, at
135 kg ha−1 and harvested on July 23, 2014. In the winter wheat trial, the variety ‘LCS
Jet’ was sown on 29 October 2015 at 135 kg ha−1 and harvested on 15 July 2016. Growers’
standard pest and weed controls were applied throughout the growing season.

In both trials, each experimental plot was 9×9 m2 in size containing 35 rows. The
row-to-row distance was 0.26 m. The experiments were laid out as a randomized complete
block design (RCBD), having eleven treatments with five replications in 2014 and four
treatments with four replications in the 2015−2016 growing season.

The treatments in the 2014 trial included two sources of N, i.e., urea and UAN32,
with two application rates (100% and 85%) in combination with two NIs as follows: (1)
No-fertilizer Control (CK), (2) 85% Urea (85U), (3) 85% Urea + Instinct® II (85U + I), (4)
85% Urea + Agrotain® Ultra (85U + A), (5) 100% Urea (100U), (6) 100% Urea + Instinct® II
(100U + I), (7) 85% UAN (85UAN), (8) 85% UAN + Instinct® II (85UAN + I), (9) 85% UAN +
Agrotain® Ultra (85UAN + A), (10) 100% UAN (100UAN), and (11) 100% UAN + Instinct®

II (100UAN + I). The treatments were applied three days after sowing. The N application
rate of 100% U or 100% UAN was equivalent to 225 kg ha−1. Both NIs were mixed with
fertilizers before application. The mixing rates of Agrotain® Ultra to urea and UAN were
3.1 and 1.55 L ton−1, respectively. The mixing rate of Instinct® II was according to its label
rate of 1.1 kg ha−1.

In the 2015–2016 trial, four treatments consisted of the following fertilizer-NIs combi-
nations: (1) Single application of UAN + Instinct® II (100UAN + I), (2) Single application of
UAN (100UAN), (3) Split application of UAN + Instinct® II (60% UAN in fall + Instinct® II
and 40% UAN in spring; 60/40UAN + I), and (4) Split application of UAN (60% UAN in
fall and 40% UAN in spring; 60/40UAN). For the treatments of 100 UAN + I and 100 UAN,
the fertilizer was applied on October 27, while the Instinct® II was applied on October 28.
For the treatments of 60/40UAN + I or 60/40UAN, 60% of UAN was applied on October
27, and the Instinct® II was applied on October 28, 2015, while 40% of UAN was applied
on April 6 at the stem elongation stage. The N rate for the 100 UAN was 280 kg ha−1. Fer-
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tilizers were applied by hand uniformly on the ground. The Instinct® II was only applied
in fall with a rate of 1.1 kg ha−1 with the purpose of reducing nitrate loss through the wet
winter.

2.2. Sampling and Measurements
2.2.1. Wheat Plant Parameters

The extended BBCH scale [39] was used to describe the phenological development of
50% of the plants in each treatment. During 2014, wheat parameters such as plant height
(PH), leaf greenness (SPAD values), and total N content of flag leaf were measured at the
flag leaf stage (BBCH stage 39). PH was recorded from 10 randomly selected plants from
the inner plant rows in each plot. The SPAD meter readings were used as an indicator
of leaf chlorophyll content per unit leaf area [40,41] and were determined on the blades,
midway between the leaf edge and midrib [42] of fully expanded flag leaves using a
SPAD-502 m (Minolta, Plainfield, IL, USA). Measurements were taken early in the morning
and recorded as the mean of 10 randomly selected fully expanded leaves per plot. Total
N content of the flag leaves was determined by the Kjeldhal method [43]. Moreover, at
physiological maturity (BBCH stage 91 and 92), grain yield (GY) was assessed on a per plot
basis and converted to tons per hectare (t ha−1) after adjusting to 13% moisture content.
Grain moisture (%) (GM) and grain protein content (%) (GP) were also measured. In the
2015–2016 trial, data collection was generally similar to the 2014 trial, with exceptions for
PH and total N content of flag leaves.

2.2.2. Soil Nitrogen Content

In both trials, representative soil samples were collected to assess the contents of
NH4

+-N, NO3
−-N, and total mineral N (TMN) from 0–30 cm and 30–60 cm soil depths.

Five well-distributed locations per plot were selected for soil sampling. The soils from the
same depth were mixed uniformly into a composite sample and submitted for analysis.
Soil sampling was conducted between irrigation events. The contents of NH4

+-N and
NO3

−-N were determined by potassium chloride extraction combined with cadmium
reduction [44,45]. The TMN was calculated as the sum of the NH4

+-N and NO3
−-N.

For the 2014 trial, soil N was measured at the 2nd, 4th, 6th, and 8th weeks after plant
emergence (WAE). For the 2015–2016 trial, soil N was measured 3 weeks before the second
split application and at the 4th and 8th week after the second split application.

2.3. Statistical Analyses

Data were subjected to analysis of variance (ANOVA) using the PROC GLM procedure
of SAS (SAS version 9.4) for a randomized complete block design after checking for the
normalcy of the variables with the Kolmogorov–Smirnov test. Means were compared
using Fisher’s least significant difference test (LSD) at p ≤ 0.05. Data on NH4

+-N, NO3
−-

N, and TMN contents were analyzed with a split plot in time arrangement based on
randomized complete block design because there were multiple measurements on the same
experimental unit. Treatment and sampling were considered as main plot and subplot,
respectively. It is noted that the presented table is a slice of the complete analysis. Figures
were prepared in Excel version 2016 64-Bit Edition.

3. Results
3.1. First Experiment: Spring Wheat

Treatments significantly affected PH, leaf greenness (SPAD), and GY of spring wheat,
and no effects were found for total leaf N content, GM, and GP (Table 2). Compared
to control (no-fertilizer), PH, SPAD, and GY were 29.0%, 20.8%, and 31.0% higher when
fertilizer/NIs combinations were applied. However, among all fertilization treatments,
there was no significant difference in terms of GY. The tallest plants were recorded at 100U,
followed by 85U + A and 85U + I, while the shortest plants were recorded at the treatments
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that included either 85U and 100U + I or any other UAN combination with NIs. The highest
values of SPAD meter readings were recorded at 100UAN (Table 2).

Table 2. Analysis of variance (p values) of N fertilizer-nitrification inhibitor combinations on spring
wheat plant height (PH), leaf greenness (SPAD), total N content of flag leaves measured at flag leaf
stage, and grain yield (GY), grain moisture (GM) and protein content (GP) at physiological maturity
in 2014.

Source of
Variation df PH (cm) SPAD Total N of Flag

Leaf mg kg−1 GY (t ha−1) GM (%) GP (%)

Rep 4 0.61 0.28 0.01 0.08 0.25 0.78
Treatment 10 <0.01 <0.01 0.50 0.05 0.36 0.16

Control 47 ± 1.1 d 37 ± 1.3 d 3.5 ± 0.4 4.06 ± 0.45 b 5.5 ± 0.2 13.0 ± 0.6
85U 60 ± 0.4 bc 44 ± 0.4 ab 3.5 ± 0.2 5.30 ± 0.45 a 5.1 ± 0.1 14.2 ± 0.7

85U + I 62 ± 0.9 ab 46 ± 0.9 ab 4.1 ± 0.3 5.55 ± 0.41 a 5.3 ± 0.1 13.6 ± 0.3
85U + A 63 ± 1.2 ab 45 ± 1.0 ab 4.0 ± 0.2 4.91 ± 0.55 a 5.0 ± 0.1 14.5 ± 0.7

100U 64 ± 0.7 a 46 ± 0.7 ab 3.8 ± 0.1 5.45 ± 0.25 a 5.5 ± 0.1 14.8 ± 0.4
100U + I 60 ± 1.4 bc 43 ± 1.3 bc 3.9 ± 0.2 5.32 ± 0.30 a 5.3 ± 0.1 14.2 ± 0.5
85UAN 59 ± 0.8 c 41 ± 2.3 c 4.2 ± 0.4 5.45 ± 0.35 a 5.3 ± 0.2 13.0 ± 0.5

85UAN + I 59 ± 1.0 c 45 ± 0.6 ab 3.7 ± 0.2 5.48 ± 0.22 a 5.2 ± 0.1 14.5 ± 0.5
85UAN + A 60 ± 0.9 bc 45 ± 0.7 ab 3.9 ± 0.2 5.63 ± 0.23 a 5.2 ± 0.1 14.1 ± 0.5

100UAN 61 ± 0.5 bc 47 ± 1.1 a 3.6 ± 0.1 5.15 ± 0.25 a 5.1 ± 0.1 15.2 ± 0.5
100UAN + I 60 ± 1.2 bc 45 ± 0.2 ab 3.8 ± 0.3 4.95 ± 0.34 a 5.5 ± 0.1 14.5 ± 0.2

Means are averages of five replicates ±SE (standard error). Different letters within columns indicate means with
significant differences according to least significant difference (LSD) at p < 0.05. No-fertilizer (Control), 85% Urea
(85U), 85% Urea + Instinct® II (85U + I), 85% Urea + Agrotain® Ultra (85U + A), 100% Urea (100U), 100% Urea +
Instinct® II (100U + I), 85% UAN (85UAN), 85% UAN + Instinct® II (85UAN + I), 85% UAN + Agrotain® Ultra
(85UAN + A), 100% UAN (100UAN), 100% UAN + Instinct® II (100UAN + I).

The treatment effects, sampling time, and their interaction on NH4
+-N, NO3

−-N,
and TMN of soil are shown in Table 3. Compared to the control, all fertilizer treatments
increased NH4

+-N, NO3
−-N, and TMN contents in 0–30 cm significantly (p < 0.01). The use

of UAN increased the average NH4
+-N content of soil compared to urea. The highest soil

NH4
+-N content (14.6 mg N kg−1 soil) was found at 100UAN + I, followed by 100UAN,

while the lowest one (9.7 mg N kg−1 soil) was observed in the treatment of 85U + I (Table 3).
The 100U treatment was associated with the highest soil NO3

−-N content, followed by
100U + I, 85U + A, and 85U, while the lowest NO3

−-N content (12.2 mg N kg−1 soil) was
found in 85UAN + I, followed by 85UAN, 85U + I, and 85UAN + A. The 100U treatment
was associated with the highest TMN at 0–30 cm. Except for the control (8.9 mg N kg−1

soil), the 85UAN + I treatment was associated with the lowest TMN (24.0 mg N kg−1 soil),
followed by 85U + I, 85UAN, and 85UAN + A (Table 3). Urea application generally resulted
in higher soil NO3

−-N and TMN than UAN, while the NH4
+-N content was slightly higher

following UAN applications. The effects of NIs on N forms found in soils were relatively
limited when speciation was compared to the treatments without NIs. Between the two
NIs, soil N contents tended to be higher with Agrotain® Ultra application.

Figure 2a–c show the NH4
+-N, NO3

−-N, and TMN content in soil (0–30 cm depth).
In all treatments, NH4

+-N content was highest at 2 WAE; the highest value was shown in
the treatment of 100UAN + I, while the lowest value was observed in the control, followed
by 100U + I and 85U + I. In general, a sharp reduction was found from the 2nd WAE to the
4th WAE, and afterward, the reduction tended to be smoother (Figure 2a). At 8 WAE, no
difference was found among the treatments.

Compared to control, the soil NO3
−-N content increased considerably by the second

WAE. The NO3
−-N content increased continually up to the maximum at 4 WAE; the

highest values were observed in the 85U and 85U + A treatments, while the lowest was
observed in the 85UAN + I treatment. Afterward, NO3

−-N content decreased steadily.
As a consequence, the lowest NO3

−-N content was obtained at 8 WAE (Figure 2b). On
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average, NO3
−-N content was less in treatments with UAN than with urea at all sampling

events. The addition of Instinct® II tended to decrease NO3
−-N content. As expected,

NO3
−-N content was lower in the treatments with lower N application rates. At the last

sampling event (8 WAE), the highest and lowest NO3
−-N contents were found in the 100U

and 85UAN + I, respectively.

Table 3. Analysis of variance of N fertilizer-nitrification inhibitor combinations and sampling time on
soil NO3

−-N, NH4
+-N, and total mineral N (TMN) at 0–30 cm and 30–60 cm in spring wheat, 2014.

Source of Variation df NH4
+-N NO3−-N TMN NH4

+-N NO3−-N TMN

(mg kg−1 soil) (mg kg−1 soil)

0–30 cm 30–60 cm

Rep 4 0.50 0.02 0.03 0.02 0.03 0.09
Treatment 10 <0.01 <0.01 <0.01 0.07 <0.01 0.09
Sampling 3 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Sampling × Treatment 30 <0.01 <0.01 <0.01 0.25 0.29 0.19
Treatment

Control 5.4 ± 1.2 d 3.4 ± 0.5 d 8.9 ± 1.5 f 5.3 ± 1.2 6.4 ± 0.8 b 11.7 ± 0.9
85U 12.1 ± 2.6 b 23 ± 3.8 ab 33.9 ± 4.4 abc 5.7 ± 1.4 8.5 ± 1.1 ab 14.3 ± 1.2

85U + I 9.7 ± 2.1 c 15.8 ± 2.3 c 24.9 ± 3.7 de 5.3 ± 1.4 9.3 ± 1.1 a 14.6 ± 1.3
85U + A 11.7 ± 2.7 bc 24.5 ± 3.4 a 36.4 ± 5 ab 5.3 ± 2.4 7.9 ± 1.3 ab 13.3 ± 3.3

100U 12.4 ± 2.7 b 26.7 ± 2.9 a 38.1 ± 4.4 a 5.1 ± 1.3 9.9 ± 0.9 a 15 ± 1.1
100U + I 10.6 ± 2.2 bc 26.1 ± 2.9 a 37.5 ± 4.2 ab 5.6 ± 1.3 8.2 ± 1 ab 14 ± 1.6
85UAN 10.9 ± 2.9 bc 14.1 ± 2.4 c 25.3 ± 4 de 5.7 ± 1.5 9.1 ± 0.8 a 14.8 ± 2.0

85UAN + I 11.7 ± 2.3 bc 12.2 ± 2 c 24.0 ± 3.6 e 6.8 ± 1.6 9.4 ± 0.8 a 16.3 ± 1.5
85UAN + A 11.7 ± 3.1 bc 16.4 ± 2.9 c 28.2 ± 4.2 cde 6.0 ± 1.4 8.3 ± 0.9 ab 14.3 ± 1.1

100UAN 12.4 ± 3 ab 17.7 ± 2.3 bc 30.1 ± 3.8 bcd 6.5 ± 1.8 10 ± 0.9 a 16.5 ± 1.7
100UAN + I 14.6 ± 3.4 a 16.8 ± 2.4 c 31.4 ± 5.2 a-d 6.5 ± 1.7 8.8 ± 0.7 a 15.4 ± 1.8

Sampling
2 WAE 29.9 ± 1.1 a 17.4 ± 1.2 b 46.8 ± 1.9 a 16.7 ± 0.4 a 4.7 ± 0.2 d 21.6 ± 0.7 a

4 WAE 8.3 ± 0.5 b 32.1 ± 1.8a 40.3 ± 2.1 b 3.5 ± 0.3 b 13 ± 0.3 a 16.6 ± 0.5 b

6 WAE 4.1 ± 0.4 c 15.5 ± 1.3 b 19.8 ± 1.6 c 1.8 ± 0.8 c 10.4 ± 0.5 b 12.2 ± 1.2 c

8 WAE 2.6 ± 0.1 d 6.56 ± 0.8 c 9.2 ± 0.8 d 1.3 ± 0.1 c 6.6 ± 0.4 c 7.97 ± 1.2 d

Means are averages of five replicates ± SE (standard error). Different letters within columns indicate means with
significant differences according to least significant difference (LSD) at p < 0.05. No-fertilizer (Control), 85% Urea
(85U), 85% Urea + Instinct® II (85U + I), 85% Urea + Agrotain® Ultra (85U + A), 100% Urea (100U), 100% Urea +
Instinct® II (100U + I), 85% UAN (85UAN), 85% UAN + Instinct® II (85UAN + I), 85% UAN + Agrotain® Ultra
(85UAN + A), 100% UAN (100UAN), 100% UAN + Instinct® II (100UAN + I). WAE (Weeks after Emergence).

The highest soil TMN content was found at 2 WAE, with the exception of 85U and 100U
+ I, which happened at 4 WAE (Figure 2c). Afterward, the TMN decreased gradually. At
the final sampling event (8 WAE), the highest TMN content occurred in the 100U treatment,
and the lowest were in the 85UAN and 85UAN + I treatments. A comparison of the two
N sources indicated that TMN content was lower in the UAN treatments. The lower N
rate naturally had the lower TMN content. The application of Instinct® II generally did
not impact the TMN content or slightly reduced TMN content, while the application of
Agrotain® Ultra tended to increase the TMN (Figure 2c).

In the 30–60 cm soil profile, fertilization treatments had a significant effect only on
NO3

−-N content. The lowest NO3
−-N content (6.4 mg N kg−1 soil) was found in the

control. Among the fertilization treatments, 85U, 85U + A, 100U + I, 85UAN + A had
slightly lower NO3

−-N content. As with 0–30 cm, sampling time significantly affected
mineral soil N content at the 30–60 cm soil depth. NH4

+-N and TMN content in 30–60 cm
decreased with sampling time; the lowest NH4

+-N and TMN contents were observed at
8 WAE. Consistent with the pattern in 0–30 cm, the NO3

−-N content increased 176% at 4
WAF compared to 2 WAE and then gradually decreased (Table 3).
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Figure 2. Changes of (a) NH4+-N, (b) NO3−-N, and (c) total mineral N content of soil during sampling 

times in spring wheat field at 0−30 cm. Data represent the averages of five replicates. Vertical bars 

indicate standard errors (±SE). WAE (Weeks after Emergence). No-fertilizer (Control), 85% Urea 

(85U), 85% Urea + Instinct®  II (85U + I), 85% Urea + Agrotain®  Ultra (85U + A), 100% Urea (100U), 

100% Urea + Instinct®  II (100U + I), 85% UAN (85UAN), 85% UAN + Instinct®  II (85UAN + I), 85% 

Figure 2. Changes of (a) NH4
+-N, (b) NO3

−-N, and (c) total mineral N content of soil during sampling
times in spring wheat field at 0–30 cm. Data represent the averages of five replicates. Vertical bars
indicate standard errors (±SE). Different letters indicate means with significant differences according
to least significant difference (LSD) at p < 0.05. WAE (Weeks after Emergence). No-fertilizer (Control),
85% Urea (85U), 85% Urea + Instinct® II (85U + I), 85% Urea + Agrotain® Ultra (85U + A), 100% Urea
(100U), 100% Urea + Instinct® II (100U + I), 85% UAN (85UAN), 85% UAN + Instinct® II (85UAN
+ I), 85% UAN + Agrotain® Ultra (85UAN + A), 100% UAN (100UAN), 100% UAN + Instinct® II
(100UAN + I).
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3.2. Second Experiment: Winter Wheat

Analysis of variance results showed that fertilization treatments, the combination of
N fertilization and NIs, had no significant effects on flag leaf greenness (SPAD), GY, GM,
and GP of winter wheat (Table 4). GY ranged from 8.51 t ha−1 (100UAN) to 9.01 t ha−1

(60/40UAN + I), GM ranged from 5.0% (100UAN +I) to 5.3% (100UAN), GP ranged from
9.4% (60/40UAN + I) to 10.0% [(100UAN + I) and (100UAN)], and leaf greenness ranged
from 52 (100UAN + I) to 53 (Table 4).

Table 4. Analysis of variance of N fertilizer-nitrification inhibitor-application time combinations on
leaf greenness (SPAD) at flag leaf stage and grain yield (GY), grain moisture (GM), and protein (GP)
of winter wheat in 2015−2016.

Source of Variation df SPAD GY (t ha−1) GM (%) GP (%)

Rep 3 0.35 0.015 0.78 0.19
Treatment 3 0.86 0.49 0.19 0.54

100UAN + I 52 ± 1.0 8.53 ± 0.51 5.0 ± 0.04 10.0 ± 0.2
100UAN 53 ± 0.9 8.51 ± 0.36 5.3 ± 0.09 10.0 ± 0.4

60/40UAN + I 53 ± 0.5 9.01 ± 0.22 5.1 ± 0.07 9.4 ± 0.2
60/40UAN 53 ± 0.8 8.77 ± 0.49 5.1 ± 0.10 9.8 ± 0.5

Means are averages of four replicates ± standard error (SE). Single application of UAN + Instinct® II (100UAN +
I), single application of urea (100UAN), split application of UAN + Instinct® II (60% UAN in fall + Instinct® II and
40% UAN in spring; 60/40UAN + I), and split application of UAN (60% UAN in fall and 40% UAN in spring;
60/40UAN).

Fertilization treatments did not change NH4
+-N, NO3

−-N, and TMN content in the
0–30 cm soil profile (Table 5). However, the soil N parameters differed significantly with
sampling time (p < 0.01). Soil NH4

+-N, NO3
−-N, and TMN contents decreased 17%, 69%,

and 51%, respectively, at 4 weeks after the second split application (WAT), and 60%, 74%,
and 69%, respectively, at 8 WAT compared to those found before the second split application
(Table 5).

Table 5. Analysis of variance of treatment effects and sampling time on soil NO3
−-N, NH4

+-N, and
TMN at 0–30 cm and 30–60 cm in winter wheat in 2015−2016.

Source of Variation df NH4
+-N NO3−-N TMN NH4

+-N NO3−-N TMN

(mg kg−1 soil) (mg kg−1 soil)

0–30 cm 30–60 cm

Rep 3 0.92 0.60 0.51 0.81 0.16 0.17
Treatment 3 0.70 0.14 0.18 0.49 0.05 0.05
Sampling 2 <0.01 <0.01 <0.01 0.002 <0.01 <0.01

Sampling×Treatment 6 0.73 0.19 0.64 0.54 0.23 0.24
Treatment

100UAN + I 3.6 ± 0.4 4.4 ± 1.1 8.1 ± 1.4 2 ± 0.3 6.8 ± 1.4 ab 8.9 ± 1.5 ab
100UAN 3.2 ± 0.3 5.2 ± 1.3 8.4 ± 1.5 1.7 ± 0.1 7.6 ± 2.5 a 10.1 ± 2.6 a

60/40UAN + I 3.2 ± 0.4 3.3 ± 0.5 6.5 ± 0.9 2 ± 0.2 4.3 ± 1 b 6.3 ± 1 b
60/40UAN 3.5 ± 0.4 4 ± 0.7 7.6 ± 1.1 1.8 ± 0.2 6.1 ± 1.6 ab 8 ± 1.7 ab
Sampling

Before the second split
application 4.6 ± 0.3 a 8.3 ± 0.9 a 13 ± 1 a 2.1 ± 0.2 a 12.9 ± 1.6 a 14.4 ± 1.6 a

4 WAT 3.8 ± 0.3 a 2.5 ± 0.1 b 6.3 ± 0.4 b 2.2 ± 0.2 a 3.8 ± 0.8 b 6.1 ± 0.9 b

8 WAT 1.8 ± 0.3 b 2.1 ± 0.1 b 4 ± 0.2 c 1.3 ± 0.1 b 2.8 ± 0.6 b 4.2 ± 0.6 b

Means are averages of four replicates ± SE (standard error). Different letters within columns indicate means with
significant differences according to least significant difference (LSD) at p < 0.05. Single application of UAN +
Instinct® II (100UAN + I), single application of urea (100UAN), split application of UAN + Instinct® II (60% UAN
in fall + Instinct® II and 40% UAN in spring; 60/40UAN + I), and split application of UAN (60% UAN in fall and
40% UAN in spring; 60/40UAN). WAT (Weeks after the second split application).
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Unlike 0–30 cm soil depth, the fertilization treatments in the 30–60 cm soil depth
affected soil NO3

−-N and TMN content significantly. The highest levels of NO3
−-N and

TMN were associated with 100UAN (7.6 mg kg−1 and 10.1 mg kg−1, respectively) (Table 5).
In contrast, the lowest NO3

−-N and TMN contents were associated with 60/40U + I
(4.3 mg kg−1 and 6.3 mg kg−1, respectively). On average, a split application of UAN
reduced NO3

−-N and TMN contents by 27% and 24%, respectively, in comparison to a
single UAN application.

Compared to treatments that did not include NIs, the addition of Instinct® II reduced
NO3

−-N and TMN contents by 19% and 16%, respectively. Reduction trends were observed
for NH4

+-N, NO3
−-N, and TMN contents in the 30–60 cm soil profile. At 8 WAT, NH4

+-N,
NO3

−-N, and TMN levels were 38%, 78%, and 70% lower, respectively, than those before
the second split application (Table 5).

4. Discussion

This study revealed that GY and GP of spring or winter wheat were not affected by
the different N fertilizer treatments regardless of NIs application or N rates, although the
PH and leaf greenness (SPAD) of spring wheat differed. Consistent with our results, some
studies reported that the GY of barley [46], maize [46–48], and winter wheat [46,47] were not
affected by NIs application. Other studies reported that NIs had a limited effect on biomass
yield and crude protein of grass [14,49]. Several studies in pastures reported no significant
effect of NIs on yields [50–53] nor in vegetable production [54,55]. However, a number of
studies observed that the use of nitrification and urease inhibitors significantly increased
wheat [24,56], maize [57–59], and vegetable yields [60]. A meta-analysis by Abalos et al. [61]
indicated that, on average, the use of nitrification and urease inhibitors led to a 7.5% increase
in yield, while effectiveness depended on environmental and management factors. Meng
et al. [14] pointed out that yield improvement through NIs addition might be expected only
when N is the limiting factor to plant growth. In our study, both the N application rates
and the soil N data indicated sufficient N supply to the crops, and as a result, the response
of N treatments on wheat yield and protein content was similar. Moreover, regardless of
NIs use, treatments at a lower N rate did not affect the GY of spring wheat, which further
confirmed that excessive N application occurred. Zhu [62] indicated that the N rate could
be reduced by 7–24% without yield loss of rice or wheat.

Note that in the winter wheat trial, the numeric GY was higher, but the numeric GP
was lower in the treatments with split-N fertilization, implying the advantages of split
fertilization in improving NUE. Other studies showed that supplying a small portion of
total N at planting coupled with multiple applications of the rest N according to crop N
requirements can increase NUE and yield of rice, barley, wheat, potato, and maize [63–66].

In the trial with spring wheat, UAN treatments resulted in higher soil NH4
+-N content

and lower NO3
−-N content than urea treatments, which might be due to the fertilizer

property, as UAN itself contain NH4
+-N while urea may quickly convert to NO3

−-N. The
higher NH4

+-N contents in the soils indicate an increased risk of ammonia volatilization,
another main pathway of N loss in agricultural systems [67,68]. Of the two N forms,
NO3

−-N content was generally higher than NH4
+-N, and TMN broadly followed the same

pattern as NO3
−-N (Figure 2).

It was reported that NIs slow bacterial oxidation of ammonium (NH4
+) to nitrite

(NO2
−) in soils by depressing the activity of ammonia mono-oxygenase released by Ni-

trosomas bacteria [15], extending the retention of NH4
+-N in soil [69]. In addition, less

NO3
−-N is produced, and NO3

−-N leaching potential is reduced as well. In our trial,
we did not observe a significant effect of NIs on soil N contents. This may be related to
the environmental conditions, as our studies were conducted under irrigation; frequent
irrigation might have an impact on the properties of the NIs. Moreover, although NIs
repeatedly have been shown to reduce N2O and NO emissions from agricultural soils, their
mitigation effect varies greatly, and the mechanism is still not well explored [70,71].
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Similar to the surface soil depth of 0–30 cm, the N content in the 30–60 cm was not
affected by different N treatments, suggesting that the NIs application did not affect the
nitrate leaching potential. Over the monitoring period, the increase in soil NO3

−-N content
from 2 WAE to 4 WAE may be sourced from nitrification. Afterward, it naturally decreased
with time due to the plant uptake.

In the winter wheat field trial, the split application of N (60% UAN in the fall and
40% UAN in the spring) generally reduced NO3

−-N and TMN contents in comparison to a
single application (100% UAN in the fall), suggesting a lower NO3

−-N leaching potential.
When all N was applied at sowing, intensive and heavy precipitation plus irrigation could
lead to NO3

−-N being leached more deeply into the soil [63].
Throughout the soil profile to 60 cm depth, in the spring wheat trial, soil NH4

+-N,
NO3

−-N, and TMN contents at 0–30 cm soil depth were higher than those recorded at
30–60 cm soil depth. However, in the winter wheat trial, the NH4

+-N content decreased but
NO3

−-N content increased with the soil depth because the former is relatively immobile
while the latter is highly mobile. Differences in N distribution between trials might be due
to the longer growing season for winter wheat.

Apart from the spring wheat trial, the application of Instinct® II reduced NO3
−-N and

TMN contents, compared to the no-application of NI in the winter wheat trial, suggesting
that Instinct® II reduced nitrification. Studies reported that the performance of NIs is
significantly affected by the timing of application (growth stage), type of application (single
or split), and rate of application [72–75]. Moreover, the variability of weather conditions,
especially soil temperature, affects the effectiveness of NIs [28]. Because NIs degradation
and nitrification increase with the increasing soil temperatures, the efficiency of NIs in
winter wheat field were more pronounced, perhaps due to the decreasing soil temperature.
Thus, the greater effectiveness of NIs in winter wheat could have been a result of overall
reduced nitrification activity. Nair et al. [76] reported that the efficiency of NIs may be
affected by soil conditions (texture, temperature, pH, and organic matter), through the
activity of nitrifiers and denitrifiers, and through N distribution. The effectiveness of
nitrapyrin at decreasing nitrification in soils depends on a number of interacting factors
besides soil temperature [77]. Raza et al. [78] showed that nitrification was significantly
affected by soil temperature and moisture levels. Soil temperature controls the persistence
and performance of DMPP as a NI [79]. However, gross nitrification rates were reduced in
the presence of nitrapyrin at both 20 ◦C and 40 ◦C soil temperatures [80]. Other studies have
found that nitrapyrin can decrease nitrification at temperatures from 25 ◦C to 35 ◦C [27].

In general, there is no unwavering confirmation regarding the behavior of NIs in soil.
It remains unclear how long NIs remain effective and exactly what factors can affect their
efficiency. Therefore, there is a need for more studies to elucidate the influence factors on
NIs efficiency. Such information would assist growers in using NIs correctly.

5. General Remark

The present findings were obtained from field trials with spring and winter wheat and
indicated that the crops received sufficient N. Thus, a reduced N rate (e.g., 15% reduction)
could result in similar yields. Between the two N sources, urea and urea ammonium nitrate-
UAN, we observed that the application of UAN could significantly reduce soil NO3

−-N
content in the 0–30 cm soil depth and may provide environmental benefits by reducing
nitrate leaching potential and denitrification risk. Hence, the environmental advantages of
UAN as an N source outweigh urea. Furthermore, splitting N applications could reduce
soil NO3

−-N content compared to a single application. Application of Instinct® II with
lower-rate urea and with UAN during cool temperatures seems to be a suitable strategy to
reduce NO3

−-N leaching potential, while Agrotain® Ultra did not show any considerable
effect. Our results demonstrated that selecting effective NIs, suitable N sources, reducing
N rate, and splitting N fertilizers during the growing season can be regarded as practical
strategies to reduce NO3

−-N leaching while not compromising crop yield. Although the
findings from this were based on two crops, it should be noted that the data were only from

104



Agronomy 2023, 13, 366

a single-season observation for either crop. Ideally, it will be necessary to carry out trials
based on multiple years and locations to make a solution conclusion on the effects of NIs
and N management on potential yield benefits and the N dynamics of soils. In such trials,
at least some treatments supplying suboptimal N should be included, as NIs might show
their potential to significantly increase crop yields. Moreover, frequent field measurements
on N contents should be conducted before and after fertilization as the N transformation
occurs very rapidly.
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Abstract: Modern cotton (Gossypium spp. L) cultivars are efficient in nutrient uptake and utilization,
and thus, may potentially tolerate nutrient stress. Early- and late-season nutrient stress (E-stress and
L-stress, respectively) effects on cotton productivity and quality were assessed under different pro-
duction conditions in Camilla and Midville, GA, USA. The E-stress received no nutrient application
in the early season, but the full rates were split-applied equally at the initiation of squares and the
second week of bloom stages. The L-stress received 30–40% of the full nutrient rates only at the initial
stage of planting. The effects of nutrient stress on cotton productivity and fiber quality were not
consistent across the different production conditions. Compared to the full nutrient rate, the E-stress
did not adversely impact cotton yield, but rather it improved the lint and cottonseed yields under one
production condition by 17.5% and 19.3%, respectively. Averaged across all production conditions, the
L-stress decreased the lint and cottonseed yields by 34.4% and 36.2%, respectively. The minimal effects
of E-stress on cotton suggest nutrient rates at the early season could be reduced and more tailored
rates, informed by soil and plant tissue analyses, applied shortly before the reproductive phase.

Keywords: nutrient stress; cotton production; modern cultivars; biomass accumulation; fiber quality

1. Introduction

Cotton (Gossypium spp. L) is a valuable industrial crop that contributes substantially
to the agricultural economy of many countries. The Food and Agriculture Organization of
the United Nations estimated the world’s seed cotton (unginned cotton) production in 2020
to be 83.1 million tons, which was valued at $52 billion [1]. The USA ranks third in cotton
production in the world, behind China and India. In 2021, about 4.54 million ha of cotton
was planted in the USA, and the top three leading producing states were Texas, Georgia,
and Arkansas in descending order [2]. Lint and cottonseed are the two valuable industrial
products of cotton, with lint being more valuable. In 2021, lint and cottonseed production
value in the USA was $7.46 billion and $1.32 billion, respectively. Thus, cotton production
management is mainly geared towards enhancing the productivity and quality of lint.

The average cotton lint yield in the USA has increased by 25.6% in the past 30 years,
with a yield of 0.73 Mg ha−1 in 1991 and 0.92 Mg ha−1 in 2021 [2]. The increase in cotton lint
yield can largely be attributable to improved agronomic practices and better performance
of modern cultivars [3–5]. Rochester and Constable [6] compared cotton cultivars released
in 2006 with those released in 1973. The authors observed a 40% increase in lint yield in the
2006 cultivars. In addition, the N, P, and K use efficiencies of the 2006 cultivars increased
by 20%, 23%, and 24%, respectively, when compared to those of the 1973 cultivars [6]. In a
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two-year field study in New Deal, TX, the average lint yields of cotton cultivar PM HS26
(released in 1990), FM 958 (released in 2000), and DP 1646 (released in 2016) were reported
to be 1.11 Mg ha−1, 1.26 Mg ha−1, and 1.34 Mg ha−1, respectively [7]. The authors also
observed that the 2016 and 2000 cultivars efficiently partitioned and remobilized essential
nutrients more than the 1990 cultivar.

The efficient utilization of nutrients by modern cultivars could potentially confer better
tolerance to nutrient stress, which would be desirable. There has been instability in the
supply and prices of fertilizers over the past couple of years, with most fertilizers exceeding
record prices in 2008. Lessons from the 2008 volatility in fertilizer prices suggest that
farmers may not be willing to buy the usual tonnage of fertilizers at high price levels [8]. It
is therefore important to determine the impact of reduced fertilizer application rates on
the productivity and quality of modern cotton varieties. The high fertilizer prices in 2008
may have contributed to the reduced cotton lint yield in succeeding years. The average
cotton lint yield in the USA in 2007 was 0.88 Mg ha−1, but it dropped to 0.81 Mg ha−1 and
0.78 Mg ha−1, respectively, in 2008 and 2009 [2].

While low fertilizer application could impact cotton productivity, supplying more
nutrients than needed could have adverse implications on the environment, such as acidifi-
cation of soils, eutrophication in aquatic systems, and ozone layer depletion [9,10]. Nutrient
uptake and partition studies show that nutrient requirement in cotton is minimal at the veg-
etative stage and then increases rapidly at the reproductive stage [7,11,12]. Synchronizing
nutrient availability with crop demand could potentially increase nutrient use efficiency
and reduce nutrient loss through ammonia volatilization, denitrification, runoff, and leach-
ing [13–15]. However, standard nutrient management guidelines suggest the application
of all recommended fertilizer rates before or at the initial stages of planting, except for N
which is often split-applied. The minimal vegetation cover, coupled with high rainfall and
temperature conditions, make fertilizers applied in the early season susceptible to losses.

Determining the response of modern cotton cultivars to no fertilizer application during
the early season growth could inform adaptive nutrient management strategies. Residual
nutrients in the soil and crop residues could meet the nutritional demand for cotton at the
early season growth stage [16–18]. The objective of this study was therefore to assess the
impact on the productivity and quality of modern cotton varieties to varying degrees of
nutrient stresses under different production conditions.

2. Materials and Methods
2.1. Experimental Site

The research was conducted at the University of Georgia Stripling Irrigation Research
Park in Camilla, GA (31◦16′45.86′′ N, 84◦17′29.65′′ W) and the Southeast Georgia Research
and Education Center in Midville, GA (32◦52′54.72′′ N, 82◦12′54.07′′ W). Both sites have a
humid subtropical climate, with annual average daily minimum, mean, and maximum air
temperatures of 12.8 ◦C, 19.4 ◦C, and 26.0 ◦C, respectively, in Camilla and 11.3 ◦C, 18.0 ◦C,
and 24.6 ◦C, respectively, in Midville [19]. The average annual precipitation in Camilla is
1314 mm, with 98 average rainy days, and the average annual precipitation in Midville is
1146 mm, with 102 average rainy days [19].

Air temperature over the two years of the study followed a similar pattern across
the two locations, but it was relatively warmer in Camilla compared to Midville, with
the average minimum, mean, and maximum air temperatures of 13.7 ◦C, 19.9 ◦C, and
26.1 ◦C, respectively, in Camilla, and 12.4 ◦C, 18.5 ◦C, and 24.6 ◦C, respectively, in Midville
(Figure 1). In addition, rainfall received was relatively greater in Camilla, with an annual
rainfall of 1378 mm in 2020 and 1384 mm in 2021. Annual rainfall in Midville was 1318 mm
in 2020 and 1099 in 2021. Rainfall received between the planting and harvest of cotton was
547 mm and 776 mm in 2020 and 2021, respectively, in Camilla, and 482 mm and 532 mm,
respectively, in 2020 and 2021 in Midville.
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Figure 1. (a,b) Monthly minimum (Tmin), mean (Tave), and maximum (Tmax) air temperature,
as well as (c,d) monthly total precipitation in Camilla and Midville, GA from 1 January 2020 to 31
December 2021.

The experimental field in Camilla had a Lucy loamy sand, classified as Loamy,
kaolinitic, thermic Arenic Kandiudults, whereas the field in Midville had a Dothan loamy
sand, classified as fine-loamy, kaolinitic, thermic Plinthic Kandiudults [20]. The average
sand, silt, and clay content at the top 15 cm depth of the experimental field soils were
90.7%, 3.2%, and 6.1%, respectively, in Camilla, and 90.9%, 5.1%, and 4.0%, respectively,
in Midville. In addition, the average soil pH and organic matter within 0–15 cm depth
were 6.51 and 2.90 g kg−1 in Camilla, respectively, and 6.40 and 4.67 g kg−1 in Midville,
respectively.

2.2. Field Experiment

Field experiments were established in 2020 and 2021 to evaluate early- and late-
season nutrient stress (E-stress and L-stress) effects on cotton productivity and quality
under different production conditions at the two locations. A reduced nutrient stress
condition (R-stress) and standard fertility constituted the control treatments. In Camilla, the
experiment was established under sub-surface drip irrigation (SSDI) systems in 2020 and
2021, and under an overhead irrigation system in only 2021. In Midville, the experiment was
established under rainfed conditions in 2020 and 2021, and under an overhead irrigation
system in only 2021, constituting six production conditions across the two locations. The
two production conditions at both locations in 2021 were on separate fields (~100 m apart
in Camilla and ~300 apart in Midville). The four treatments were assessed under each
production condition, except for the Midville 2020 rainfed condition where the standard
fertility was not assessed.

The standard fertility treatment referred to nutrient recommendations (Table 1) by
the University of Georgia Agricultural and Environmental Services Laboratories to make
1681 kg ha−1 lint yield under irrigated conditions and 1121 kg ha−1 lint yield under rainfed
conditions [21]. The rates were based on the initial soil nutrient status of the experimental
fields (Table 2). Nutrients reported as essential for cotton are N, P, K, Ca, Mg, S, Fe, Mn, Zn,
B, and Cu [22]. To ensure minimal nutrient stress, the application of some rates of all the
essential nutrients was made to the R-stress plots (Table 1). In Camilla, the R-stress plots
received 30% of the full nutrient rates at the early stage of planting, another 30% each at
square initiation and the second week of bloom (2-WoB) stages, and the remaining 10% at
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the 6-WoB stage. In Midville, the R-stress plots received 40% of the full nutrient rates at the
early stage of planting, and 30% each at square initiation and the 2-WoB stages.

Table 1. Full nutrient application rates (in kg ha−1) for the standard recommendation and reduced
nutrient stress (R-stress) treatments imposed in Camilla and Midville, GA, under different production
conditions.

Nutrient
Elements

Camilla Midville
SSDI (2020) SSDI (2021) Overhead (2021) Rainfed (2020) Rainfed (2021) Overhead (2021)

Standard R-Stress Standard R-Stress Standard R-Stress R-Stress Standard R-Stress Standard R-Stress

N 84.1 118 106 84.1 118 106 67.3 50.4 78.5 84.1 118
P2O5 0.00 101 44.8 0.00 101 44.8 56.0 33.6 67.3 78.5 101
K2O 112 168 101 112 168 101 112 33.6 84.1 135 140
Mg 0.00 33.6 0.00 0.00 33.6 0.00 28.0 0.00 5.60 0.00 5.60
Ca 0.00 5.60 0.00 0.00 5.60 0.00 5.60 0.00 11.2 0.00 22.4
S 11.2 22.4 11.2 11.2 22.4 11.2 11.2 11.2 11.2 11.2 11.2
B 0.56 2.24 0.56 0.56 2.24 0.56 2.24 0.56 0.56 0.56 1.12
Zn 0.00 2.24 0.00 0.00 2.24 0.00 2.24 0.00 1.12 0.00 2.24
Mn 0.00 1.12 0.00 0.00 1.12 0.00 1.12 0.00 2.24 11.2 5.60
Fe 0.00 1.12 0.00 0.00 1.12 0.00 0.56 0.00 2.24 0.00 2.24
Cu 0.00 0.56 0.00 0.00 0.56 0.00 0.56 0.00 0.56 0.00 0.56

SSDI: Sub-surface drip irrigation; R-Stress: reduced nutrient stress.

Table 2. Initial nutrient status of the experimental field soil in Camilla and Midville under different
production conditions.

Soil Depth N P K Mg Ca S B Zn Mn Fe Cu
kg ha−1

Camilla
SSDI (2020) 8.47 82.3 92.0 62.2 955 5.04 0.22 4.6 28.2 36 0.9
SSDI (2021) 2.69 81.6 107 127 907 28 0.45 6.05 13.5 10.1 1.01
Overhead (2021) 0.90 49.3 58.8 95.0 762 28.1 0.45 6.15 15.1 12.3 2.13

Midville
Rainfed (2020) 3.49 75.7 81.6 67.7 971 32.4 0.22 5.62 20.2 37.1 0.67
Rainfed (2021) 2.73 68.4 184 166 864 37.9 0.67 7.64 15.6 17.2 0.45
Overhead (2021) 6.97 51.6 71.2 91 716 31.2 0.45 5.9 6.39 19.3 1.01

Soil samples were collected from 0–15 cm depth with a 2.86 cm diameter AMS soil recovery probe (AMS Inc.,
American Falls, ID, USA). N was measured as Nitrate-N after extraction with 2 M KCl solution, whereas P, K, Ca,
Mg, S, Fe, Mn, Zn, B, and Cu were measured after Mehlich I extraction. SSDI: Sub-surface drip irrigation.

The E-stress at both locations was induced by not making any nutrient application
until the initiation of squares, after which the full nutrient rates specified for the R-stress
were split-applied equally at the initiation of squares and the 2-WoB stages. Thus, the
E-stress received the same nutrient application rates as the R-stress. The L-stress in Camilla
was induced by applying only 40% of the full nutrient rates specified for the R-stress at the
early stage of planting, whereas the L-stress in Midville was induced by applying only 30%
of the full nutrient rates specified for the R-stress at the early stage of planting. Table S1 lists
the nutrient sources applied. Granular fertilizer sources were used at both locations, except
the Camilla SSDI conditions where liquid fertilizer sources were applied via fertigation at
the 2-WoB and 6-WoB stages. The treatments were laid out in a randomized complete block
design with four replications and plot dimensions (width × length) of 5.5 m × 11.0 m for
the Camilla SSDI condition, 7.3 m × 12.2 m for the Camilla overhead irrigation condition,
and 7.3 m × 9.1 m for all conditions in Midville.

2.3. Plot Management

Previous cash crops were peanut (Arachis hypogaea) and corn (Zea mays) for the 2020
and 2021 seasons, respectively, in Camilla and peanut for all seasons in Midville. All sites
were under cereal rye (Secale cereale) cover crop, and the fields were prepared by strip-tilling
to 30.5–45.7 cm depth. Deltapine® cotton variety DP 1646 B2XF (released in 2016) was
used in Camilla and Stoneville® cotton variety ST 4550 GLTP (released in 2019) was used
in Midville, and they were planted at 107,639 seeds ha−1 and 91.4 cm row spacing. The
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SSDI system constituted a Netafim Typhoon drip tape (Netafim Irrigation, Inc., Fresno, CA,
USA), with 46 cm emitter spacing and 1.5 L h−1 discharge rate, installed at the middle of
every row (46 cm to the side of plant rows). The drip tapes at every other middle of the
plant rows were used for irrigation in this study (one drip tape line serviced two plant
rows), as per common grower practice. The overhead irrigation was a lateral irrigation
system in Camilla and a center pivot irrigation system in Midville. Irrigation amounts were
200 mm (Camilla 2020 SSDI), 132 mm (Camilla 2021 SSDI), 184 mm (Camilla 2021 overhead),
and 95.3 mm (Midville 2021 overhead), which depended on rainfall, location, and irrigation
method. Weed and pest control and the use of growth regulators and defoliants followed
standard recommendations by the University of Georgia Cooperative Extension [23,24].

2.4. Data Collection

Initial soil nutrient levels within the top 15 cm depth were analyzed following standard
protocols by Waters Agricultural Laboratories, Inc. The soil samples were collected with a
2.86 cm diameter AMS soil recovery probe (AMS Inc., American Falls, ID, USA). Nitrate-N
was measured, after extraction in a 2 M KCl solution, with the automated flow injection
analysis system (FIAlyzer-1000, FIAlab Instruments, Inc., Seattle, WA, USA), and extractable
P, K, Ca, Mg, S, Fe, Mn, Zn, B, and Cu were measured, after extraction in Mehlich I solution,
with an inductively coupled plasma optical emission spectrophotometer (ICP-OES; iCAP™
6000 Series, Thermo Fisher Scientific, Cambridge, United Kingdom).

Aboveground plant tissues were sampled at square initiation, 2-WoB, and 7-WoB
stages, and shortly before harvest (after defoliation), except for the Midville location where
samples were not collected at the 7-WoB stage. At every sampling stage, the aboveground
biomass was collected from a 1 m strip of a non-harvest row, ensuring a minimum of
1 m buffer during subsequent sampling. The samples were oven-dried at 78 ◦C to obtain
constant weight, after which the weights were recorded and used to calculate biomass
accumulation. Plant height, the number of main stem nodes per plant, the total number
of bolls per plant, the number of harvestable bolls per plant, and seed cotton per boll
were determined at physiological maturity from five plants selected randomly within
non-harvest rows of each plot.

Harvesting was performed mechanically by sampling two entire rows of every plot
with a cotton picker, and weights of the seed cotton were measured. Thereafter, the seed
cotton samples were ginned at the University of Georgia Micro Gin in Tifton, GA to
determine the gin turnout, which was used to calculate the lint and cottonseed yields.
Fiber samples were transported to the USDA classing office in Macon, GA to measure
fiber quality parameters, including fiber length, fiber strength, uniformity, micronaire,
reflectance (RD), and yellowness (+b), following standard protocol [25].

2.5. Statistical Analyses

Separate statistical analyses were performed for each location because of differences
in the level of nutrient stress imposed. Plant growth, yield, and fiber quality data, except
for the biomass data, were analyzed with the linear mixed model using the “lme4” package
in R [26]. The nutrient stress and production conditions were considered fixed effects
and block was considered a random effect. The biomass data were analyzed as repeated
measure analyses, also using the “lme4” package in R [26]. The sampling time was assigned
as a within-plot factor variable, nutrient stress as between plot factor variable, and block as
a random term.

Normality of residuals, homoscedasticity of variance, and sphericity assumptions
were tested, and appropriate transformations (square root and Box–Cox transformation
methods) and corrections (Greenhouse–Geisser and Huynh–Feldt correction methods) were
applied as appropriate. Mean separations were performed using the least square means
and the adjusted Tukey multiple comparison procedure with the ‘emmeans’ package in
R [27]. The significance level for all analyses was assessed at p = 0.05.
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3. Results
3.1. Lint Yield, Gin Turnout, and Seed Cotton

The main effects of nutrient stress were significant on cotton lint yield, gin turnout,
cottonseed yield, and the seed cotton weight per boll in Camilla, but the effects were
only significant on lint yield and cottonseed yield in Midville (Table S2). In addition, the
interaction effects of nutrient stress and production conditions were significant on lint
yield, cottonseed yield, and seed cotton weight per boll in Camilla, but their effects were
not significant on those variables in Midville. Compared to R-stress, the E-stress did not
cause a significant reduction in lint yield, but rather, it significantly increased the lint yield
by 17.5% under Camilla 2021 SSDI condition (Figure 2a,b). In contrast, the L-stress led to
a significant reduction in lint yield in four production conditions when compared to the
R-stress. The yield reductions were 41.7%, 33.3%, 69.4%, and 45.4%, respectively, under
Camilla 2021 SSDI, Camilla 2021 overhead irrigation, Midville 2020 rainfed, and Midville
2021 rainfed conditions. Compared to R-stress, the standard fertility underperformed but
the differences were not significant, except under Camilla 2021 overhead condition (20.6%
lower lint yield). Averaged over all production conditions across the two locations, the lint
yield was 1.29 Mg ha−1, 0.97 Mg ha−1, 1.30 Mg ha−1, and 1.15 Mg ha−1 for the E-stress,
L-stress, R-stress, and the standard fertility, respectively.
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While the effects of nutrient stress on gin turnout were statistically significant under
all production conditions in Camilla, the magnitude of the differences was small, with
gin turnout ranging from 39.9% to 41.3% under Camilla 2020 SSDI, 42.2% to 43.7% under
Camilla 2021 SSDI, and 42.3% to 44.5% under Camilla 2021 overhead irrigation (Figure 2c,d).
Thus, the effects of nutrient stress on cottonseed yield (Figure 2e,f) followed the same trend
as the effects on lint yield. Averaged over all production conditions across the two locations,
the cottonseed yield was 1.87 Mg ha−1, 1.37 Mg ha−1, 1.86 Mg ha−1, and 1.59 Mg ha−1,
respectively, for the E-stress, L-stress, R-stress, and the standard fertility. The seed cotton
weight per boll, however, did not follow the same trend as the lint and cottonseed yields,
with significant differences between nutrient treatments observed under Camilla 2020
SSDI condition only (Figure 2g,h). The seed cotton weight per boll under Camilla 2020
SSDI condition was least in the standard fertility (3.30 g kg−1) and greatest in R-stress
(5.12 g kg−1).

3.2. Plant Height, Nodes, and Boll Development

Compared to R-stress, plant height was significantly reduced by L-stress under
Camilla 2021 SSDI (25.0% reduction) and Midville 2021 rainfed (13.6% reduction) con-
ditions (Figure 3a,b and Table S2). The effects of E-stress were minimal on plant height.
The E-stress had a similar plant height as the R-stress and standard fertility. In addition,
the number of main stem nodes was impacted by L-stress but not by E-stress (Figure 3c,d).
A significant reduction in the number of main stem nodes occurred under the overhead
irrigation conditions at both locations in 2021. The L-stress reduced the number of main
stem nodes by 23.9% and 15.0%, respectively, under the overhead irrigation conditions in
Camilla 2021 and Midville 2021. Compared to the E-stress and R-stress, the standard fertil-
ity had 21.3% and 17.7% lower number of main stem nodes, respectively, under Camilla
2021 overhead irrigation condition. The total (Figure 3e,f) and harvestable (Figure 3g,h)
number of bolls were both significantly reduced by L-stress under Camilla 2021 SSDI
conditions, but not under any production conditions in Midville. Compared to the R-stress,
the reduction was very severe, 76.8% and 78.8% for the total and harvestable numbers of
bolls, respectively. The E-stress, however, did not have a significant impact on the total
and harvestable numbers of bolls, and also the R-stress had similar total and harvestable
numbers of bolls as the standard fertility.

3.3. Biomass Accumulation

The effects of nutrient stress on biomass accumulation over time are shown in Table S3
and Figure 4. As already mentioned, biomass samples were collected at square initia-
tion, 2-WoB, 7-WoB, and shortly before harvest, except for the Midville location where
the samples were not collected at the 7-WoB stage. As expected, biomass accumulation
significantly increased over the growth stages under all production conditions at the two
locations. However, nutrient stress affected biomass accumulation at only the harvest stage.
Significant differences were observed under all conditions in 2021 but not in 2020. Com-
pared to R-stress, the E-stress did not affect biomass accumulation, whereas the L-stress
and standard fertility significantly reduced biomass accumulation under four and one
conditions, respectively. Averaged over all production conditions across the two locations,
the E-stress, L-stress, R-stress, and standard fertility had total aboveground biomass of
11.7 Mg ha−1, 8.82 Mg ha−1, 12.2 Mg ha−1, and 10.4 Mg ha−1, respectively.
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Within location and production conditions, means of nutrient stress treatments not sharing any letter
are significantly different using the least squares means and adjusted Tukey multiple comparison
procedure (p < 0.05). Error bars indicate the standard error of the mean (n = 4). SSDI: Sub-surface
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3.4. Fiber Quality

The effects of nutrient stress on fiber quality indicators across the different production
conditions are shown in Table 3 and Table S4. Overall, the magnitude of the differences in
fiber quality indicators among the nutrient treatments was minimal even though some of
the test statistics were significant. Compared to the R-stress, the E-stress did not affect fiber
length and strength, whereas the L-stress significantly reduced the fiber length and strength
under Camilla 2021 SSDI condition only. The reduction was 4.23% and 2.02% for the fiber
length and strength, respectively. Averaged over all production conditions across the two
locations, the E-stress, L-stress, R-stress, and standard fertility had fiber lengths of 3.02 cm,
2.96 cm, 3.01 cm, and 2.97 cm, respectively, and a fiber strength of 31.1 g tex−1, 30.6 g tex−1,
30.9 g tex−1, and 30.7 g tex−1, respectively. The fiber uniformity was significantly increased
in E-stress over the R-stress and standard fertility under Camilla 2021 overhead irrigation
condition. It was also significantly increased in the E-stress over the R-stress and L-stress
under the Midville 2021 rainfed condition. The E-stress, however, tended to decrease
the micronaire, with an average reduction of 2.23% when compared to the R-stress. The
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average micronaire across all production conditions at the two locations was 4.47, 4.57,
4.57, and 4.55 for the E-stress, L-stress, R-stress, and standard fertility, respectively. The
RD was not significantly affected by nutrient stress under any production condition. In
contrast to the RD, the +b was significantly reduced in the L-stress, and the effect was more
obvious under Camilla 2020 SSDI and Midville 2021 rainfed conditions. The average +b
under all conditions was 7.60%, 7.39%, 7.55%, and 7.53% for the E-stress, L-stress, R-stress,
and standard fertility, respectively.
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Figure 4. Nutrient stress effects on the total aboveground biomass in Camilla (a–c) and Midville
(d–f), GA under different production conditions. Within production conditions and growth stage,
means of nutrient stress treatments not sharing any letter are significantly different using the least
squares means and adjusted Tukey multiple comparison procedure (p < 0.05). Error bars indicate the
standard error of the mean (n = 4). SSDI: Sub-surface drip irrigation; WoB: Week of bloom.

Table 3. Nutrient stress effects on cotton fiber quality in Camilla and Midville under different
production conditions.

Nutrient Stress Fiber
Length

Fiber
Strength Uniformity Micronaire RD +b

cm g tex−1 % %

Camilla (SSDI 2020)
E-stress 3.20 ± 0.01 a 30.5 ± 0.3 a 81.9 ± 0.8 a 4.08 ± 0.07 a 74.9 ± 0.2 a 7.80 ± 0.07 a

L-stress 3.21 ± 0.01 a 30.5 ± 0.3 a 81.1 ± 0.1 a 4.32 ± 0.07 b 75.8 ± 0.2 a 7.42 ± 0.15 b

R-stress 3.19 ± 0.03 a 30.6 ± 0.1 a 81.5 ± 0.3 a 4.22 ± 0.07 ab 73.5 ± 0.4 a 7.58 ± 0.09 b

Standard 3.17 ± 0.04 a 30.1 ± 0.2 a 81.6 ± 0.8 a 4.20 ± 0.09 ab 74.3 ± 0.9 a 7.47 ± 0.12 b

Camilla (SSDI 2021)
E-stress 3.10 ± 0.01 b 30.5 ± 0.6 a 82.3 ± 0.3 a 4.55 ± 0.03 a 74.0 ± 0.4 a 6.92 ± 0.07 a

L-stress 2.95 ± 0.02 a 29.7 ± 0.3 ab 81.6 ± 0.4 a 4.67 ± 0.03 a 75.9 ± 0.9 a 6.83 ± 0.23 a

R-stress 3.08 ± 0.02 b 30.3 ± 0.1 a 81.7 ± 0.2 a 4.65 ± 0.03 a 74.2 ± 0.3 a 6.85 ± 0.06 a

Standard 2.96 ± 0.02 a 29.3 ± 0.3 b 81.6 ± 0.2 a 4.60 ± 0.00 a 73.6 ± 0.2 a 7.03 ± 0.15 a
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Table 3. Cont.

Nutrient Stress Fiber
Length

Fiber
Strength Uniformity Micronaire RD +b

cm g tex−1 % %

Camilla (Overhead 2021)
E-stress 3.04 ± 0.01 c 27.8 ± 0.2 a 82.1 ± 0.2 a 4.60 ± 0.04 ab 74.7 ± 0.7 a 6.92 ± 0.14 a

L-stress 2.93 ± 0.02 ab 27.0 ± 0.4 a 81.7 ± 0.2 ab 4.58 ± 0.05 ab 74.3 ± 0.6 a 6.78 ± 0.05 a

R-stress 2.99 ± 0.02 bc 27.8 ± 0.3 a 81.4 ± 0.2 b 4.68 ± 0.03 b 73.6 ± 0.9 a 6.97 ± 0.12 a

Standard 2.90 ± 0.03 a 27.3 ± 0.3 a 81.3 ± 0.4 b 4.47 ± 0.06 a 74.7 ± 0.6 a 6.95 ± 0.06 a

Midville (Rainfed 2020)
E-stress 2.90 ± 0.03 a 32.2 ± 0.4 a 83.3 ± 0.3 a 4.55 ± 0.12 a 77.8 ± 0.2 a 7.88 ± 0.22 a

L-stress 2.93 ± 0.04 a 32.5 ± 0.4 a 83.2 ± 0.4 a 4.65 ± 0.03 a 77.5 ± 0.1 a 7.85 ± 0.13 a

R-stress 2.98 ± 0.02 a 33.0 ± 0.8 a 83.5 ± 0.3 a 4.47 ± 0.07 a 77.7 ± 0.2 a 8.18 ± 0.12 a

Standard na na na na na na
Midville (Rainfed 2021)

E-stress 2.94 ± 0.03 b 32.6 ± 0.6 a 83.3 ± 0.2 a 4.62 ± 0.13 a 76.7 ± 0.3 a 8.10 ± 0.09 b

L-stress 2.81 ± 0.04 a 30.9 ± 0.5 a 82.4 ± 0.2 b 4.70 ± 0.00 a 76.0 ± 0.2 a 7.55 ± 0.06 a

R-stress 2.89 ± 0.02 ab 31.9 ± 0.2 a 82.5 ± 0.3 b 4.70 ± 0.07 a 75.7 ± 0.1 a 7.90 ± 0.08 ab

Standard 2.88 ± 0.03 ab 31.9 ± 0.5 a 83.0 ± 0.4 ab 4.72 ± 0.05 a 76.2 ± 0.2 a 7.75 ± 0.18 ab

Midville (Overhead 2021)
E-stress 2.94 ± 0.03 a 32.8 ± 0.2 a 83.0 ± 0.4 a 4.42 ± 0.09 a 77.4 ± 0.2 a 7.97 ± 0.23 a

L-stress 2.95 ± 0.03 a 33.2 ± 0.8 a 83.4 ± 0.2 a 4.53 ± 0.09 ab 77.8 ± 0.0 a 7.92 ± 0.25 a

R-stress 2.91 ± 0.02 a 32.0 ± 0.1 a 83.2 ± 0.3 a 4.70 ± 0.04 ab 78.1 ± 0.2 a 7.85 ± 0.09 a

Standard 2.92 ± 0.03 a 32.3 ± 0.4 a 83.5 ± 0.5 a 4.80 ± 0.17 b 77.6 ± 0.2 a 7.82 ± 0.03 a

Within location and production conditions, means of nutrient stress treatments not sharing any letter are signif-
icantly different using the least squares means and adjusted Tukey multiple comparison procedure (p < 0.05).
Values represent the mean ± standard error. SSDI: Sub-surface drip irrigation; na: Not available; RD, fiber
reflectance; +b, fiber yellowness.

4. Discussion

The residual soil nutrients, which were within the typical range [21], may have met
the nutritional needs of the crop by the square stage, as depicted by the lack of significant
impact of E-stress on the total aboveground biomass accumulated at the square stage at
all production conditions. As an indeterminate crop, cotton can exhibit a high degree of
plasticity in growth [11,28,29], which may infer some level of tolerance to partial nutrient
stress. Nonetheless, optimum nutrient management is critical for achieving high yield and
efficiency in cotton [11]. Nutritional demand for cotton in the early season is reported to
be low [7,11,12]. Bassett et al. [12] observed that at the first flower stage, the N, P, K, Ca,
and Mg accumulated in the aboveground components of cotton were <15% of the total. In
addition, 2–4% of the total seasonal aboveground biomass had accumulated at the square
stage [12]. The average aboveground biomass accumulated by the square stage in this
study was 8.2% of that accumulated by harvest.

In addition to residual soil nutrients, mineralization of crop residues and organic mat-
ter is another good source of nutrients for crops [30–32]. Organic matter at the experimental
sites was low to have contributed to any appreciable levels of nutrients (2.90 g kg−1 in
Camilla and 4.67 g kg−1 in Midville). However, residues of the previous crops (corn and
peanut) and the use of rye cover crops may have affected the overall nutrient supply. As
a biological process, the mineralization of crop residues depends on several abiotic and
biotic factors, including temperature, rainfall, soil properties, the chemical composition
of the crop residues, and the structure and composition of microbial communities [33–36].
Mineralization of the peanut residues would occur at a greater rate than those of the corn
residues or the rye cover crop, as a result of the lower C:N ratio of the peanut residues.
Synchronizing fertilizer application and nutrient release from crop residues with plant
nutrient demand could enhance crop productivity while reducing over application of
mineral fertilizers [33,34].
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The E-stress also had no impact on cotton yield, which is consistent with observations
made from previous studies that investigated the one-time application of nutrients in
cotton [37,38]. In general, the application of N, P, and K at only the first flower stage was
reported to maximize nutrient utilization while minimizing the impact on the environ-
ment [37,38]. The standard fertility received lower rates of nutrients than the E-stress and
R-stress. Compared to the E-stress and R-stress, the standard fertility underperformed,
with statistical significance in lint and cottonseed yields observed in Camilla 2021 under
both the SSDI and overhead irrigation conditions. While modern cotton cultivars have
better nutrient use efficiencies [6,7], the observations of this study indicate they also re-
spond to high nutrient levels. According to Pabuayon et al. [7], genetic improvements to
enhance the nutrient efficiency of modern cultivars may have changed their organ nutrient
accumulation and requirement rates.

The L-stress received just 30–40% of the nutrient rate of the R-stress, which was
applied one time at the early stage of planting. The results showed the L-stress had
significantly lower lint and cottonseed yields than the R-stress under four out of the six
production conditions tested in this study. Compared to the standard fertility, the L-stress
had significantly lower lint and cottonseed yields under just one (Camilla 2021 SSDI
condition) out of the five production conditions. As already mentioned, the standard
fertility was not tested under the Midville 2020 rainfed condition. Nutrient uptake in
cotton peaks from flowering through fruiting, and then slows as the bolls mature [11].
This explains why biomass accumulation was not adversely impacted by L-stress at the
square stage, but yield and biomass accumulation were significantly reduced by L-stress at
maturity. The 30–40% nutrient rates applied to the L-stress plots may have been depleted
by the later growth stages.

Effects of nutrient stress on cotton fiber quality were not consistent across the different
production conditions. Where significant, the E-stress tended to increase the fiber length,
fiber strength, and uniformity, which was desirable. However, it decreased the micronaire
and increased the +b, reflecting poor quality. In contrast, the L-stress tended to decrease the
+b. Reported effects of nutrient application on cotton fiber quality are often inconsistent and
vary across locations and cultivars [39–41]. Findings from a study, which evaluated seven
cotton cultivars under 33 environments in Georgia, showed that production conditions
that enhanced yield also led to improved fiber quality [42]. The E-stress and R-stress had
the greatest lint yield but had undesirable micronaire and +b properties, which could be
due to the high N rates applied. Sui et al. [39] observed a negative correlation between +b
and leaf N content. Overall, however, the magnitude of the differences in the fiber quality
indicators observed in this study was small and did not affect the grading class.

The global textile market is competitive and fiber quality is critical to ensuring good
prices. Moreover, fiber quality affects manufacturing processes and the ultimate use of
cotton fiber. Of the fiber quality indicators, color has the highest contribution to the price of
cotton [41,43]. Chakraborty et al. [43] reported that color, cleanliness, micronaire, length,
and strength contributed 30%, 23%, 22%, 20%, and 5%, respectively, to the price premium
paid toward cotton fiber quality. According to Mcveigh [44], a drop from Middling (31)
to Strict Low Middling (41) can cause Australian farmers to lose about $760 ha−1. In the
USA, the annual cotton price statistics report for the 2021–2022 season by the USDA-AMS
showed quotations for color 41, leaf 4, staple 34, micronaire 35–36 and 43–49, strength of
27.0–28.9 g tex−1, and uniformity of 81% to be ~$2.52 kg−1 [45]. The quotation for a better
cotton fiber quality (color 31, leaf 3, staple 34, micronaire 35–36 and 43–49, strength of
27.0–28.9 g tex−1, and uniformity of 81%) increased by ~2.29 cents kg−1 [45].

5. Conclusions

Cotton yield was not adversely impacted by E-stress. However, the L-stress signifi-
cantly reduced the lint and cottonseed yields under four and one production conditions,
when compared to the R-stress and standard fertility, respectively. The E-stress and R-stress
had better lint and cottonseed yield than the standard fertility, indicating modern cultivars
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can respond to high nutrient levels. Significant nutrient stress effects on fiber quality were
observed but the magnitude of the differences was small and it did not affect the grading
class. The minimal impact of E-stress on cotton yield and quality in this study suggests
that the rates of nutrients often applied in the early season can be reduced. More tailored
nutrient application rates, based on soil and plant tissue analyses, could then be applied
shortly before the reproductive phase of the crop. Such a system will help optimize crop
nutrition by synchronizing nutrient availability with crop demand.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13010064/s1, Table S1: Fertilizers applied as the main
sources of the different nutrient elements in Camilla and Midville; Table S2: P-values of the main
effects and interaction effects of nutrient stress and production conditions on the growth and pro-
ductivity of cotton in Camilla and Midville; Table S3: P-values of the main effects and interaction
effects of nutrient stress and growth stage on biomass accumulation of cotton in Camilla and Midville
under different production conditions; Table S4: P-values of the main effects and interaction effects of
nutrient stress and production conditions on the fiber quality of cotton in Camilla and Midville.
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Abstract: Cereal and legume intercropping could improve cereal yield, but the role of intercropping in
grain quality still lacks a full understanding. A two-year bi-factorial trial was conducted to investigate
the role of two planting patterns (mono-cropped wheat (MW) and intercropped wheat+faba bean
(IW)) and four nitrogen (N) fertilization levels (N0, no N fertilizer applied to both wheat and faba
bean; N1, 90 and 45 kg N ha–1 applied to wheat and faba bean; N2, 180 and 90 kg N ha–1 applied
to wheat and faba bean; N3, 270 and 135 kg N ha–1 applied to wheat and faba bean), as well as
their interaction on the productivity of wheat grain yield (GY) and quality. The results showed that
intercropping increased both the yields of wheat grain protein and amino acids (AAs) relative to
MW in both years. No difference in Aas content between IW and MW was found but the 9% grain
protein content (GPC) of IW was higher than that of MW in 2020. By contrast, wheat gliadin content
was increased by 8–14% when wheat was intercropped with faba bean in both years, and some AAs
fractions including essential and non-essential AAs were increased under N0 and N1 levels but
declined at the N3 level. This means that intercropping increased the grain quality either for protein
and AAs content or for fractions. There was no negative relationship between GPC and GY in the
present study, and intercropping tended to increase GPC with increasing GY. In conclusion, wheat
and faba bean mainly affected GPC and fractions rather than AAs, and intercropping presented a
potential to improve both wheat quality and yield concurrently. Modulated N rates benefitted the
stimulation of intercropping advantages in terms of grain yield and quality in the southwest of China
and similar regions.

Keywords: wheat and faba bean intercropping; grain protein content; protein fractions; profile of
amino acids; nitrogen fertilization

1. Introduction

Traditional planting patterns including intercropping, relay intercropping, and rotation
are normally linked with yield increase and sustainability of the agriculture system [1–3].
Legume-based intercropping, a worldwide planting method, always presents increased
crop yield and drives higher crude protein yields due to the nitrogen (N) biological fixation
of legumes [4–6]. Frequently, improved cereal nutrient was observed because of N and
phosphorus (P) transfer from the legume to cereal during their co-growing period in cereal-
legume intercropping systems [7], and resulted in better cereal feed/forage quality [8–10].
Thus, the early research argued that the increased protein content of cereals was a result
of N fertilization and was linked with legume intercropping [11,12]. Actually, other non-
legume-based intercropping was also a benefit for crops yield and quality [13,14].
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Protein content and fractions are important for evaluating and determining wheat
grain values [15]. Many researchers highlighted the positive effect of cereal and legume
intercropping on grain protein content (GPC) [5,16,17], but few studies focused on the
effect of intercropping on protein fractions. The content of amino acids (AAs), especially
essential amino acids (EAAs), is important to reflect protein quality, but major staple foods
including wheat have limited amounts of EAAs for humans [18]. The enhancement of
breeding techniques and N topdressing time modulation resulted in improved protein
quality [19,20]; however, little attention has focused on the role of planting pattern in grain
AAs content and factions.

Wheat and faba bean intercropping, as a typical legume-based intercropping pattern,
is widely distributed in many countries either for food or for forage [21]. Tosti and Guiducci
observed that wheat temporarily intercropped with faba bean improved both wheat grain
yield and protein content [22]. However, De Stefanis et al. found that durum wheat
gluten quality, total protein concentration, and monomeric and polymeric protein amounts
were significantly increased but wheat grain yield was decreased when durum wheat was
temporary intercropped with faba bean [23]. Similarly, wheat temporarily intercropped
with clover induced a higher wheat grain protein content but lower grain yield [24]. In fact,
a negative relationship or trade-off relationship between the grain yield (GY) and GPC was
constantly observed in most cereal grains [25,26], but intercropping was a good strategy to
reducing the risk of impairing winter wheat yield and protein content [27].

In the southwest of China, wheat and faba bean had a long co-growing period; thus,
the interspecific interaction in this pattern was different from that of wheat temporarily
intercropped with faba bean [21]. A previous study illustrated that wheat and faba bean in-
tercropping could increase wheat yield but decrease faba bean yield, and the intercropping
yield advantage was decreased with N input [28]. However, there is a lack of comprehen-
sive assessment on the effect of intercropping on grain quality, especially on the content and
fractions of wheat protein and AAs, which are tightly related to N input. We hypothesize
that wheat and faba bean intercropping could improve wheat grain yield and maintain gain
quality simultaneously, and the effect of intercropping on grain quality would vary with N
input. Here, we present a two-year field experiment to test the hypothesis: (i) qualifying
the effect of intercropping on wheat grain protein and amino acids under different N input
conditions, and (ii) identifying the impact of intercropping on the relationship between GY
and quality.

2. Material and Methods
2.1. Experimental Site and Growing Conditions

The present study was based on the data collected during 2018/2019 and 2019/2020
cropping seasons in the existing wheat and faba bean intercropping experiment, which was
established in 2014. The field experiment was conducted at the Yunnan Agricultural University
research station, located in Xundian (23◦32′ N, 103◦13′ E), Yunnan Province, northwest China.
The climate in this region is characterized by a unimodal rainfall pattern with a rainy season from
June to September and mean annual rainfall of 1040 mm, and the mean annual air temperature
is 14.7 ◦C. The average monthly temperatures and monthly precipitation amounts during the
experiment of 2018/2019 and 2019/2020 are shown in Figure 1. The monoculture corn was
planted from May to September for many years before the wheat and faba bean intercropping
experiment was established. The soil type in this region is called red soil (Ferralic Cambisol,
FAO, 2006) with a bulk density of 1.38 g cm−3, and the content of clay, silt, and sand was 34%,
52%, and 14%, respectively, at a soil depth of 0–30 cm. At the beginning of the multi-year field
experiment in 2014, the soil properties were as follows: SOC 12 g kg−1, total N 1.14g kg−1, total
P 0.98g kg−1, total K 24.25 g kg−1, available N (NaOH hydrolyzed) 80 mg kg−1, Olsen P 17 mg
kg−1, exchangeable K 146 mg kg−1, and pH 7.2 (1:2.5 soil: water). The soil total N and available
N contents in each treatment were changed during 2018/2019 and 2019/2020 cropping seasons
as compared to the beginning of the field experiment in 2014 due to continuous wheat and faba
bean intercropping and different N application rates (data shown in Supplementary Table).
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Figure 1. The monthly average temperature and rainfall during experiments of 2018–2019 and
2019–2020.

2.2. Experimental Design

The field experiment was a randomized block design with two factors and three repli-
cates [28]. Factor A was planting patterns (mono-cropped wheat (MW) and intercropped
wheat+faba bean (IW)), and factor B was N levels (0 kg N ha–1 (N0), 90 kg N ha–1(N1),
180 kg N ha–1(N2), and 270 kg N ha–1 (N3) for wheat; 0 kg N ha–1 (N0), 45 kg N ha–1(N1),
90 kg N ha–1(N2), and 135 kg N ha–1 (N3) for faba bean). In total, the field experiments consisted
of 24 plots with eight treatments, and each plot area was 5.4 m× 6.0 m = 32.4 m2. There were
0.5 m spacings between each plot and 1.0 m spacings between adjacent blocks to avoid water
and nutrient interference. The row space of wheat was 0.2 m with a seeding rate at 180 kg ha−1,
whereas the faba bean row spacing was 0.3 m and the plant-to-plant spacing was 0.1 m in the
present study. The strip intercropping of six rows of wheat intercropped with two rows of faba
bean was used in this study based on local farmers practice; thus, there were three strips in each
intercropping plot including 18 rows of wheat and six rows of faba bean [28]. The plant density
of intercropped wheat and faba bean was identical to that of mono-cropped under the same
area, and the row space between wheat and faba bean was 0.25 m in each intercropped plot.
Detailed information of a given intercropping plot can be seen in Figure 2.

2.3. Field Experiment Management

The local varieties of Yunmai 52 for wheat (Triticum aestivum L.) and Yuxi Dalidou
for faba bean (Vicia faba L.) were used in the present study since 2014, and the faba bean
seed was non-inoculated rhizobium. Wheat and faba bean were sown on the same date
normally on 20–30 October with a sowing depth of 10 cm and were harvested in the next
year on 10–20 April. After both plants were harvested, all straws were removed from the
field and each plot retained fallow from May to September since 2014. The implementation
of other crop managements including irrigation and the use of pesticides was according to
local farmers’ practice.

Urea as N fertilizer was used in the present study. For wheat, one half of the total N
application rate for each given treatment was applied as basal fertilizer before sowing by
hand, and another half N fertilizer as a topdressing was applied at the wheat elongation
stage. For faba bean, all N fertilizers for each treatment were applied as a basal fertilizer
before sowing. Amounts of 90 kg P2O5 ha–1 (calcium superphosphate) and 90 kg K2O ha–1
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(potassium chloride) for each crop were applied as base fertilizers according to local farming
practices. In each intercropping plot, topdressing N was only evenly applied to wheat rows
by hand.

2.4. Data Collection and Analyses

At maturity, inter- and mono-cropped wheat grains of each whole plot were collected
and determined after the grain seeds were fully air-dried during 2018/2019 and 2019/2020
growing seasons, and the experiment of 2019 and 2020 represented two years of experiments,
respectively. The wheat grain crude protein; protein fraction contents including albumin,
globulin, gliadin, and glutelin; amino acids fraction content were determined in both years.
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wheat in the field experiment.

GPC was calculated by multiplying the grain N content with a conversion factor of
5.83 for wheat [29]. Grain N content was analyzed by the Kjeldahl method after the sample
digestion with H2SO4-H2O2. Protein fractions albumin, globulin, gliadin, and glutelin were
sequentially extracted from 1 g of wheat grain powder [30,31]. In brief, sequential extraction of
albumin and gliadin fractions from the wheat grain sample were carried out by using distilled
water and 2% NaCl, followed by extraction with 70% ethanol to obtain the gliadin fraction.
The glutelin fraction was extracted from the residue by using 0.05 M NaOH. Protein content
was determined using the modified Lowry method of Markwell et al. [32].

Amino acids (AAs) were identified and quantified by a high-performance liquid chro-
matographer (Agilent 1100) coupled to a DAD detector and a post-column derivatization
device. The chromatograph column used was a C18 (250 × 4.6 mm ID) from Thermo Fisher,
and the column was operated at a temperature of 40 ◦C. The chromatograph conditions
were set as follows: ultraviolet detector 360 nm; flowrate 1.0 mL min−1; the mobile phase
consisted of A = 0.5 M sodium acetate (for HPLC analysis, Sigma Chemical CO., St. Louis,
MO, USA) and B = 50% (v/v) methanol (Sigma Chemical Co., St. Louis, MO, USA) in water,
and the injection volume was 10 µL for all samples. Wheat grain powder was hydrolytic
and derivatized before HPLC analysis. Briefly, (1) sample hydrolysis: grain powder was
hydrolytic for 24 h at 110 ◦C in 6M hydrochloric acid; (2) post-column derivatization: the
derivatization was performed from a solution containing sodium hydroxide (6 mol L–1),
sodium bicarbonate pH 9.0 (0.5 mol L–1), and DNFB. A deviation solution was mixed in
a buffer of phosphoric acid pH 7.0 and filtered with a 0.22 µm membrane before HPLC
analysis. The identification of amino acids was carried out by comparing retention times of
standards and quantification in analytical curves constructed for each amino acid.

The sum content of seventeen AAs was the total AAs (TAAs) content. The seventeen
measured AAs were divided into essential amino acids (EAAs) and non-essential amino
acid (NEAAs). EAAs are essential for humans and animals but cannot be synthesized in
the human body, including Thr, Val, Met, Ile, Leu, Phe, and Lys; NEAAs are non-essential
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as being synthesized in the human or animal body, including Asp, Ser, Glu, Gly, Ala, Cys,
Tyr, His, Arg, and Pro [33].

Protein and TAAs yields represent the yield of protein and/or TAA that can be
harvested per unit area of crops [34], which was calculated by protein and AAs content
multiplied by each plot grain yield, respectively, in this study.

2.5. Statistic Analysis

A two-way analysis of variance (ANOVA) was performed using the MIXED procedure
with SPSS software (IBM SPSS Statistics Version 19.0) to test for significant differences
among treatments. Planting patterns and N levels were considered as the fixed factors, and
replication was considered the random factor. Significant differences among treatments
at each year were investigated using Duncan’s multiple range post hoc test when the
F-value was significant (p ≤ 0.05). Linear and quadratic models were used to simulate the
relationship among grain yield, grain protein content, and grain AAs content in this study.

3. Results
3.1. Mono- and Inter-Cropped Wheat Grain Protein Content and Yield under Different N Levels

Both the GPC and protein yield were not influenced by the interaction of N levels
and planting patterns in the two-year field experiments. Likewise, N levels and planting
patterns also had no impact on wheat GPC in the experiment of 2019. However, wheat GPC
was increased by 9% when wheat was intercropped with faba bean relative to MW in the
experiment of 2020 (Table 1). Similarly, wheat protein yield was increased by 28% and 32%
in 2019 and 2020, respectively, when wheat was intercropped with faba bean. In addition,
increased protein yield was found with increasing N levels in both years (Table 1).

Table 1. The protein and total amino acids content and yield for inter- and mono-cropped wheat
grain under different N levels.

N Levels Planting
Patterns 2019 2020 2019 2020

(NL) (PP) GY Protein
Content

Protein
Yield GY Protein

Content
Protein
Yield

TAAs
Content

TAAs
Yield

TAAs
Content

TAAs
Yield

t ha−1 % g m−2 t ha−1 % g m−2 mg g−1 g m−2 mg g−1 g m−2

N0 1.69 d 13 a 2.17 d 1.90 c 10 c 1.97 d 92 c 1.55 d 81 d 1.56 d
N1 3.08 c 13 a 4.11 c 3.24 b 10 c 3.41 c 99 b 3.10 c 86 c 2.78 c
N2 4.02 b 14 a 5.45 b 3.72 a 12 b 4.53 b 95 bc 3.81 b 103 b 3.85 b
N3 4.62 a 13 a 6.19 a 3.92 a 14 a 5.37 a 117 a 5.41 a 113 a 4.41 a

.
MW 3.08 b 13 a 3.92 b 2.86 b 11 b 3.30 b 100 a 3.20 b 96 a 2.88 b
IW 3.63 a 14 a 5.04 a 3.53 a 12 a 4.34 a 102 a 3.74 a 95 a 3.42 a

N0
MW 1.41 a 13 a 1.80 a 1.41 a 10 a 1.43 a 93 c 1.32 e 78 e 1.11 e
IW 1.98 a 13 a 2.54 a 2.39 a 11 a 2.50 a 91 cd 1.79 d 84 d 2.01 d

N1
MW 2.67 a 13 a 3.44 a 2.87 a 9 a 2.70 a 85 d 2.26 c 85 d 2.45 c
IW 3.49 a 14 a 4.78 a 3.63 a 11 a 4.12 a 113 b 3.95 b 86 d 3.11 b

N2
MW 3.72 a 13 a 4.94 a 3.43 a 11 a 3.90 a 98 bc 3.66 b 100 c 3.42 b
IW 4.32 a 14 a 5.97 a 4.01 a 13 a 5.15 a 92 cd 3.96 b 107 b 4.29 a

N3
MW 4.50 a 12 a 5.51 a 3.74 a 14 a 5.17 a 124 a 5.56 a 122 a 4.56 a
IW 4.74 a 14 a 6.87 a 4.09 a 14 a 5.56 a 111 b 5.26 a 105 bc 4.27 a

Sig
NL *** ns *** *** *** *** *** *** *** ***
PP *** ns *** *** * *** ns *** ns ***

NL × PP ns ns ns ns ns ns *** *** *** ***

MW, mono-cropped wheat; IW, inter-cropped wheat; GY, grain yield; TAA, total amino acid. In each column,
different letters represent significant differences among treatments at the 0.05 level according to Duncan’s multiple
range test. * and *** represent significant differences at 0.05 and 0.001 levels, respectively. ns represents no
significant difference.

3.2. Mono- and Inter-Cropped Wheat Grain Protein Composition under Different N Levels

Four protein fraction contents including albumin, globulin, gliadin, and glutelin were
influenced by N levels, and protein fraction contents were frequently affected by the
planting pattern, but they were not influenced by the interaction of N levels and planting
patterns (Table 2). In 2019, the increased contents of albumin, gliadin, and glutelin in IW
grain were observed as compared to MW, and the increase was 9%, 9%, and 5%, respectively.
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In 2020, only the increased content of gliadin in IW grain was observed relative to MW, and
the increase was 14%. In addition, all four protein fractions were increased with increasing
N levels (Figure 3).

Table 2. Two-way ANOVA analysis of grain protein composition for inter- and mono-cropped wheat
under different N levels.

2019 2020

Albumin Globulin Gliadin Glutelin Albumin Globulin Gliadin Glutelin

N levels (NL) ** * *** *** *** *** *** ***
Planting

patterns(PP) * ns ** * ns ns *** ns

NL×PP ns ns ns Ns ns ns ** ns

In each column, *, **, and *** represent significant differences at 0.05, 0.01, and 0.001 levels, respectively. ns
represents no significant difference.
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wheat grain TAAs content was decreased by 10% and 14% under the N3 level in the ex-
periment of 2019 and 2020, respectively, as compared to MW. Regardless of N levels, the 
grain TAAs yield was increased by 17–19% when wheat was intercropped with faba bean, 
whereas no difference in grain TAAs yield between IW and MW was found under the N3 
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yield of IW grain was increased by 35% and 60% under N0 and N1 levels, respectively, in 
comparison with MW in 2019; the TAAs yield of IW grain was increased by 80%, 27%, 

Figure 3. Grain protein fraction content between IW and MW under different N levels. MW, mono-
cropped wheat; IW, intercropping wheat. (A–D) Albumin, globulin, gliadin, and glutelin content of
IW and MW in 2019, respectively; (E–H) albumin, globulin, gliadin, and glutelin content of IW and
MW in 2020, respectively. Different letters represent significant differences among different N levels
(p < 0.05); * represents significant differences between IW and MW (p < 0.05). Each bar in the figures
is the mean value (n = 3), and error bars represent the standard error.

3.3. Mono- and Inter-Cropped Wheat Grain Amino Acids Content and Yield under Different N Levels

Planting patterns had no impact on grain TAAs content in neither year, but TAAs
content was influenced by N levels and the interaction of N levels and planting patterns
(Table 1). The TAAs content in IW grain was increased by 33% relative to MW at the N1
level in 2019, and wheat grain TAAs content was increased by 7% under N0 and N1 levels
when wheat was intercropped with faba bean as compared to MW in 2020. However, wheat
grain TAAs content was decreased by 10% and 14% under the N3 level in the experiment
of 2019 and 2020, respectively, as compared to MW. Regardless of N levels, the grain TAAs
yield was increased by 17–19% when wheat was intercropped with faba bean, whereas no
difference in grain TAAs yield between IW and MW was found under the N3 level, due to
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the interaction between N levels and planting patterns. By contrast, the TAAs yield of IW
grain was increased by 35% and 60% under N0 and N1 levels, respectively, in comparison
with MW in 2019; the TAAs yield of IW grain was increased by 80%, 27%, and 25% under
N0, N1, and N2 levels, respectively, in comparison with MW in 2020 (Table 1).

3.4. Mono- and Inter-Cropped Wheat Grain NEAAs and EAAs Content under Different N Levels

The content of NEAAs and EAAs and the ratio of EAAs and TAAs were not influenced
by planting patterns but were affected by N levels and N levels × planting patterns in
both years (Table 3). When compared to MW, IW NEAAs content was decreased by 12%
and 14% under the N3 level in 2019 and 2020, respectively (Figure 4). By contrast, the
NEAAs content of IW was 31% higher than that of MW under the N1 level in 2019; the
NEAAs contents of IW were 7% and 5% higher than those of MW under N0 and N2 levels,
respectively, in 2020 (Figure 4). Similarly, the IW EAAs content was decreased by 14% at
the N3 level in 2020 and was decreased by 9% and 12% at N0 and N2 levels in 2019 as
compared to the corresponding MW, respectively. However, grain EAAs was increased
by 39% at the N1 level in 2019 and increased by 13% at the N2 level in 2020 when wheat
was intercropped with faba bean. As a result, EAAs/TAAs of IW at N0 and N2 levels were
decreased by 7% and 6%, respectively, and the EAAs/TAAs of IW at the N3 level was
increased by 5% when compared to MW in 2019. In all, we did not find any difference in
EAAs/TAAs between MW and IW regardless of N levels (Figure 4).

Table 3. Two-way ANOVA analysis of non-essential amino acids and essential amino acids for inter-
and mono-cropped wheat under different N levels.

2019 2020

NEAAs EAAs EAAs/TAAs NEAAs EAAs EAAs/TAAs

N levels (NL) *** *** ** *** *** ***
Planting patterns

(PP) ns ns ns ns ns ns

NL × PP *** *** ** *** *** ***
In each column, ** and *** represent significant differences at 0.01 and 0.001 levels, respectively. ns represents no
significant difference.

3.5. Mono- and Inter-Cropped Wheat Grain AAs Fraction Content under Different N Levels

The AAs fraction contents including eight EAAs fractions and nine NEAAs fractions
were detected in the present study, and they were seldom influenced by planting patterns
but were frequently affected by N levels and N levels × planting patterns according to the
two-year experiment (Tables 4 and 5). Under N0 and N1 levels, only Met (2019) and Val
(2020) contents in IW grain were lower than those in MW; for the other EAAs fractions,
wheat and faba bean intercropping either had no impact on EAAs contents or increased
EAAs contents. By contrast, under the N3 level, half of the EAAs fraction contents in IW
grain were decreased as compared to MW. In the experiment of 2019, Thr, Val, Phe, and
Lys contents in the IW grain were decreased by 12%, 40%, 7%, and 9% relative to MW; Val,
Met, His, and Lys were decreased by 31%, 28%, 13%, and 26% when compared to MW in
the experiment of 2020. On average, the contents of His and Phe in IW grain were higher
than those in MW, but the Lys content in IW grain was lower than that in MW in 2019
regardless of N levels. Similarly, no difference in fraction content of EAAs between IW and
MW was found except for the His content in IW grain that was higher than that in MW in
2020 (Table 4).

Wheat and faba bean intercropping nearly had no impact on NEAAs fraction contents
except for Asp, Pro, Glu, and Tyr in the two-year experiments. Only Asp, Arg, and Cys
contents in IW grain at the N0 level and Cys content at the N1 level in 2019 decreased as
compared to MW, and the other NEAAs fraction contents in IW grain were either equal to
or higher than those in MW. Likewise, only decreased Asp and Ala contents in IW grain
in 2019 and decreased Cys in IW grain in 2020 were observed as compared to MW at the
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N2 level. By contrast, half of the NEAAs fraction contents in IW grain were decreased in
comparison with MW at the N3 level. In all, wheat grain Asp content in 2019 and Gln
content in 2020 were decreased when wheat was intercropped with faba bean regardless
of N levels, and a similar or higher content for other NEAAs fractions in IW grain was
observed relative to MW (Table 5).
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Figure 4. Essential amino acids, non-essential amino acids, and the ratio of essential amino acids
to total amino acids between IW and MW under different N levels. (A,D) Essential amino acids in
2019 and 2020, respectively; (B,E) non-essential amino acids in 2019 and 2020, respectively; (C,F) ratio
of essential amino acids to total amino acids in 2019 and 2020, respectively. MW, mono-cropped wheat;
IW, intercropping wheat; different letters represent significant differences among all treatments. Each
bar in the figures is the mean value (n = 3), and error bars represent standard error.

3.6. Co-Relationship of Between Grain Yield, Grain Protein Content, and Amino Acids Content for
Mono- and Inter-Cropped Wheat

No relationship between GY and GPC was found for MW, but a quadratic regression
was fitted to the relationship between GY and GPC in IW. A positive relationship between
GY and AAs content including TAAs, NEAAs, and EAAs was presented, and the AAs
content was positively related to GPC (Figure 5).
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Figure 5. Relationship analysis among grain yield, grain protein content, and grain amino acids fraction.
(A) Relationship between grain yields and grain protein content. In panel A, grain yield as a function of
grain protein content for IW (y = 5× 10−7x2 − 0.0025x + 14.833, R2 = 0.3228, p = 0.017, n = 24); (B) relation-
ship between grain yields and grain amino acids fraction. In panel B, grain yield as a function of MW-TAA
(y = 0.0115x + 63.997, R2 = 0.5679, p = 0.00, n = 24), IW−TAA (y = 0.0065x + 75.28, R2 = 0.2636, p = 0.01,
n = 24), MW-NEAA (y = 0.0081x + 42.344, R2 = 0.5676, p =0.000, n = 24), IW-NEAA (y = 0.004x + 51.937,
R2 = 0.2774, p = 0.008, n = 24), MW-EAA (y = 0.0034x + 21.653, R2 = 0.5219, p = 0.00, n = 24), and IW-EAA
(y = 0.0025x + 23.343, R2 = 0.2135, p = 0.023, n = 24). (C) Relationship between grain protein content
and grain amino acids fraction. In panel C, grain yield as a function of MW-TAA (y = 4.435x + 44.956,
R2 = 0.2079, p = 0.025, n = 24), IW-TAA (y = 3.9529x + 47.562, R2 = 0.2924, p = 0.006, n = 24), MW-NEAA
(y = 2.7833x + 32.919, R2 = 0.1662, p = 0.048, n = 24), IW-NEAA (y = 2.4028x + 35.344, R2 = 0.2968, p = 0.006,
n = 24), MW-EAA (y = 1.6517x + 12.038, R2 = 0.2976, p = 0.006, n = 24), and IW-EAA (y = 1.5501x + 12.218,
R2 = 0.2506, p = 0.013, n = 24). MW, mono-cropped wheat; IW, intercropping wheat. TAA, NEAA, and
EAA: total amino acids, non-essential amino acids, and essential amino acids, respectively. The dot-dashed
line and solid line represent linear regressions for IW and MW, respectively.
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4. Discussion
4.1. Effect of Cereal and Legume Intercropping on Grain Protein Content

GPC is an important index to reflect wheat quality; thus, it is of importance to simul-
taneously achieve high GPC and GY in wheat practice [35]. The present findings are in
accordance with a previous study [17] that wheat and faba bean intercropping could simul-
taneously achieve both high GY and GPC because increased GPC in 2020 and increased
protein yield in both years were found, and the intercropping effect was not influenced
by N rates (Table 1). Yet, it was noted that GY and N uptake in intercropping depended
on the maximum plant height, canopy, radiation use efficiency, interspecies interaction,
the period of co-growing season, and so on [36]. Hence, conflict results of the effect of
intercropping on GY and GPC were presented in different cereal-legume intercropping
systems [22,36]. The wheat N uptake ability from flowering to maturity was one of the
main reasons for the high GPC [37] and the N remobilization process was a potential
target for improving the quality of wheat grain [20]. Recent studies found that wheat and
faba bean intercropping stimulated wheat N uptake during mid- and late- growth stages
and induced more N to shift from straws to grain due to intercropping up-regulating the
key N assimilation enzyme activity and gene expression during the reproductive growth
stages [38,39]. Thus, it could partly explain the reason for intercropping increasing GPC in
the present study. Some temporary legume-based intercropping patterns were adopted in
many regions due to overcoming some problems including technical and competition in
intercropping, and in such conditions, legumes usually improved soil N availability for
cereal and finally changed cereal GY and GPC [23,40]. In the present study, we observed
that continuous intercropping increased soil N availability especially under low-N-input
conditions (Supplementary Table); thus, we could not distinguish the role of the long- and
short-term intercropping in improved GPC and GY.

In the present study, increased gliadins in both years and increased glutenins in 2019
were found due to wheat intercropped with faba bean (Figure 3). Gliadins and glutenins
content determined the bread-making characteristics of wheat [41], because they play
an important role in dough rheology [42]. These results in the present study meant that
intercropping could alter the end-use of wheat quality, and more studies are needed to
elucidate the mechanism of intercropping modulating protein fractions and their role
related to wheat grain quality.

The present finding is partly in accordance with the results of a global meta-analysis
that split N had a greater effect on wheat yield and protein content in less fertile soils and
at high N rates [43], because GPC was increased by N input in 2020 but was not influenced
by N rate in 2019 at the current situation (Table 1). Thus, N management is still a good
strategy to improve GPC in the southwest of China. In a previous study, we found that
wheat and faba bean had potential to save N input but still maintain wheat grain yield [21];
however, according to the present study, we could not ascertain whether decreased N
input in intercropping would affect wheat GPC. This suggests that both GY and GPC
should be taken into account when establishing an optimal N rate in the cereal and legume
intercropping system.

4.2. Effect of Cereal and Legume Intercropping on Grain Amino Acids Content

In the present study, we found that the effect of intercropping on AAs content including
NEAAs and EAAs was dependent on N levels, because some EAAs and NEAAs fractions
declined due to intercropping when N was overused (N3 level), but some AAs fractions
increased when wheat was intercropped with faba bean at low N levels (N0 and N1 level)
(Tables 4 and 5). Taken together, the effect of intercropping on GPC was not affected by N
rates in the present study, but it seems that wheat N input should not exceed 180 kg ha−1 in
intercropping, because intercropping declined wheat AAs content at the N3 level (Table 1).
Actually, wheat protein quality is not only dependent on the protein content but also related
to the balance of AAs [44]. However, few studies have focused on intercropping on cereal
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AAs content. Thus, the findings in the present study suggest that modulating N rates should
be imperative to wheat grain quality in the legume-based intercropping system.

High NEAAs, especially high Pro and Glu content, were found in the present study
(Table 5), which is in accordance with a previous study [45], whereas NEAAs such as Pro
and Glu have a low nutritional value; thus, improvement in EAAs is more important for
wheat grain quality. In the present study, it seems that intercropping did not modulate the
ratio of EAAs to NEAAs, though there was year’s variation (Figure 4), and intercropping
had a greater impact on wheat grain protein rather than AAs. These findings should be
linked with N remobilization and protein production during grain development. Still, more
work on AAs and protein synthesis in intercropping could fully understand the findings.

4.3. Cereal and Legume Intercropping Modulated the Relationship between Grain Yield and Quality

The present study supports a previous study that when agronomic practices were
given consideration, there was no trade-off between GY and quality [46], because we
found steady GPC (10–15%) with increasing GY for MW, and GPC tended to increase with
increasing GY for IW (Figure 5). Actually, wheat GPC content was largely dependent on
post-anthesis N uptake [26]. Hence, the shift in the enhanced wheat N from the leaves and
the stem to the grain and the stimulated wheat growth rate during the wheat mid-growing
season [39,47] should be responsible for the changed correlation between GY and GPC in
intercropping. The rainfall and temperature during 2018/2019 and 2019/2020 growing
seasons were different (Figure 1), which might induce the effect of intercropping and N
levels on GPC, which was different year by year in the present study (Table 1). However,
the intercropping yield advantage was stable in the two-year field experiment (Table 1);
thus, we thought that grain quality might be more sensitive to temperature and rainfall
than grain yield. Hence, no relationship between GY and GPC was found for MW in
the present study, but more work should still be conducted in the future to ascertain the
correlation between GY and GPC under the current situation.

An early study from Eppendorfer found that correlations between AAs and N content
within a variety were similar [48]. However, the correlation between wheat, maize, and
soybean GPC and AAs presented a high variation [45,49]. In the present study, linear regres-
sion equations were established and significant correlations were found both between AAs
and GCP and between AAs and GY for mono- and inter-cropped wheat grain (Figure 5),
but we did not analyze the relationship between each AA and GPC and GY. According
to our findings, intercropping either increased or decreased some specific AAs content,
and intercropping affected the contents of TAAs, EAAs, and NEAAs in wheat grain under
different N levels; hence, it could deduce the relationship between GPC and the given AA,
which should change due to intercropping.

5. Conclusions

Higher protein yield and AAs yield were obtained when wheat was intercropped with
faba bean. Intercropping mainly increased wheat GPC rather than AAs content because
intercropping had no impact on AAs content regardless of N levels, but the 9% GPC of
IW was higher than that of MW in 2020. Wheat gliadin content was increased on average
by 8–14% when intercropped with faba bean. Similarly, some EAAs and NEAAs fraction
contents were increased due to intercropping under N0 and N1 levels, but IW presented
lower contents of EAAs and NEAAs fractions at the N3 level relative to MW. There was
no trade-off relationship between GPC and GY according to regression analysis in the
present study, and intercropping was a good option for simultaneously achieving both
high GY and GPC. Hence, wheat and faba bean intercropping presented a potential to
improve both wheat grain quality and yield, and modulated N rates were important to
maximize the intercropping advantage in terms of grain quality. We suggest that the wheat
N application rate should not exceed 180 kg ha−1 to achieve both intercropping yield and
quality advantages in the southwest of China and similar regions.

134



Agronomy 2022, 12, 2984

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12122984/s1, Table S1: Soil total nitrogen and available
nitrogen contents in the each treatment at soil depths of 0–20cm before the start of the experiment of
2018–2019.
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Abstract: One of the cores of flax (Linum usitatissimum L.) production is to precisely measure the
requirement of phosphorus (P) fertilization for optimizing seed yield, grower profits, P-use efficiency,
and reducing environmental risk. Therefore, critical P concentration (Pc) was proposed as a suitable
analytical tool to assess the flax P nutrition status. Four field experiments, with five P applications (0,
40, 80, 120, 160 kg P2O5 ha−1) and four cultivars (Longyaza 1, Longya 14, Lunxuan 2, and Dingya
22) were conducted from the 2017 to 2019 seasons. The capsule Pc dilution curve based on capsule
dry matter (CDM) was described by Pc = 2.84 × CDM−0.22 (R2 = 0.87, p < 0.01), CDM ranging from
0.60 to 4.17 t ha−1. The P nutrition index (PNI) exhibited a significant positive relationship with P
application rate. In addition, the relative seed yield was closely related to PNI. Those results validate
that the capsule Pc dilution curve can be an alternative and more rapid tool to diagnose flax P status
to support P fertilization precise decisions during the reproductive growth of flax in northwest China.

Keywords: phosphorus dilution curve; flax; phosphorus nutrition index; relative seed yield; phosphorus
nutrition status

1. Introduction

There has been a growing interest in flax (Linum usitatissimum L.), known as oilseed
flax or linseed [1], because industries have requested increased quantities of seeds in China.
At present, available arable land is declining, so maximizing crop yield per unit area has
become a significant aim of agricultural production in China [2,3]. Previous several studies
have reported that phosphorus (P) fertilization improved the production of many oil crops,
such as flax [4–6], canola [7], safflower and sunflower [8], soybean [9], etc. However,
excessive P fertilization in crop production happened occasionally, which resulted in a
series of concerns for environmental, ecological, and human health [10–12]. Therefore, the
precise management of P fertilization of flax has become a core area of research.

Zamuner et al. [13] indicated that an ideal indicator of a crop P’s nutritional status
should show P deficiencies and excesses, provide rapid diagnosis, and allow correction
during the growing season. In this case, critical P concentration (Pc) was developed, which
is defined as the minimum plant P concentration needed to achieve maximum crop biomass,
which is a suitable analytical tool to assess the crop P nutrition status [14–16]. Curves of Pc
have been generated for many crops, such as potato [13,17], wheat [14,15], timothy [18],
mungbean and urdbean [19], rapeseed and maize [15]. Moreover, Pc dilution curves vary
among different regions, species, genotypes within species, and practice management [20].
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The crop yield and quality are associated with P nutrient status. The Pc dilution curve
could be useful as a reference curve to assess flax’s nutritional status through the P nutrition
index (PNI). Analogously to the N nutrition index, the PNI can be calculated as the ratio
between actual plant P concentration and the Pc expected according to that actual crop
biomass [14–17].

For diagnosing the P status and estimating the appropriate P fertilizer requirements of
flax during the reproductive growth period, it is essential to develop a Pc dilution curve
based on the capsule dry matter (CDM) of flax in northwest China. Furthermore, the
quantitative assessment of seed yield in response to PNI is highly required to validate the
Pc dilution curves as a robust diagnostic tool in flax production. Therefore, the objectives
of this study were to establish and validate a Pc dilution curve based on CDM, to assess the
relationship between relative seed yield (RY) and PNI in response to flax under different P
rates in northwest China for improving P-use efficiency and environmental protection of
flax production.

2. Materials and Methods
2.1. Experimental Site

Field experiments 1 and 2 were conducted from 2017 to 2018 at Dingxi Academy of
Agricultural Science (34.26◦ N, 103.52◦ E, altitude of 2060 m) in Gansu, China, as described
in detail in Table 1. Experiments 3 and 4 were carried out from 2018 to 2019 at Yongdeng,
Gansu, China (36◦02′ N, 103◦40′ E, and altitude 2149 m). The soil type is classified as
Arenosols [21]. The previous crops for the four experiments were all wheat.

Table 1. Basic information at the Dingxi site in the 2017 and 2018 growing seasons.

Growing Season Soil Characteristics Cultivar P Rate
(kg P2O5 ha−1)

Sampling
Data

2017 Type: loam Lunxuan 2 0 (P0) 86
(Exp 1) Organic matter: 10.2 g kg−1 Dingya 22 40 (P40) 92

Total N: 0.98 g kg−1 80 (P80) 98
Available P: 11.7 mg kg−1 120 (P120) 104

Available K: 122.5 mg kg−1

pH: 7.9
110

2018 Type: loam Lunxuan 2 0 (P0) 86
(Exp 2) Organic matter: 11.0 g kg−1 Dingya 22 40 (P40) 92

Total N: 1.01 g kg−1 80 (P80) 98
Available P: 12.6 mg kg−1 120 (P120) 104

Available K: 135.4 mg kg−1 110
pH: 8.1

Exp 1 = experiment 1; Exp 2 = experiment 2; N = nitrogen; P = phosphorus; K = potassium.

2.2. Experimental Design

Data were obtained from four field experiments in which the P rates, flax cultivars,
sites, the physicochemical property of pre-planting soil, and varied years were summarized
in Tables 1 and 2.

A randomized complete block design with three replicates was used for this study
with a plot size of 20 m2 (4 m × 5 m). Four P application rates (0, 40, 80, and 120 kg
P2O5 ha−1) were applied to two flax cultivars (Table 1), and five P rates (0, 40, 80, 120, and
160 kg P2O5 ha−1) were applied to two other flax cultivars (Table 2). The cultivars were
mainly planted in the local agriculture department and farms. Phosphorus fertilizer was
applied using calcium superphosphate and broadcast uniformly over the soil surface before
seedbed preparation and sowing. Before seedbed preparation and sowing in each site year,
80 kg N ha−1 and 120 kg K2O ha−1 were broadcast uniformly over the soil surface using
urea and potassium sulfate, respectively. Forty kg N ha−1 of urea was top-dressed at the
budding stage. To ensure the maximum potential productivity, 40 mm of water was used
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to irrigate each plot before the flowering of flax. Further crop management procedures
followed common agricultural practices to ensure the maximum potential productivity, i.e.,
no factor other than P was limiting.

Table 2. Basic information at the Yongdeng site in the 2018 and 2019 growing seasons.

Growing Season Soil Characteristics Cultivar P Rate
(kg P2O5 ha−1) Sampling Data

2018 Type: Arenosols Longyaza 1 0 (P0) 86
(Exp 3) Organic matter: 9.8 g kg−1 Longya 14 40 (P40) 92

Total N: 1.23 g kg−1 80 (P80) 98
Available P: 10.0 mg kg−1 120 (P120) 104

Available K: 178.3 mg kg−1

pH: 7.5
160 (P160) 110

2019 Type: Arenosols Longyaza 1 0 (P0) 86
(Exp 4) Organic matter: 7.6 g kg−1 Longya 14 40 (P40) 92

Total N: 1.05 g kg−1 80 (P80) 98
Available P: 8.7 mg kg−1 120 (P120) 104

Available K: 141.6 mg kg−1 160 (P160) 110
pH: 8.2

Exp 3 = experiment 3; Exp 4 = experiment 4; N = nitrogen; P = phosphorus; K = potassium.

2.3. Sampling and Measurement

The 30 plants of flax per plot (2 by 1 m) were manually harvested during the repro-
ductive stage (days after sowing 86, 92, 98, 104, and 110 days). Flax capsules (Figure 1)
were collected and dried at 75 ◦C until a constant weight each date. Dried capsules were
ground in a sample mill, passed through a 1 mm sieve, and samples were digested using
H2SO4-H2O2, after which the CPC was determined by the Colorimetric Molybdenum-Blue
method according to Lithourgidis et al. [22].
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On the harvest date, the crop in each plot was separately harvested using a sickle to
determine the seed yield.

2.4. Data Analysis
2.4.1. Construction of the Pc Dilution Curve

The construction of a capsule Pc curve requires identifying critical data points at
which the P neither limits growth nor enhances it. The data was collected to determine the
Pc dilution curve during the 2018 and 2019 growing seasons at Yongdeng. A P-limiting
treatment was defined as a treatment in which additional P led to a significant increase in
CDM. A non-P-limiting treatment was defined as one in which P application did not lead
to an increase in CDM.
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The CDM and CPC values with different P rates were compared using ANOVA (SPSS
19 Software, Inc., Chicago, IL, USA) at a probability level of 5%, and treatment effects were
determined using the least significant difference (LSD). A power regression equation was
fitted to these theoretical, critical points to determine the equation of the Pc dilution curve.
The Pc curve can be established by the following power equation [18]:

pc = αW−b (1)

where Pc is the critical P concentration (g kg−1); W is the total dry matter expressed in
t ha−1; a and b are positive constants, where a represents the critical plant P concentration
in the dry matter (DM) when W = 1 t ha−1 and b is a statistical parameter that represents
the ratio between the relative decline in plant P concentration and the relative crop growth
rate [20].

2.4.2. Phosphorus Nutrition Index

The P nutrition index (PNI) of the capsule in flax, used to characterize crop P status,
was calculated according to the following formula [17,20]:

PNI =
pα

pc
(2)

where Pa was the actual capsule P concentration and Pc was the expected capsule P
concentration. When PNI = 1, P nutrition is considered optimal. When PNI > 1, P nutrition
is considered excessive; when PNI < 1, P nutrition is considered insufficient [12].

2.4.3. Relative Yield

The relative seed yield (RY) was obtained by dividing the seed yield at a given P rate
by the highest seed yield among all P treatments [13,17]. The RY was calculated as the
following equation:

RY =
yp

yh
(3)

where Yp is the seed yield of flax in the fertilized plot, and Yh is the seed yield of the highest
seed yield treatment (kg ha−1).

The coefficients of determination (R2) for the relationship between RY and PNI were
calculated using SPSS 20.0.

2.4.4. Model Validation

In the current study, the root-mean-squared error (RMSE) and the normalized root-
mean-squared error (n-RMSE) in 1:1 plots were used to evaluate the accuracy of the
model, which is a common method used to identify the fitness of observed and estimated
values [23]. When the n-RMSE ≤ 15%, it was looked at as a “good” agreement, 15–30% as
a “moderate” agreement, and ≥30% as a “poor” agreement [24]. The RMSE and n-RMSE
were calculated using Equations (4) and (5):

RMSE =

√
∑n

i=1(Si −mi)
2

n
(4)

n− RMSE =
RMSE

s
(5)

where n is the number of samples, si is an estimated model value; mi is an observed value,
and s is the averaged observed value.
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3. Results
3.1. Capsule Dry Matter and Capsule P Concentration at Different P Levels

The P application significantly affected the CDM during the reproductive growth
period. CDM increased gradually with the increase in P rate, with two years of value
CDM averaging from 0.85 to 4.03 t ha−1 and from 0.64 to 3.63 t ha−1 in 2018 and 2019,
respectively. In general, CDM increased significantly from P0 to P80 treatments. Still, there
were no significant differences among P80, P120, and P160 treatments. The maximum CDM
was obtained in the P80 treatment for two seasons and two cultivars (Figure 2). During
each season, the CDM accorded the following inequality under different P levels:

CDM0 < CDM40 < CDM80 = CDM120 = CDM160 (6)

where CDM0, CDM40, CDM80, CDM120, and CDM160 present the CDM value of P0, P40,
P80, P120 and P160, respectively.
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Figure 2. Changes in capsule dry matter for two flax cultivars at five P levels in two growing seasons.
(A) Lonyaza 1 in 2018; (B) Longya 14 in 2018; (C) Lonyaza 1 in 2019 and (D) Longya 14 in 2019,
respectively. The vertical bars indicate the least significant differences (LSDs) with p ≤ 0.05 among
five P levels (n = 3).

The CPC decreased gradually during the reproductive growth period of flax. A
higher level of P generally resulted in a higher CPC (Figure 3). The CPC varied between
1.28 g kg−1 DM and 3.71 g kg−1 DM and from 1.08 g kg−1 DM to 3.53 g kg−1 DM in 2018
and 2019 across the two cultivars, respectively. The maximum CPC was obtained at the
P160 treatment for two cultivars and two growing seasons (Figure 3).
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3.2. Constructing the Capsule Pc Dilution Curve for Flax

In this study, following the computational procedures of Justes et al. [25], capsule Pc
points were established for each sampling date during the reproductive growth period in
2018 and 2019. The theoretical Pc points of CDM were decided for each sampling date,
from capsule original to maturity for two cultivars, with 10 data points in the 2018 and
2019 seasons. A reducing trend of Pc points was observed with increasing CDM of flax
(Figure 4).
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solid line represents the critical P dilution curve, depicting the relationship between the critical
P concentration and the capsule dry matter of flax in Gansu, northwest China. The dotted lines
represent the confidence intervals (p = 0.95). ** Significance at p < 0.01 probability level.

The following power equation could match the trend lines:

2018: Pc = 2.91 CDM−0.23 (7)

2019: Pc = 2.70 CDM−0.21 (8)

Two years expressed non-significant differences when compared according to calcu-
lation procedures recommended by Mead and Curnow [26]. Therefore, data points from
two years were pooled to develop the following unified Pc curve (Figure 5):

Pc = 2.84 CDM−0.22 (9)
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3.3. Validation of the Capsule Critical Phosphorus Dilution Curve

The capsule Pc curve was validated by an independent data set from the experiments
conducted in 2017–2018 (Experiments 1 and 2, Table 1). The results expressed that the newly
established curve can discriminate the P-limiting and non-P-limiting growth conditions
of flax during the reproductive growth period. The curve was not affected by cultivar,
season, and site. The data points of the P-limiting treatments were below or close to the
Pc curve, while the points of the non-P-limiting treatments were near or above this curve
(Figure 6). The accuracy of this model was assessed by using the RMSE and n-RMSE, using
Equations (4) and (5). Results found that the RMSE of the model was 0.32 g kg–1, and the
n-RMSE was 13.86%, indicating “good” agreement between the observed and assessed
values (Figure 6). Therefore, in the present study, we constructed that the CDM-Pc model
can be used for the diagnosis of plant P nutrition.
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Figure 6. Validation of the critical phosphorus (Pc) curve using the independent data set from
Experiments 1 and 2. Data points (�) and (×) represent P-limiting and non-P-limiting treatments,
respectively. The solid line depicts the Pc curve based on the capsule dry matter of flax.

3.4. Change of Phosphorus Nutrition Index under Different P Treatments

The P nutrition index (PNI) is useful for diagnosing the crop P nutrition status. The PNI
increased with an increasing P rate, ranging from 0.49 to 1.35 (Figure 7). For two years, the
PNI values were <1 for the P0 and P40 treatments, indicating the two levels were insufficient
for P nutrition. While the values of PNI were >1 for the P120 and P160 treatments, indicating
the presence of a surplus of P uptake in the capsule of flax. The values of PNI were close
to 1 for P80, and this indicates that the P rate is optimal for P nutrition for flax growth.
Therefore, the optimal P rate was 80 kg P5O2 ha–1. These results elucidate that PNI can be
used as a robust diagnostic tool for the P status of flax under different P conditions.
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Figure 7. Phosphorus nutrition index (PNI) of two flax cultivars with five P rates in two years.
(A) Lonyaza 1 in 2018; (B) Longya 14 in 2018; (C) Lonyaza 1 in 2019 and (D) Longya 14 in 2019,
respectively. The reference line at PNI = 1 represents optimal P nutrition, while PNI > 1 shows excess
P fertilizer application, and PNI < 1 shows P deficiency.

143



Agronomy 2022, 12, 2819

3.5. Relationship between Relative Seen Yield and PNI

The relationship between relative RY and PNI was well illustrated with a second-order
polynomial equation (RY = –1.75 PNI2 + 3.63 PNI–0.88, R2 = 0.92 **). As seen in Figure 8, for
PNI = 1, the relative RY was near 1.0, while for PNI > 1 or PNI < 1, the relative RY decreased.
The current study showed that inadequate and excessive P use lowers the relative RY. Only
the optimal P application rate results in the maximum relative RY.
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4. Discussion

This study proposes the idea of the current Pc dilution phenomenon in the capsule
of flax firstly. We have constructed a Pc dilution curve based on the CDM and provided a
new way of diagnosing and regulating the P status of flax during the reproductive period
in northwest China. Phosphate plays a pivotal role in the nexus of photosynthesis [27],
energy conservation [28], and carbon metabolism [29] in higher plants and its application to
agricultural soils is crucial to achieving optimum crop production [15]. However, excessive
P fertilizer cannot ensure a significant increase in crop productivity, yet its abundant
application can decrease crop yield and cause environmental damage. In recent years,
there has been an increasing demand for simple, accurate, and stable tools for diagnosing
the status of crop P, which can provide appropriate on-farm P management. With the
advancement of the P dilution principle, the diagnosis model based on this theory has been
developed and used to guide agricultural field production.

4.1. Comparison with Other Critical Phosphorus Dilution Curves

The Pc dilution curve based on DM (including aboveground DM, vines DM, tubers
DM, etc.) has been previously established for different crop species and regions (Table 3).
However, this study was the first to analyze the Pc dilution curve in the capsules of flax.
Our results show that, as was observed for N [30], there is a dilution of P with increasing
CDM. The Pc dilution curve, based on the CDM, was Pc = 2.84×CDM− 0.22, where 2.84
represents the Pc when CDM = 1 t, in this study.

Many differences in curve parameters are noticeable between our study and the earlier
studies in other crops. In the current study, the value of parameter a was lower than the
value of parameter a based on plant DM reported in younger timothy and older timothy [18],
in potato [13,16,17,20], in wheat [14], and for winter wheat, maize, and rapeseed [15]. The
discrepancy was related to genotype, circumstance, and growth stage differences. Firstly,
the genotype of crops induces the differences between these curves. Genotype differences
in critical P dilution curves have been reported in Switzerland with wheat, maize, and
rapeseed [15]. The difference in critical P dilution curves within genotype is probably
attributed to the general nature of crop species. Secondly, the growth environment of crops
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resulted in discrepancies in the Pc dilution curves. This is because the difference from the
growth environment may be attributed to differences in pedo-climatic conditions, water
supply, soil properties, etc. The growth environment may have affected P uptake from
the soil and partitioning by different crop apparatus. However, parameter a in this study
was greater than those of parameter a based on tubers DM and vines DM reported in
potatoes [17]. Corresponding to the tuber P dilution curve, the main reason may be that
the P concentration of a potato tuber was smaller than the P level of a flax capsule, and to
the vines’ P dilution curve, other factors obviously influence the P dilution curve. Further
research is required to be conducted to make a thorough inquiry.

Table 3. Comparison of the parameters of the critical phosphorus concentration (Pc) dilution curve
for different regions and measured parameters of timothy, potato, wheat, maize, rapeseed, and flax.

Crop Region ea fb
Measured
parameter Reference

OT Canada 3.27 0.20 DM a Bélanger and Ziadi, 2008 [18]
YT 5.23 0.40

Potato Argentina 3.92 0.30 DM b Zamuner et al., 2016 [13]
Colombia 5.23 0.19 DM Gómez et al., 2016 [16]
Canada 3.57 0.38 DM Nyiraneza et al., 2021 [17]

2.58 0.20 Vines DM
2.06 0.14 Tubers DM

Brazil 3.91 0.30 DM Soratto et al., 2020 [20]
Wheat Canada 4.94 0.49 DM c Bélanger et al., 2015 [14]

Finland 4.04 0.21 DM
Canada 3.62 0.23 DM
China 4.40 0.29 DM

WW Switzerland 4.44 0.41 DM Cadot et al., 2018 [15]
Maize 3.49 0.19

Rapeseed 5.18 0.39
Flax China 2.84 0.22 CDM d This article

OT = older timothy; YT= younger timothy; WW = winter wheat; a DM, aboveground dry matter; b DM, vines +
tubers dry matter; c DM, shoot dry matter; d CDM, capsule dry matter; e a, the critical plant P concentration in the
capsule dry matter = 1 t ha−1; f b, the decline in capsule phosphorus concentration with crop growth.

Parameter b describes the decline in CPC with crop growth and therefore depends on
capsule P uptake relative to the CDM increase. The decline in CPC during reproductive
growth can be attributed to the decrease in P concentration per unit CDM, similar to
the N concentration decline per unit shoot DM in linseed [30]. The decrease in CDC is
probably due to (i) a large photosynthetic product of other vegetative parts (stem and leaf)
transferred to the seed for yield formation during the reproductive growth period [4,31],
which causes the faster rate of CDM accumulation, and (ii) the P nutrition of pericarp and
stalk was transferred to the seed for fatty acids and other nutrients formation, which results
in a declining P concentration of pericarp and stalk during the reproductive growth period.

Compared with the DM model, the parameter b we established in this study was close
to those curves proposed for older timothy in Canada [18], for potatoes in Colombia [16]
and in Canada [17], for wheat in Finland [14], and for maize in Switzerland [15]. Whereas
the difference existed between the parameter b in the current study and those of the curve
developed for younger timothy [18], for potato [13,20] and potato [17], for wheat [14], and
for wheat and rapeseed [15]. Those indicated that the rates of plant Pc dilution of the
mentioned crops were faster than that of the capsule Pc dilution in flax. These differences
were associated with the transfer of large amounts of P to the capsule to satisfy yield and
fatty acid formation and a slower CPC decline in the capsule because the capsule was the
epicenter of plant growth during the reproductive period.
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4.2. Diagnosis of Phosphorus Nutrition Status

The present study validated the Pc curve based on the CDM with independent data.
Our results indicated that this curve could accurately distinguish P-limiting and non-P-
limiting treatments during the reproductive growth period of flax. For this purpose, the
PNI value was calculated based on this Pc curve. This curve has been used to diagnose
the P status of timothy [18], potato [13,16,17,20], wheat [14], maize, and rapeseed [15].
In general, those Pc curves were developed during the throughout growth period; only
Nyiraneza et al. [17] proposed a tuber Pc dilution curve of potatoes during the reproductive
period. Since the reproductive period was another peak of P uptake for flax [32], it is
essential to develop a curve for diagnosing the P status of flax after anthesis.

In the study, PNI was the ratio between the measured capsule P concentration of flax
and Pc. The PNI can effectively distinguish conditions of P deficiency, optimal levels, or
P surplus of flax during the reproductive growth period. Confirmation of P sufficiency
during this period of flax can help perform corrective measures, especially under irrigated
conditions. Studies showed that foliar P fertilizer applications [33] could be supplied in-
season to correct a P deficiency [34], improve photoassimilate production [35], and enhance
dry matter distribution [36] and translocation from vegetation organs to seeds [4]; although,
only a limited amount of P can be absorbed into the plant through foliage. Therefore,
PNI can estimate phosphorus nutrition sufficiency, and this would represent a fast and
cost-effective option. This new methodology offers the only reliable way to correct P
nutrition during the critical period of flax growth and to ensure maximum yields without
having to apply large doses of P at planting. This strategy could help to achieve much more
efficient use of P fertilizer and to minimize the cost and environmental threat associated
with applying P at high rates.

5. Conclusions

Based on the theory of Pc dilution, this study proposed a Pc dilution curve based on
CDM for flax. The curve was described by the following equation, Pc = 2.84 CDM−0.22,
for the CDM of flax. The equation was derived from data obtained at five growth stages
from two cultivars over five P fertilizer application rates and two growing seasons. The
equation was validated using data from two separate cultivars under different sites and the
same fertilizer conditions. The PNI values on different sampling dates were generally <1
under P-limiting and >1 under non-P-limiting conditions. There was a significant positive
relationship between PNI and the P level across the five development stages, suggesting
the Pc dilution curve can be used as a tool for diagnosing the P status of flax. In addition,
the relationship between relative RY and PNI was well illustrated with a second-order
polynomial equation, in which for PNI = 1, the relative RY was near 1.0, while for PNI > 1
or PNI < 1, the relative RY decreased. Hence, we conclude that the capsule Pc curve can be
adopted as a practical diagnostic tool for effective P management during the reproductive
growth period of flax in northwest China.
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Abstract: The low availability of phosphorus in most Brazilian soils causes a heavy dependence of
agricultural production on phosphate fertilizers, which are generally agronomically inefficient in
tropical soils. Breeding for increased longevity of sugarcane ratoons is extremely important, but
understanding how the efficiency of phosphate fertilization can be improved is equally necessary. The
objective of this research was to evaluate the effects of phosphate fertilizers with and without polymer
coating on the productivity and nutritional status of sugarcane ratoons and phosphorus availability in
the soil. The experiment was carried out on a commercial sugarcane field on a dystrophic Ultisol over
two growing seasons in a randomized complete block design with four replications. Two phosphorus
sources (monoammonium phosphate (MAP) and MAP + Policote) were tested at four rates (20, 40, 60
and 80 kg P2O5 ha−1) in addition to the control (no P fertilization). The Policote-coated phosphate
fertilizer induced higher stalk and TRS yields in the first experimental year, while the same effect
was not observed in the second year. Nevertheless, with the reapplication of the treatments in the
second study year, the mean stalk yield was high in response to the application of 20 kg P2O5 ha−1 of
coated fertilizer and very different from that of the higher rates of the same fertilizer, which yielded
88 Mg ha−1, i.e., 8 Mg ha−1 more than the mean of the other rates.

Keywords: Saccharum spp.; phosphorus; Policote; polymers

1. Introduction

Sugarcane is an internationally significant crop for the production of renewable energy
and is planted on a global acreage of approximately 24.3 million hectares [1]. Brazil is
the largest producer, with a cultivated area of around 8 million hectares and an estimated
annual output of 521.67 million tons [2]. These data stand for the relevance of sugarcane
cultivation in the context of the ongoing expansion of a clean and renewable energy matrix.
Under tropical conditions, the yield potential of the crop is enormous. Sugarcane can be
grown in approximately 100 countries [3] and due to its versatility of use and high biomass
and sucrose production, it has become a focus of global interest [4,5]. All over the world,
ways to increase sugarcane yield are being studied, and improving the nutrient supply of
the crop may be the answer.

Phosphorus, an essential macronutrient for plants, is often available at insufficient
levels, limiting crop yield and productivity [6]. In the case of deficiency of this nutrient,
plants cannot complete the production cycle and the structural integrity (nucleic acids,
phospholipids) as well as energy production (ATP) for most cellular processes and storage
are affected [7]. The importance of P for plants is fundamental and seriously hampered by
the reactivity of the nutrient with the soil, making it less available to crops.

149



Agronomy 2022, 12, 2817

Phosphorus in the soil is affected by adsorption and fixation, mainly by binding to
Fe and Al oxides, which is intensified in acidic soils, reducing P utilization by plants. In
tropical climate regions, soils are deeply weathered and the high complexity of P in relation
to the colloidal phase prevents the crop from exploiting more than 15 to 25% of the applied
fertilizer P [8,9]. The reason is the high soil P adsorption, depressing the plant available
levels, mainly in soils with a predominance of sesquioxides [10].

High phosphorus rates are applied at sugarcane planting, although the residual effect
of this initial fertilization is insufficient to meet the crop requirements for subsequent years,
causing a decline in ratoon cane yield [11,12]. Phosphate fertilization of ratoon cane is
essential to meet the nutritional demand of the crop [13], and more efficient fertilizer sources
are being sought, with fixation inhibitors or soil adsorption blockers, as an alternative to
increase crop productivity or longevity [14]. Several strategies have been used to increase P
fertilization efficiency. Lately, the most frequently used strategy has been the application
of enhanced-efficiency fertilizers [9]. These fertilizers contain aggregate technologies that
control the nutrient release or stabilize their chemical transformation in the soil, increasing
nutrient availability to plants [15].

The need to increase the efficiency of phosphate fertilizers and the lack of information
about the issue motivated the hypothesis that the application of polymer-coated fertilizer
raises phosphate fertilization efficiency and crop yields. In light of the global importance of
sugarcane, the crop requirements during the cycle and low P levels in highly weathered
soils, the purpose of this study was to evaluate the effects of phosphate fertilizers with and
without polymer coating (fixation inhibitors) on the productivity and nutritional status of
sugarcane ratoon and its effects on soil phosphorus availability.

2. Materials and Methods
2.1. Experimental Site and Treatments

The experiment was carried out in Ouro Verde (21◦33′15′′ S; 51◦43′32′′ W; 420 m asl) in
São Paulo State, Brazil on a commercial sugarcane plantation with variety RB 92579 in the
2018/19 and 2019/2020 growing seasons (Figure 1). The experiment was set up in an area
in the third crop cycle (second ratoon) on an Argissolo Vermelho Amarelo soil with sandy
texture [16], corresponding to a dystrophic Ultisol [17] and evaluated for two successive
growing seasons. The results of soil chemical and particle-size analysis of samples collected
after harvesting the first ratoon, from the layers 0.00–0.10 m, 0.10–0.20 m and 0.20–0.40 m
are described in Table 1 [18,19].

Table 1. Soil physical and chemical properties at the beginning of the study in 2018.

Layer pH
CaCl2

OM P K Ca Mg Al H + Al BS CEC

m g kg−1 mg dm−3 mmolc dm−3

0–0.10 4.99 10.0 5.19 1.03 10.91 3.82 1 15 15.76 30.76

0.10–0.20 4.86 7.02 7.02 0.36 9.98 3.92 1 15 14.26 29.26

0.20–0.40 5.59 7.23 6.97 0.08 10.65 6.23 0 12 16.96 28.96

Sand Silt Clay V m S B Cu Fe Mn Zn

g kg−1 % mg dm−3

0–0.10 822 46 132 51.2 5.97 3.88 0.18 0.77 34.62 8.50 0.58

0.10–0.20 846 32 122 48.7 6.55 5.28 0.17 0.81 43.98 8.91 0.69

0.20–0.40 804 73 123 65.6 0 6.62 0.12 0.81 27.20 5.66 0.53

OM: organic matter; BS: sum of base; CEC: cation exchange capacity; V: base saturation; m: aluminum saturation.
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The experiment was arranged in a randomized complete block design with four
replications, with treatments in a factorial scheme (2 × 4) + 1, represented by two sources,
uncoated MAP and Policote-coated MAP (MAP + Policote) at four rates (20, 40, 60 and
80 kg P2O5 ha−1) and without P fertilization (control). The N and P2O5 concentrations in
MAP and coated MAP were 11% and 52%; and 10% and 49%, respectively. To coat the MAP
fertilizer, the granules were covered with water-soluble additives based on copolymers with
iron and aluminum affinity, called Policote, marketed by Wirstchat Polímeros do Brasil.

The experimental plots consisted of six 20 m long rows with alternating row spacing of
0.90 and 1.5 m on a total area of 144 m2. Planting of the crop occurred in 2015, with the first
cut in 2016 (plant-cane), the second cut in 2017 (first ratoon) and the experiment installed
on 16 October 2018 (second ratoon). Phosphate fertilizers were applied on the crop row
together with 120 kg N ha−1 (34 and 86 kg ha−1, respectively, of ammonium sulfate-N and
N urea) and 120 kg K2O ha−1 (potassium chloride), in both growing seasons (2018/20 and
2019/20). After the second cut, 2 Mg ha−1 of limestone was applied.

2.2. Weather Conditions

According to the Köppen classification, the climate is Aw, characterized by seasons
of a tropical climate with dry winters [20]. Rainfall, temperature and relative humidity
data of the experimental period were provided by a meteorological station close to the
experimental area and the National Institute of Meteorology (INMET) [21] (Figure 2). The
historical average was 1.366 mm, and 1.322 and 1.046 mm in the growing seasons 2018/19
and 2019/20, respectively.
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2.3. Soil Phosphorus

After each harvest, six soil samples per treatment were taken, crumbled, air-dried and
sieved (2 mm mesh). Soil P availability was evaluated by the methods of Ion-Exchange
Resin (P-Resin) and Mehlich-1 (M1). For P-Resin analysis, the methodology described by
Raij et al. [18] was used, in which cationic resin is treated with 1 mol L−1 NaHCO3 at pH 8.5.
Extractor Mehlich-1 was prepared with a mixture of two dilute acids (0.05 mol L−1 HCl
and 0.0125 mol L−1 H2SO4), as described by Tedesco et al. [22]. The P concentration in
the solution of the two extractors was determined by a methodology of recording the
phosphomolybdate complex in a UV visible spectrophotometer, with a wavelength reading
at 660 nm, proposed by Murphy and Riley [23].

2.4. Plant Analysis

To assess the nutritional status of sugarcane plants, 20 diagnosis leaves (leaf + 1)
per plot were randomly collected from the four central rows, leaving a 2 m border. For
analysis, the middle third of the leaves were used, excluding the midrib. The N content
was determined by the method of sulfuric digestion, titration by micro Kjeldahl and the P,
K, Ca, Mg and S levels by nitroperchloric digestion. The P concentration was assessed with
a spectrophotometer and the K, Ca, Mg, and S concentrations with an atomic-absorption
spectrophotometer [24].

For the technological quality analysis of sugarcane, 12 stalks were randomly sampled
at each harvest throughout the experiment. After identification and weighing, the stalks
were sent to the laboratory to analyze the following parameters [25]:

Brix (Bj): soluble solids content in percent of juice weight, determined by an automatic
digital refractometer.

Fiber (F): stalk fiber content calculated as: F = 0.08 ∗ PBU + 0.876 Where: PBU = Wet
bagasse weight.

Moisture % (U) : calculated as : U =
Wwm−Wdm

Wwm
∗ 100

where: Wwm = wet matter weight; Wdm = dry matter weight.
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Pol in juice (S): apparent sucrose content per juice weight, measured with an automatic
digital saccharimeter and calculated as: S = LPol ∗ (0.26047− 0.0009882 ∗ Bj). Where:
LPol = Sucrose reading of clarified juice; and, Bj = Juice Brix.

Pol in cane (PC): calculated as:

POL = S ∗ (1− 0.01 ∗ F) ∗ C

where: S = Pol in juice; F = Fiber; C = Coefficient for transformation of pol from juice
extracted in press (S) into pol in cane (PC).

Juice purity (Q): apparent purity of cane juice (Q), defined as the ratio of pol to brix
expressed as percentage, calculated by:

Q = 100 ∗ S/Bj

where: S = Pol in juice; Bj = Brix in juice.
Reducing sugars in juice % (RS): percent of reducing sugars (RS) per juice weight was

calculated as:
RS = 3.641− 0.0343 ∗Q

where: Q = juice purity.
Total Recoverable Sugar (TRS): computed from pol in cane (PC) and reducing cane

sugars (RCS); calculated as:

TRS = 9.526 ∗ PC + 9.05 ∗ RS

Forage and stalk weight were determined by cutting 15 neighboring plants of the four
central rows (excluding plot borders), resulting in a total of 60 plants per plot. After cutting,
the plants were weighed immediately on a scale, then husked and shoot tips removed. The
material was weighed again and trash weight estimated as the difference between forage
and stalk weight. To determine cane yield, the number of stalks within 3 m of the four
central rows was counted, discarding 2 m at either end. From these results, the sugarcane
yield was calculated.

2.5. Statistical Analysis

Data analysis was performed using Statistical Analysis System software [26]. Residual
normality and variance homogeneity were analyzed. To meet the prerequisites, the data
were subjected to analysis of variance (ANOVA) at a probability of 5%. In case of signifi-
cance, the means of the P sources were compared with each other by the F-test and the rates
by regression equations [27]. Graphs were plotted using Sigmaplot® version 14.5 (Systat
Software, Inc., San Jose, CA, USA, www.sigmaplot.com, accessed on 18 October 2022).

3. Results
3.1. Phosphorus Availability in the Soil

Soil phosphorus levels varied in response to the P sources and rates applied to sugar-
cane (p < 0.05). In the second ratoon crop, extraction by P-Resin detected interaction in both
layers (0–0.10 and 0.10–0.20 m) (Figure 3a,c), which became significant in the third ratoon
in the lower layer (0.10–0.20 m) (Figure 3g). In the surface layer (0–0.10 m), there was a
response to isolated factors, with a linear effect for rates (Figure 3e). Comparing the sources,
MAP + Policote made the highest levels of nutrients available (12.72 mg P dm−3) (Table 2).
Between the first and second year of evaluation, P-Resin detected a decrease in the mean
P concentration of 32% and 41%, respectively, in the 0–0.10 and 0.10–0.20 m layers.
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Figure 3. Phosphorus content in soil in response to fertilization with different phosphorus rates with
and without Policote coating, extracted by P-Resin from the layer 0–0.10 m (a,e) and 0.10–0.20 m (c,g),
and by Mehlich-1 from the layer 0–0.10 m (b,f) and 0.10–0.20 m (d,h). Growing seasons 2018/2019
and 2019/2020.

154



Agronomy 2022, 12, 2817

Table 2. Mean soil phosphorus contents extracted with P-Resin and Mehlich-1 after sugarcane
cultivation in the second and third ratoon crops fertilized with phosphorus sources with and without
Policote coating. Growing seasons 2018/2019 and 2019/2020.

Fertilizer
Sources

P-Resin Mehlich-1

Third Ratoon Second Ratoon Third Ratoon

0–0.10 m 0–0.10 m 0.10–0.20 m 0–0.10 m 0.10–0.20 m

mg dm−3

Uncoated MAP 10.89 b 17.24 17.36 b 18.19 b 16.65 b

MAP + Policote 12.72 a 18.61 19.90 a 24.26 a 18.79 a

p-value 0.0149 * 0.332 ns 0.0018 ** 0.0001 *** 0.0001 ***
Different letters within a column indicate significant differences according to Tukey’s test. *, **, *** and ns indicate
p < 0.05, p < 0.01, p < 0.001 and ns—p > 0.05, respectively.

By the Mehlich-1 method, there was no significant interaction between rates and
sources (p > 0.05). However, there was an isolated effect for the two factors, with a linear
response to P rates in the two evaluated years and two layers (Figure 3b,d,f), except in the
0.10–0.20 m layer in the second year when a quadratic response was observed (Figure 3h).
Regarding the sources, results in soil P contents were positive in response to Policote-coated
fertilizer in the 0–0.10 m layer in the third ratoon and the 0.10–0.20 m layer in both years
(Table 2). Between the first and second years of evaluation, Mehlich-1 detected a mean
increase of 10.94% in the surface layer and a reduction of 4% in the layer below.

3.2. Plant Nutritional Status

The phosphorus rates and sources had no effect on the nutritional status of sugarcane
(p > 0.05). However, there was a difference between the years of cultivation (Table 3).
Nitrogen and K contents decreased by 29 and 50%, respectively, from the second to the
third ratoon crop (Table 3). The levels of P, Ca and Mg soil availability increased from the
first to the second year of evaluation, respectively, by 43%, 14% and 39% (Table 3), while
S remained constant in the evaluated cycles (p > 0.05).

Table 3. Mean levels of macronutrients (leaf + 1) in two sugarcane cycles. Growing seasons 2018/2019
and 2019/2020.

Ratoon N P K Ca Mg S

g kg−1

Second 17.87 a 1.68 b 14.62 a 6.98 b 1.43 b 1.08

Third 12.65 b 2.41 a 7.35 b 7.95 a 2.00 a 1.15

p-value 0.0002 *** 0.003 ** 0.0001 *** 0.0132 * 0.005 ** 0.5682 ns

Different letters within a column indicate significant differences according to Tukey’s test. *, **, *** and ns indicate
p < 0.05, p < 0.01, p < 0.001 and ns—p > 0.05, respectively.

Leaf macronutrient contents were within the range considered adequate for the nutri-
tional status of sugarcane [24,28], and in the second and third ratoon crops, S was the only
macronutrient below the critical level (1.4 g kg−1), while the levels of the others were within
the range considered adequate. In the third ratoon crop, the levels of the macronutrients
N, K and S were below the ideal (18, 10 and 1.4 g kg−1 respectively), whereas those of the
others were adequate.

3.3. Effects on Sugarcane Technological Quality and Yield

The second ratoon stalk yield (Figure 4a) shows that the response to uncoated fertilizer
increased linearly up to the rate of 80 kg P2O5 ha−1, reaching a production of 105 Mg ha−1.
In turn, the response to the Policote-coated phosphate source fitted a quadratic model, with
a maximum yield of 106 Mg ha−1 at a rate of 58 kg P2O5 ha−1. Total reducing sugar (TRS)
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yield had a similar pattern to that observed for stalk yield (Figure 4c). In the third ratoon,
after reapplication of the treatments, no mathematical model could be fitted relating P rates
with stalk and TRS yield (Figure 4b,d). However, the rate of 20 kg P2O5 ha−1 in coated
fertilizer stood out among the other treatments, with a yield of 88 Mg ha−1 (Figure 4b).
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Figure 4. Stalks and TRS yield in the second ratoon (a,c) and in the third ratoon crop (b,d) of
sugarcane fertilized with phosphorus rates and sources without or with Policote coating in two
sugarcane production cycles. Growing seasons 2018/2019 and 2019/2020. Different letters indicate
significant differences according to Tukey’s test (p < 0.05), ns—p > 0.05.

Fertilization with P sources and rates had no significant effect on the interaction, nor
the separate factors on the technological quality of sugarcane (p > 0.05). Comparing the
growing seasons, the levels of Brix, Fiber, POL, PC and TRS differed (p < 0.05), with an

156



Agronomy 2022, 12, 2817

increase of, respectively, 9.5, 9.2, 13.8, 11.7 and 10.8% in the second year of evaluation, while
the moisture content was 2.5% higher in the first year (Table 4). For RS and juice purity, no
significant differences were observed between the evaluated cultivation cycles.

Table 4. Mean values of stalk technology quality parameters in two sugarcane ratoons. Growing
seasons 2018/2019 and 2019/2020.

Ratoon Brix Fiber Moisture POL PC Purity RS TRS

% kg t−1

Second 15.06 b 11.64 b 73.31 a 15.40 b 13.13 b 87.17 ns 0.55 ns 131.47 b

Third 16.49 a 12.71 a 70.80 b 17.53 a 14.66 a 88.91 0.50 145.72 a

p-value 0.003 ** 0.001 ** 0.0008 *** 0.003 ** 0.06 ** 0.1262 ns 0.073 ns 0.006 **

PC: pol in cane; RS: reducing sugars in juice; TRS: total recoverable sugar. Different letters within a column
indicate significant differences according to Tukey’s test. **, *** and ns indicate p < 0.01, p < 0.001 and ns—p > 0.05,
respectively.

4. Discussion

In response to soil application of the two phosphorus sources, the methods P-Resin
and Mehlich-1 detected increasing concentrations with increasing rates. In the second
ratoon crop, the P-Resin extractor better differentiated the fertilizer responses in the 0–0.10
and 0.10–0.20 m layers (Figure 3a,c) based on the principle of ion exchange, affecting the
colloidal system. This pattern can be explained by the principle of the polymers used as
fertilizer coating, which, when in contact with the soil solution, release charges to saturate
positive soil colloid charges. This reduces P adsorption and fixation in the soil colloidal
fraction, leaving the nutrient available for plant uptake. In this way, the results can be
different depending on the soil characteristic, especially in relation to the colloidal fraction
as well as other factors e.g., crop, management system, and climate, among others [29].

In the second year of evaluations (third ratoon), no interaction was observed between
rates and sources in phosphorus contents 0–0.10 m by the P-Resin method, showing only
a linear effect for rates (Figure 3e). This result can be attributed to factors related to low
rainfall in the period (Figure 2b) and intensified by the low water retention capacity due to
the sandy texture of the surface layer, which reduces granule solubility and levels out the
effect of the two sources on the soil. In the subsurface, an interaction between phosphorus
sources and rates was stated, which can be attributed to some residual effect of fertilization
applied in the previous year, since rainfall was restricted.

The soil P contents determined by Mehlich-1 were significantly influenced by the rates
(Figure 3b,d,f,h), but no difference was identified between the sources in both layers and
the two evaluated years, unlike the pattern detected when using P-Resin. These results
can be attributed to factors inherent to the Mehlich-1 method, which preferentially extracts
P forms bound to Ca, leading to an overestimation of P availability in recently fertilized
soils [30]. For the evaluation of fertilizer sources, the results of the extraction methods
must be discriminated according to the soil characteristics, especially with regard to the
texture class [31].

Several studies correlate the extractors P-resin and Mehlich-1 [32–34]. These authors
claimed that the lower the amount of clay, the higher the contents extracted by Mehlich-1.
This confirmed the results of this study, which were mostly higher than those obtained by
the P-Resin method. However, Mumbach et al. [35] reported contrary results, emphasizing
that apart from soil texture, which can be explained by the natural phosphates that are
often used for phosphating, the acid extractant predominantly solubilizes Ca-P, resulting in
an overestimation of available P.

Table 3 shows the foliar levels of macronutrients, which indicate lower N and K uptake
in the second than the first year of evaluation. These results may be related to the lower
rainfall in the second year (Figure 2), since N and K movement in the soil is strongly
influenced by mass flow, affecting root uptake [36,37], along with the sandy soil with low
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organic matter content and water retention capacity [38]. Water stress also affects the
development of the root system [39,40], reducing the soil volume exploited for nutrient
uptake. For both nutrients, the values in the second year were below the critical level
considered adequate for the crop [24,28].

The levels of P, Ca and Mg increased in the soil in the second year of evaluation.
The difference in P content can be attributed to the increase in the availability of the
element in the soil due to phosphate fertilization in the application of treatments in two
successive years. While the differences in Ca and Mg observed between the growing
seasons must be related to the 2 Mg ha−1 limestone applied after the first ratoon harvest,
this application may also have affected K uptake due to an imbalance in the K/Ca/Mg
ratio [41]. According to the values found, the three nutrients are within the range considered
suitable for sugarcane [24,28].

Leaf concentrations of S, although applied in fertilization via ammonium sulfate,
were low. This can be attributed to the low amount of soil organic matter, high nutrient
mobility in the soil profile, mainly due to the predominant sandy fraction, or to varietal
characteristics, as also observed by Calheiros et al. [42] in a study with the same variety.

The concentration of parameters that make up the technological quality of sugarcane
stalks was not significant between treatments (Table 4). However, there was a difference
between the two years evaluated in some parameters. In the second year, the leaf moisture
content (U) was lower than in the first, leading to a concentration effect of brix, PC, Pol
and TRS. In turn, the reduction in moisture was a result of the water deficit in the second
crop growth cycle (Figure 2). It is worth emphasizing that the plant, even under water
stress, continues to synthesize sugar, while photosynthesis is affected if the annual water
deficit exceeds 145 mm [43]. According to Araújo et al. [44], the effects of water stress can
be beneficial to accumulate TRS, since the increase in TRS is inversely proportional to the
moisture decrease up to 51 days of water stress before harvesting the stalks.

Another reason for the positive response in the high levels of technological quality
parameters in the second year (Table 4) may be due to the better supply of the system with
P since the nutrient influences the apparent sucrose percentage or pol in cane contained in
sugarcane juice (PC) and juice purity [45]. Although the difference in purity between the
growing seasons was not significant, it increased, confirming the data of Albuquerque et al.
(2016) [46] who attributed an increase in Pol to purity to P application.

The cane stalk yield had a quadratic response to Policote-coated fertilizer, while in
the absence of the Policote, the response was linear up to the rate of 80 kg P2O5 ha−1. The
maximum stalk yield (105.85 Mg ha−1) in response to coated fertilizer was reached at a rate
of 58.58 kg P2O5 ha−1. This yield was similar to that obtained with 80 kg ha−1 uncoated
P2O5, representing a 26% reduction in the applied P rate when using the technology of
fertilizer coating (Figure 4). The yield potential is close to that reported by Gava et al.
(2011); Abreu et al. (2013) [47,48].

An important parameter in the evaluation of sugarcane fertilization is the production
of total reducing sugars, for which the same pattern as for stalk yield was observed,
with maximum yield produced at a rate of 47.57 kg P2O5 ha−1 by applying Policote-
coated fertilizer, reaching a TRS yield of 13.85 Mg ha−1. The response to the uncoated
monoammonium phosphate source fitted a linear model up to the rate of 80 kg P2O5 ha−1,
with a TRS yield of 13.34 Mg ha−1 (Figure 4). Based on these values, the agronomic
efficiency was computed, i.e., 33.21 and 15.87 kg of TRS per kilogram of P2O5, respectively,
for fertilization with or without Policote coating.

In the evaluations of stalk and TRS yield in the second year (third ratoon), only the
difference in the mean of the sources was verified, with higher stalk yield in response to
the application of uncoated fertilizer. The difference between fertilizers may be related to
the lower biodegradability of the polymer [49,50]. This may explain the lower productivity
with the MAP + Policote fertilizer. Clearly, the sparse rainfall directly influenced the
dissolution of the coated fertilizer in the soil, hampering the enzymatic action responsible
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for breaking down the polymers. Along with these factors, the soil SOM levels were low and
consequently, the interactions of organisms and enzymes with the fertilizer were reduced.

Although without significant effect, with the reapplication of the treatments in the second
study year, the mean stalk yield was high in response to the application of 20 kg P2O5 ha−1 of
coated fertilizer, a very different mean in relation to the higher rates of the same fertilizer. These
results suggest the need for further investigation into causes and effects in the application of
high rates of fertilizers with technologies for enhanced efficiency, which may allow the use
of lower rates due to the use of technology in successive years. Multiple authors describe
the beneficial effects of phosphate fertilization with Policote-coated fertilizer and reported no
negative effects due to applications of high fertilizer rates [9,31,51–53].

5. Conclusions

Fertilizers with or without Policote coating induced positive responses in soil P, as
shown by the extractors P-Resin and Mehlich 1. However, the P-Resin extractor proved
to be an adequate detection method of the importance of the polymer in increasing soil
phosphorus availability. Leaf contents did not vary in response to phosphate fertilization.
The technological quality of cane stalks varied between the studied growing seasons with
better results in the second year. The Policote-coated phosphate fertilizer induced higher
stalk and TRS yields in the first experimental year, while the same effect was not observed
in the second year. Nevertheless, with the reapplication of the treatments in the second
study year, the mean stalk yield was high in response to the application of 20 kg P2O5 ha−1

of coated fertilizer, a very different mean in relation to the higher rates of the same fertilizer.
Further research should be encouraged to understand the dynamics between polymer

and the availability of P in soil and the possible effect on the physiology and production
of enzymes that may contribute to nutrient use efficiency. These studies will allow the
understanding of the physiological phenomena that occur with the highest phosphorus
rates in the presence of the polymer.
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Abstract: A nitrification inhibitor is an effective tool that can be used to reduce the loss of nitrogen
(N) and improve crop yields. Most studies have focused on the changes in the soil N mineralization
process that may influence the dynamics of soil inorganic N and the soil N cycle. However, the
effects of the inhibitors on denitrification rates remain largely unclarified. Therefore, in this study,
we monitored the dynamics in annual denitrification rates affected by nitrification inhibitors from
a maize field for the first time. Treatments included inorganic fertilizer (NPK), cattle manure, a
combination of NPK and DMPP (3,4-dimethylpyrazole phosphate), and a combination of manure
and DMPP, applied to brown soils in a no-tillage maize field. The findings demonstrated that the
denitrification rate and denitrifying enzyme activity (DEA) were highly variable and there were no
significant decreases in all treatment groups after the addition of DMPP. Compared to the control soils,
the ammonium (NH4

+-N) concentration was significantly increased, while the nitrate (NO3
−-N)

level was significantly decreased in the DMPP-amended soils less than 30 days after treatment
application, indicating that nitrification was partially inhibited. The formation of NO3

−-N and the
nitrification rates could be markedly reduced by DMPP, while NO3

−-N availability did not affect the
denitrification rates. Complete degradation of DMPP was observed in the soil on day 70 after DMPP
addition, and its half-life was 10 days. Our study may ultimately help to clarify the characteristics
of denitrification rates affected by nitrification inhibitors from different N fertilizer types applied to
soils and explore the influencing factors of the dynamics in annual denitrification rates. However,
more field studies evaluating the effectiveness of nitrification inhibitors in reducing denitrification
under different sites and climate conditions, and the molecular mechanisms driving denitrification
rate changes, need to be performed in the future.

Keywords: denitrification process; inhibitors; N transformation; nitrification rates

1. Introduction

In agricultural systems, nitrogen (N) is a critical nutrient that can lead to greater crop
yields and higher production of wool, eggs, milk, and animal tissues [1]. The improved N
availability has allowed farmers to intensify production and to cultivate low productive
soils. However, N may not be fully utilized in soil, as the plant uptake of fertilizer N does
not exceed half of the N applied [2]. A significant amount of excess N in the environment
originating from fertilizer N is lost from the soil and plant systems through volatilization
and denitrification [3]. Thus, considerable attention has been paid to the impact of N on
the environment.

As an important anthropogenic greenhouse gas, nitrous oxide (N2O) has a global
warming effect approximately 300 times that of CO2 [4,5]. N2O is typically formed in the
soils via nitrification–denitrification processes. Nitrification (the oxidation of NH4

+-N (am-
monium) to NO3

−-N (nitrate)) and denitrification (the reduction of NO3
−-N to dinitrogen

gas) occur under aerobic and anaerobic conditions, respectively [6]. Denitrification not only
leads to the generation of N2O, but also represents a possible mechanism for the loss of
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available N in plants [6]. Thus, the development of a novel strategy is needed to protect the
environment and guarantee the production of crop products.

Nitrification inhibitors are a potential strategy that can fulfill both environmental
and productivity goals [7,8]. By disrupting the roles of Nitrosomonas bacteria, nitrification
inhibitors can inhibit the conversion of soil NH4

+-N to NO3
−-N, leading to a decrease in

the soil pool of NO3
− [9]. NH4

+-N can be more easily absorbed to the soil than NO3
−-N,

resulting in the better uptake of NH4
+-N by plants or immobilization with dissolved

organic matter, instead of leaching losses [10]. Most studies have demonstrated that nitrifi-
cation inhibitors can attenuate nitrate leaching and N2O lost to the environment, thereby
improving N usage and leading to better plant growth [11,12]. By reducing NO3

−-N con-
centrations, nitrification inhibitors can indirectly regulate other microbial processes (e.g.,
denitrification rates) [13]. Denitrification can be affected by a variety of factors, such as
NO3

−-N concentrations, soil moisture, soil pH, available C, and temperature [14]. However,
contradictory results have been obtained regarding the ability of nitrification inhibitors
to affect denitrification. It has been reported that nitrification inhibitors can inhibit the
oxidation of NH4

+ to NO3
−, but do not reduce denitrification rates [15]. On the contrary,

nitrification inhibitors have been shown to reduce both nitrification and denitrification in
soils after the application of cattle slurry [14]. However, when an inhibitor was added into
mineral-fertilized soil, there was no significant decrease in N2O emissions [16]. It remains
unknown whether nitrification inhibitors can decrease denitrification rates in arable soils,
where N fertilizer and cattle manure are the major sources of N.

Among the most widely used NIs, 3,4-dimethylpyrazole phosphate (DMPP) is one of
the most effective at improving N retention and reducing losses [17]. It has been indicated
that DMPP has the advantages of a long-lasting inhibitory effect, low application rate, high
persistence, and minor eco-toxicological side effects on plants [18,19]. Previous studies
have indicated that the performance of DMPP in reducing the nitrification rate is not
constant, as the persistence and effectiveness of DMPP in soil are strongly influenced by the
environmental conditions (e.g., soil temperature) [20]. If the widespread use of DMPP is to
be encouraged to reduce N losses, it is important to know which other aspects of the N cycle
are affected by this compound. Various studies have demonstrated that animal manure
applications would input large amounts of metabolizable C, mineral N, and water into soil
simultaneously, which may favor both the nitrification and denitrification processes [21].
Previous researchers have mainly focused on the effects of nitrification inhibitors (e.g., DCD,
nitripyrin) on changes in the soil N mineralization process that may influence the dynamics
of soil inorganic N and the soil N cycle, lacking comparison with denitrification rates from
other N fertilizers and nitrification inhibitors (DMPP) [22,23]. Moreover, observations of the
denitrification process under various fertilizers with DMPP application during the whole
maize growing period are lacking. Hence, a field experiment was performed to determine
whether DMPP can affect denitrification rates by limiting NO3

− availability. Therefore,
the specific objectives of this study were to (1) clarify the characteristics of denitrification
rates affected by nitrification inhibitors from different N fertilizer types applied to soils;
(2) explore the influencing factors of the dynamics in annual denitrification rates (e.g.,
DMPP concentrations, soil properties). This will provide insightful information for our
understanding of the achievement of inhibitors on the mitigation of N losses in arable soil
under field conditions.

2. Materials and Methods
2.1. Experimental Fields

The field study was carried out at the Shenyang Experimental Station of the Institute of
Applied Ecology, Chinese Academy of Sciences (41◦32′ N, 123◦23′ E) in Liaoning province.
The average annual temperature and precipitation are 7.0–8.0 ◦C and 700 mm, respectively,
with 147–164 frost-free days. According to the soil taxonomy classification, the soil can be
classified as Alfisols. The soil properties at 0–20 cm depth are shown in Table 1. Maize
(Zea mays L.) is continuously planted in early May and harvested in late September.
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Table 1. Characteristics of the soils (0–20 cm) and manure used in this study.

Types pH
(H2O)

Total P
(g kg−1)

Total N
(g kg−1)

Total K
(g kg−1)

Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1)

Organic Carbon
(g kg−1)

Soil 6.8 0.59 1.49 16.8 91.1 14.7 90.7 12.2

Manure 7.2 6.9 22.35 16.7 - - - 2.54

2.2. Experimental Design and Field Management

Five treatments were included and organized in a randomized design with 3 replicates
in this study: unfertilized controls (CK); NPK (T2); NPK + DMPP (T3); cattle manure (T4);
manure + DMPP (T5). The plots were 20 m2 (4 m × 5 m) and randomly placed at a distance
of 1.5 m apart. In this study, urea was applied at a rate of 200 kg/K/ha; phosphorus (P)
and potassium (K) fertilizers, as K2SO4 and KH2PO4, were applied at 58 kg/K/ha and
30 kg/P/ha. The cattle manure was applied at 2 Mg/ha. The manure characteristics are
shown in Table 1. The inhibitor DMPP was applied at the rate of 1% of urea N. All fertilizers
and inhibitors were added to the topsoil (0–10 cm) before maize sowing. The maize hybrid
‘Dandong 1501′ was sown on 4 May 2021 at a 25-cm distance between seeds within rows
and 60-cm row spacing to reach a target density of 6.67 plants/m2. All crops were harvested
on 28 September. The field management was in accordance with the routine cultivation
practices of the local farmers.

2.3. Soil Sampling and Measurement

The soils were sampled on days 0, 5, 10, 15, 20, 30, 45, 70, 100, 130, and 160 after
fertilizer application. Four individual samples at each plot were collected using a 3-cm soil
auger and then mixed thoroughly to obtain individual bulked plot soil samples. The mineral
N concentration (NO3

−-N and NH4
+-N) was detected after sieving the fresh soils (<2 mm)

and extraction with 2 M KCl. A combined electrode pH meter was employed to assess soil
pH at a soil: water ratio of 1:2.5. Soil microbial biomass (SMB) was evaluated by substrate-
induced respiration. The soil carbon availability was subsequently assessed. Briefly, the
soil sample (35 g) was placed in a 1.8-L glass preserving jar, which was then sealed with
a septum stopper-fitted lid. After incubation at 25 ◦C for 7 days, the accumulation of
CO2 in the headspace atmosphere of the preserving jar was evaluated as an indicator of
soil respiration.

2.4. In Situ Denitrification Rates

The static soil core incubation system was used to measure the in situ denitrification
rates according to the acetylene inhibition method [24,25]. Briefly, the intact soil cores
consisting of PVC pipes with uniformly distributed holes were isolated and transferred
into a glass preserving jar sealed with a septum stopper-fitted lid. Then, 120 mL acetylene
(10% v/v of headspace) was placed in the jar, mixed thoroughly, and kept in a temperature-
controlled room. Gases (22 mL) were collected from the jars at 30 min and 3, 6, and 24 h
following acetylene addition, and then injected into a vacutainer until further use. All
specimens were analyzed using a gas chromatography system (Philips, Cambridge, MA,
USA) equipped with an electron capture detector at 350 ◦C. A porous packed column was
used to separate the gas samples at 80 ◦C. The temperature at the injection port was 120 ◦C.
To calculate the total denitrification rate, the solubility of N2O in the soil water was taken
into account using the temperature-dependent Bunsen absorption coefficient.

2.5. Denitrifying Enzyme Activity

To measure DEA, 10 g soil samples were weighed into a 100-mL Schott bottle [26,27].
Then, 20 mL nitrate glucose solution (0.1 g KNO3 and 0.2 g glucose in 1 L water) containing
0.125 g chloramphenicol was placed into the Schott bottle. After sealing with rubber septum-
fitted lids, the bottles were flushed with N gas for 2 min. Then, 10 mL acetylene was used
to prevent the conversion of dinitrogen gas from N2O. All specimens were incubated at
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25 ◦C with shaking. After the removal of 5 mL headspace at 15- and 75-min intervals, the
samples were kept in a 3-mL evacuated vacutainer until further use. Finally, all specimens
were analyzed using the gas chromatography system (Philips, Cambridge, USA).

2.6. DMPP Extraction and Its Qualification

DMPP extraction and qualification was adapted from previous studies by Benckiser
et al. (2013) and Chen et al. (2019) [20,28]. To extract DMPP from the soil sample, 10 g field
fresh soil, 10 mL distilled water, and 0.2 mL 1 M K3PO4 were mixed together and shaken
for 2 h at 30 rpm. Then, 0.2 mL 1 M CaCl2 was added to the soil suspensions and samples
were shaken for another 30 min at 30 rmp. Afterwards, 1 mL 1 M NaOH was added and
samples were further shaken for 1 h. For transferring DMP into the t-butyl-methyl-ether
phase (MTBE), 15 mL of MTBE was added and samples shaken for 1 h. The extract was then
centrifuged at 3000 rmp for 5 min. The supernatant was evaporated and filtered through a
0.45-µm Millipore filter. The DMPP concentration was quantified with a Shimadzu HPLC
device (Shimadzu, Kyoto, Japan) using a 5 µm, 4.6 × 150 mm Shiseido Spolar C18 column
(Shiseido, Tokyo, Japan).

2.7. Statistical Analysis

The differences in soil biochemical parameters were analyzed by two-way ANOVA
using SPSS Statistics 16.0 (SPSS Inc., Chicago, IL, USA). The 5% confidence level (p < 0.05)
was considered statistically different. Pearson correlation analysis was employed to analyze
the relationships between soil properties and denitrification rates.

3. Results
3.1. Soil Denitrification Rates

A remarkable seasonal effect was observed for the denitrification rates. The highest
denitrification rate was observed in summer, while the lowest denitrification rate was
detected in spring and autumn (Figure 1a). The application of urea and manure could lead
to an increase in denitrification compared with the control treatment. There was no marked
difference between urea- or manure-only soils and DMPP-amended soils, indicating that
DMPP may not inhibit denitrification rates (Figure 1a).
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Figure 1. Denitrification rate (a) and denitrifying enzyme activity (b) at different days following
application of different treatments. Data were presented as mean values with standard errors (n = 3).
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As with denitrification rates, the highest DEA was found in the spring and summer
months, while the lowest DEA was found in the autumn months. The increased DEA in the
urea- or manure-amended soils was most obvious on day 5 after the fertilizer application
and decreased with time (p < 0.05, Figure 1b). DEA was higher in manure-amended soils
than other treatments (p < 0.05). Application of DMPP to soils could reduce DEA compared
to urea- or manure-only treatment, but this difference was not significant (Figure 1b).

3.2. Soil Microbial Mass, C Availability, pH, NH4
+-N, and NO3

−-N Concentration

The manure-amended soils had an increase in SMB compared with the urea-amended
soils on day 5 after manure application (p < 0.05). However, the difference was negligi-
ble on day 30 (Figure 2a). SMB was not influenced by the application of DMPP in all
treatment groups.
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Figure 2. Soil microbial biomass (a), soil pH (b), carbon availability (c), NH4
+-N concentration (d),

NO3
−-N concentration (e), and DMPP concentration (f) at different days following application of

different treatments. Data were presented as mean values with standard errors (n = 3).

The manure-amended soils demonstrated an obvious reduction in C availability over
the sampling period (p < 0.05). However, the C availability was not decreased in both
control and urea-amended soils (Figure 2b). No significant differences in carbon availability
were observed among all treatment groups, indicating that C availability was not influenced
by the addition of nitrification inhibitors in all treatment groups. Likewise, no significant
differences in soil pH and C availability were observed between DMPP-amended soils and
urea or manure soils (Figure 2c).

A similar variation trend was observed in all the fertilization treatments. After the
application of NPK and manure soils, the concentrations of NH4

+-N and NO3
−-N were

first increased and then declined. In the urea and manure treatments, the addition of
inhibitors could lead to higher soil NH4

+-N concentrations compared to the soil without
inhibitors (Figure 2d, p < 0.05). However, this was only significant before 20 days after
inhibitor application, and, by day 30, the difference was negligible (Figure 2d,e). The
manure-amended soils with inhibitors also had lower NO3

−-N content compared to those
without inhibitors between 45 and 70 days after fertilization (p < 0.05).
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In this study, Pearson correlation analysis was employed to analyze the relationships
between soil properties and denitrification rates. The results revealed that the effect of
inhibitors on denitrification rates was not markedly associated with DEA, soil NH4

+-N,
NO3

−-N, soil pH, and carbon availability (Table 2).

Table 2. Pearson correlation analysis of denitrification rates and soil properties.

Variable Factors
NPK NPK + DMPP Manure Manure + DMPP

R2 P R2 P R2 P R2 P

DEA 0.121 0.532 0.247 0.064 0.178 0.074 0.674 0.421

NH4
+-N 0.378 0.126 0.498 0.079 0.452 0.145 0.546 0.178

NO3
−-N 0.236 0.214 0.216 0.142 0.312 0.126 0.201 0.097

pH 0.145 0.145 0.347 0.078 0.147 0.245 0.394 0.076

Carbon availability 0.189 0.321 0.421 0.231 0.325 0.365 0.414 0.069

3.3. Rate of Inhibitor Loss in the Soils

The degradation rate of DMPP was dramatically increased (Figure 2f). On day 5 after
DMPP application, 81% of the applied DMPP was degraded. DMPP was not detectable in
the soil on day 70. A half-life of 10 days was detected for DMPP.

4. Discussion
4.1. Impact of DMPP on Soil Denitrification Rates

In all the treatment groups, the denitrification rates increased progressively during
the first 40 days after fertilization, with a progressive decrease observed on the following
days. Previous research has shown that the denitrification rate is largely dependent on
enzyme activity. The reduced denitrification rate over time in each treatment group may
be a consequence of the decay of denitrifying microbes—that is, the DEA of soil [29]
(Figure 1b). The application of inhibitors did not decrease the denitrification rates compared
to soils treated with urea or manure only (Figure 1a). This may be due to the fact that the
concentration of NO3

−-N exceeded 5 mg NO3
−/kg soil, which is regarded as a threshold

for denitrification [26]. The high concentration of NO3
−-N in the soil may limit the role of

nitrification in supplying nitrate to denitrifiers [30]. Nitrification has become less crucial
to ensure the adequate denitrification of NO3

−-N in denitrifying microbes. However,
nitrification inhibitors can attenuate the losses of denitrification in soils with low initial
NO3

−-N concentrations by affecting the availability of the nitrate pool in denitrifying
microorganisms [30]. The limited denitrification by NO3

− could also be attributed to the
rapid degradation of inhibitors in the soil, thus decreasing the effectiveness of the inhibitors,
which was supported by the inhibitor degradation data in our study. A remarkable decline
(81%) in the concentrations of inhibitors was observed on day 5 after inhibitor application,
which was probably due to microbial degradation, leaching, or sorption to soil organic
matter (Figure 2f).

Furthermore, our results showed that the application of inhibitors did not affect soil
DEA in all treatment groups (Figure 1b). DEA can be used to reflect the population size
of denitrifying microorganisms, which is an indicator of the optimum conditions for deni-
trification [24,26]. The inability of inhibitors to regulate DAE in the soil can explain why
the denitrification rates are not influenced by inhibitor application, as the denitrifying
microbial communities were not inhibited. Similarly, previous work found that the appli-
cation of nitrification inhibitors to urea did not inhibit denitrification [26]. Another study
demonstrated that the effects of nitrification inhibitors on denitrification rates relied on
the levels of available C [31]. The application of manure to the soil slightly increased the
quantity of C present in the soil, and therefore the effects of DMPP in manure-amended
soils were expected to improve slightly [32]. In our study, the manure-amended soils had
higher DEA than the other two treatment groups (Figure 1b). The increased microbial
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population might be attributed to the manure containing additional sources of nitrate and
soluble C for microbial utilization [33].

4.2. Impacts of DMPP on Carbon Availability, Soil Microbial Biomass, and pH

It is crucial to assess whether the application of inhibitors can adversely influence
the growth of soil microbial populations, as DMPP can specifically target the nitrifying
bacteria [28]. As shown in Figure 2, the application of inhibitors did not affect SMB. These
results are in agreement with previous findings reporting that DMPP did not affect the
microbial biomass [28]. The non-significant effect of DMPP on SMB may be attributed to
the fact that DMPP is bacteriostatic rather than bactericidal in its action [20].

In general, the application of DMPP had no effect on soil pH. A decline in soil pH
was noted in all treatment groups between days 5 and 15, which may be related to the
nitrification process, as nitrification is a major cause of soil acidification [34]. In this study,
multiple stepwise regression analysis revealed that the effect of inhibitors on denitrification
rates was not markedly associated with DEA, soil NH4

+-N, NO3
−-N soil pH, or carbon

availability. More studies are needed to clarify the molecular mechanisms underlying the
inhibitory effects of nitrification inhibitors on denitrification rates.

5. Summary

The results showed that the denitrification rates and denitrifying enzyme activities
were highly variable in different growing periods, but were not affected by the application
of inhibitors. Partial inhibition of the nitrification process was observed, as revealed by an
increase in the NH4

+-N concentration and a decrease in the NO3
−-N concentration in the

inhibitor treatments compared with the urea- or manure-only treatments. However, the
decrease in NO3

−-N was not sufficient to limit NO3
−-N availability to denitrifiers, and,

thus, the denitrification rates were found to not decrease. SMB, soil pH, and microbial
respiration were not affected by nitrification inhibitors, regardless of whether manure or
urea was applied in the soil. Our results concluded that the formation of NO3

−-N and the
nitrification rates could be markedly reduced by DMPP, while NO3

−-N availability did
not affect the denitrification rates. Furthermore, to confirm the findings of this study, field
studies under different sites to explore additional mechanisms driving changes over longer
time periods are needed.

Author Contributions: Conceptualization, J.L.; methodology, J.L.; software, J.L.; validation, W.W.
(Wenyu Wang), W.W. (Wei Wang), and Y.L.; formal analysis, J.L. and W.W. (Wenyu Wang); investiga-
tion, W.W. (Wei Wang) and Y.L.; resources, J.L.; data curation, J.L.; writing—original draft preparation,
J.L.; writing—review and editing, J.L.; visualization, J.L.; supervision, J.L., project administration, J.L.;
funding acquisition, J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Natural Science Foundation of China (42277324);
Liaoning Revitalization Talents Program (XLYC2007088); Strategic Priority Research Program of the
Chinese Academy of Sciences (XDA28090200); and Guangxi Science and Technology Base and Talent
Project (AD 20297090).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Wang, X.; Wang, G.; Guo, T.; Xing, Y.; Mo, F.; Wang, H.; Fan, J.; Zhang, F. Effects of plastic mulch and nitrogen fertilizer on the soil

microbial community, enzymatic activity and yield performance in a dryland maize cropping system. Eur. J. Soil Sci. 2021, 72,
400–412. [CrossRef]

2. Klimczyk, M.; Siczek, A.; Schimmelpfennig, L. Improving the efficiency of urea-based fertilization leading to reduction in
ammonia emission. Sci. Total Environ. 2021, 771, 13. [CrossRef] [PubMed]

3. Galloway, J.N.; Townsend, A.R.; Erisman, J.W.; Bekunda, M.; Cai, Z.; Freney, J.R.; Martinelli, L.A.; Seitzinger, S.P.; Sutton, M.A.
Transformation of the Nitrogen Cycle: Recent Trends, Questions, and Potential Solutions. Science 2008, 320, 889–892. [CrossRef]
[PubMed]

168



Agronomy 2022, 12, 2749

4. Wang, Y.; Yao, Z.; Zhan, Y.; Zheng, X.; Zhou, M.; Yan, G.; Wang, L.; Werner, C.; Butterbach-Bahl, K. Potential benefits of liming to
acid soils on climate change mitigation and food security. Glob. Chang. Biol. 2021, 27, 2807–2821. [CrossRef]

5. Zhou, X.; Wang, S.; Ma, S.T.; Zheng, X.; Wang, Z.; Lu, C. Effects of commonly used nitrification inhibitors-dicyandiamide (DCD),
3,4-dimethylpyrazole phosphate (DMPP), and nitrapyrin on soil nitrogen dynamics and nitrifiers in three typical paddy soils.
Geoderma 2020, 380, 114637. [CrossRef]

6. Dobbie, K.E.; Smith, K.A. Impact of different forms of N fertiliser on N2O emissions from intensive grassland. Nutr. Cycl.
Agroecosys. 2003, 67, 37–46. [CrossRef]

7. Barton, K.; McLay, C.D.A.; Schipper, L.A.; Smith, C.T. Annual denitrification rates in agricultural and forest soils: A review. Aust.
J. Soil Res. 1999, 37, 1073–1093. [CrossRef]

8. Saud, S.; Wang, D.; Fahad, S. Improved nitrogen use efficiency and greenhouse gas emissions in agricultural soils as producers of
biological nitrification inhibitors. Front. Plant Sci. 2022, 13, 854195. [CrossRef]

9. Ledgard, S.F.; Menneer, J.C. Nitrate leaching in grazing systems and management strategies to reduce losses. Occas. Rep. 2005, 18,
79–92.

10. Di, H.J.; Cameron, K.C. Reducing environmental impacts of agriculture by using a fine particle suspension nitrification inhibitor
to decrease nitrate leaching from grazed pastures. Agr. Ecosyst. Environ. 2005, 109, 202–212. [CrossRef]

11. Weiske, A.; Benckiser, G.; Ottow, J.C.G. Effect of the new nitrification inhibitor DMPP in comparison to DCD on nitrous oxide
(N2O) emissions and methane (CH4) oxidation during 3 years of repeated applications in field experiments. Nutr. Cycl. Agroecosys.
2001, 60, 57–64. [CrossRef]

12. Majumdar, D.; Pathak, H.; Kumar, S.; Jain, M.C. Nitrous oxide emission from a sandy loam Inceptisol under irrigated wheat in
India as influenced by different nitrification inhibitors. Agric, Ecosyst, Environ. 2002, 91, 283–293. [CrossRef]

13. Xh, A.; Jme, A.; Ft, B.; Vm, A.; Gm, A.; Fm, A. Dimethylpyrazole-based nitrification inhibitors have a dual role in N2O emissions
mitigation in forage systems under Atlantic climate conditions. Sci. Total. Envrion. 2022, 807, 150670.

14. Hénault, C.; Germon, J.C. NEMIS, a predictive model of denitrification on the field scale. Eur. J. Soil Sci. 2000, 51, 257–270.
[CrossRef]

15. Vallejo, A.L.; Garcia-Torres, J.A.; Diez, A.; Lopez-Fernandez, S. Comparison of N losses (NO3
−, N2O, NO) from surface applied,

injected or amended (DCD) pig slurry of an irrigated soil in a Mediterranean climate. Plant Soil 2005, 272, 313–325. [CrossRef]
16. Merino, P.; Menendez, S.; Pinto, M.; Gonzalez-Murua, C.; Estavillo, J.M. 3, 4-Dimethylpyrazole phosphate reduces nitrous oxide

emissions from grassland after slurry application. Soil Use Manag. 2005, 21, 53–57. [CrossRef]
17. Pan, B.; Xia, L.; Lam, S.K.; Wang, E.; Zhang, Y.; Mosier, A.; Chen, D. A global synthesis of soil denitrification: Driving factors and

mitigation strategies. Agr. Ecosyst. Environ. 2022, 327, 107850. [CrossRef]
18. Di, H.J.; Cameron, K.C. Inhibition of ammonium oxidation by a liquid formulation of 3,4-Dimethylpyrazole phosphate (DMPP)

compared with a dicyandiamide (DCD) solution in six new Zealand grazed grassland soils. J. Soils Sediments. 2011, 11, 1032–1039.
[CrossRef]

19. Shi, X.Z.; Hu, H.W.; He, J.Z.; Chen, D.L.; Suter, H.C. Effects of 3,4-dimethylpyrazole phosphate (DMPP) on nitrification and
the abundance and community composition of soil ammonia oxidizers in three land uses. Biol. Fertil. Soils. 2016, 52, 927–939.
[CrossRef]

20. Chen, H.; Yin, C.; Fan, X.; Ye, M.; Peng, H.; Li, T.; Zhao, Y.; Wakelin, S.A.; Chu, G.; Liang, Y. Reduction of N2O emission by biochar
and/or 3,4-dimethylpyrazole phosphate (DMPP) is closely linked to soil ammonia oxidizing bacteria and nosZI-N2O reducer
populations. Sci. Total Environ. 2019, 694, 133658. [CrossRef]

21. Luchibia, O.; Suter, H.; Hu, W.; Lam, K.; He, Z. Effects of repeated applications of urea with DMPP on ammonia oxidizers,
denitrifiers, and non-targeted microbial communities of an agricultural soil in Queensland, Australia. Appl. Soil Ecol. 2020,
147, 103392. [CrossRef]

22. Di, H.J.; Cameron, K.C. Sources of nitrous oxide from 15N-labelled animal urine and urea fertilizer with and without a nitri-fication
inhibitor, dicyandiamide (DCD). Aust. J. Soil Res. 2008, 46, 7682.

23. Lui, C.; Mi, X.; Zhang, X.; Fan, Y.; Zhang, W.; Liao, W.; Xie, J.; Gao, Z.; Roelcke, M.; Liu, H. Impacts of slurry application methods
and inhibitors on gaseous emissions and N2O pathways in meadow-cinnamon soil. J. Environ. Manag. 2022, 318, 115560.

24. Adrian, B.; Mario, C.M.; Luis, M.A.; Pedro, M.A.; Carmen, G.M. Evaluation of a crop rotation with biological inhibition po-tential
to avoid N2O emissions in comparison with synthetic nitrification inhibition. J. Environ. Sci. 2023, 127, 222–233.

25. Tiedje, J.M.; Simkins, S.; Groffman, P.M. Perspectives on measurement of denitrification in the field including recommended
protocols for acetylene based methods. Plant Soil 1989, 115, 261284. [CrossRef]

26. Luo, J.; White, R.E.; Ball, R.P.; Tillman, R.W. Measuring denitrification activity in soils under pasture: Optimizing conditions
for the short-term denitrification enzyme assay and effects of soil storage on denitrification activity. Soil Biol. Biochem. 1996, 28,
409–417. [CrossRef]

27. Watkins, N.L.; Schipper, L.A.; Sparlinga, G.P.; Thorroldb, B.; Balks, M. Multiple small monthly doses of dicyandiamide (DCD) did
not reduce denitrification in Waikato dairy pasture. N. Z. J. Agri. Res. 2013, 56, 37–48. [CrossRef]

28. Benckiser, G.; Christ, E.; Herbert, T.; Weiske, A.; Blome, J.; Hardt, M. The nitrification inhibitor 3,4-dimethylpyrazole-phosphat
(DMPP)—Quantification and effects on soil metabolism. Plant Soil 2013, 371, 257–266. [CrossRef]

29. Calderon, F.J.; McCarty, G.W.; Reeves, J.B. Nitrapyrin delays denitrification on manured soils. Soil Sci. 2005, 170, 350–359.
[CrossRef]

169



Agronomy 2022, 12, 2749

30. Thompson, R.B. Denitrification in slurry-treated soil: Occurrence at low temperatures, relationship with soil nitrate and reduction
by nitrification inhibitors. Soil Biol. Biochem. 2005, 21, 875882. [CrossRef]

31. Zhang, H.; Hunt, D.E.; Ellert, B.; Maillard, E.; Kleinman, P.J.A.; Spiegal, S.; Angers, D.A.; Bittman, S. Nitrogen dynamics after
low-emission applications of dairy slurry or fertilizer on perennial grass: A long term field study employing natural abundance
of δ15N. Plant Soil 2021, 465, 415–430. [CrossRef]

32. David, R.; Wei, S. Nitrapyrin-based nitrification inhibitors shaped the soil microbial community via controls on soil pH and
inorganic N composition. Appl. Soil Ecol. 2022, 170, 104295.

33. Antonio, C.H.; Jesus, G.L.; Antonio, V.; Eulogio, J.B. Effect of urease and nitrification inhibitors on ammonia volatilization and
abundance of N-cycling genes in an agricultural soil. J. Plant Nutr. Soil Sci. 2020, 183, 99–109.

34. Ouyang, Y.; Evans, S.E.; Friesen, M.L.; Tiemann, L.K. Effect of nitrogen fertilization on the abundance of nitrogen cycling genes in
agricultural soils: A meta-analysis of field studies. Soil Biol. Biochem. 2018, 127, 71–78. [CrossRef]

170



Citation: Korzeniowska, J.;

Stanislawska-Glubiak, E. Differences

in the Concentration of

Micronutrients in Young Shoots of

Numerous Cultivars of Wheat, Maize

and Oilseed Rape. Agronomy 2022, 12,

2639. https://doi.org/10.3390/

agronomy12112639

Academic Editors: Christos Noulas,

Shahram Torabian and Ruijun Qin

Received: 3 October 2022

Accepted: 25 October 2022

Published: 26 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Differences in the Concentration of Micronutrients in Young
Shoots of Numerous Cultivars of Wheat, Maize and
Oilseed Rape
Jolanta Korzeniowska * and Ewa Stanislawska-Glubiak

Department of Weed Science and Soil Tillage Systems in Wroclaw, Institute of Soil Science and Plant
Cultivation-State Research Institute in Pulawy, ul. Orzechowa 61, 50-540 Wroclaw, Poland
* Correspondence: j.korzeniowska@iung.wroclaw.pl

Abstract: Individual species of cultivated plants differ in the content of microelements in the shoots.
The aim of our research was to test the hypothesis that the variability of the micronutrient content
between cultivars of the same species may be similar or even greater than the differences between
species. The research material consisted of shoot samples of 12 wheat, 10 maize and 12 rape varieties
collected from production fields in Poland. The smallest number of samples (replicates) within
one cultivar was 10. A total of 481 wheat samples, 141 maize samples and 328 rapeseed samples
were taken. Wheat samples were taken at the beginning of the stem elongation stage (BBCH 30/31);
maize, when the plants reached a height of 25–30 cm (BBCH 14–15); and rape, in the period from
the beginning of the main stem elongation stage to the appearance of the first internode (BBCH
30/31). All varieties of the tested crop species were grown in similar soil conditions in terms of
pH, texture and TOC content. B, Cu, Fe, Mn and Zn were determined in all plant samples. Wheat
showed a significantly lower average concentration of all micronutrients compared to rape and maize
(e.g., 10 times less B than rape). On the other hand, among the species tested, rape had the highest
concentration of B, Cu and Zn, and maize had the highest concentration of Fe and Mn. In all three
tested crops, the differences in the content of B and Zn were greater between species than between
cultivars. In the case of Cu, Mn and Fe concentration, the cultivar differences exceeded the species
differences. The results suggest that there is no need to take cultivars into account when fertilizing
with B and Zn. In contrast, fertilization with Cu, Mn and Fe needs to take into account different
requirements of the cultivars for these micronutrients.

Keywords: microelements’ diversity; aerial part; crops; species; cultivars

1. Introduction

In order to achieve a satisfactory yield, plants should be provided with the proper
level of nutrients in the soil. In addition to macronutrients, micronutrients are needed.
These elements are needed in small quantities but are absolutely essential for plant life and
development. Micronutrients such as boron (B), copper (Cu), iron (Fe), manganese (Mn),
molybdenum (Mo) and zinc (Zn) are involved in many metabolic processes in the plant,
influencing the optimal use of macronutrients and the overall health and condition of the
plant [1].

In addition to being essential for plants, micronutrients are needed by their consumers
—humans and animals. Too low levels of these nutrients in food and feed can cause many
human and animal diseases. It is estimated that more than two billion people worldwide
suffer from a lack of micronutrients, known as “hidden hunger” [2,3]. Iron and zinc
deficiencies are the most common [4,5]. These deficiencies occur in people whose daily
diet is based on cereal grains, mainly wheat, rice and corn [6]. Such situation occurs in
the absence of plant-available forms of micronutrients in the soil, and can be corrected
by fertilization.
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Different crop species differ in their micronutrient concentration and uptake from the
soil. It is generally accepted that plants with higher uptake have higher fertilizer require-
ments. Many fertilization guides state that the decision to fertilize with micronutrients can
be made on the basis of their content in young plants [7–10]. For this purpose, relevant
plant parts (usually whole shoots or leaves) at a strictly defined growth stage are taken,
micronutrients are determined, and nutrition of the plants is assessed using the respective
critical limits/deficiency limits. If the nutritional status of the plants with micronutrients is
insufficient, it should be supplemented by foliar fertilization.

Micronutrient deficiency limits in plants are usually set for individual crop
species [11–13]. However, within each species there are many cultivars. Breeders, in the
search for better yielding, more stress-tolerant or more desirable plants for consumers, cre-
ate new cultivars every year that meet these expectations. These cultivars may also show
significant differences in micronutrient concentration and, thus, require different fertilization.

The literature provides little information on the variation of micronutrient concen-
trations in staple crop cultivars. Studies performed worldwide have focused mainly on
Fe and Zn content in grain. Maganati et al. [14] observed significant differences in the
content of Fe and Zn in the grain of 153 rice genotypes. Fe concentrations ranged from 6.9
to 22.3 mg kg−1, while Zn concentrations ranged from 14.5 to 35.3 mg kg−1. Ray et al. [15]
showed differences in micronutrient concentration in the grain of many pea, bean, lentil
and chickpea cultivars, with significant differences mainly in zinc. Tran et al. [16] showed
significant differences in the content of Zn and Fe in the grain of different wheat geno-
types. The content of Zn was in the wide range of 86.5–209.0 mg kg−1, and Fe was in the
range 51.7–91.8 mg kg−1. Significant differences in B and Cu concentrations in grain and
young shoots of several winter wheat cultivars were also observed by Korzeniowska [17]
and Korzeniowska and Stanislawska-Glubiak [18]. Genc et al. [19] reported a significant
difference in Zn content in young shoots of two winter barley cultivars. According to
the literature, the differences in the content of micronutrients in cultivars are genetically
and environmentally determined [20]. The main agricultural crops in Poland, along with
triticale and rye, are wheat, maize and rape. Wheat is cultivated on 2511 thousand hectares
of arable land, maize on 1265 thousand hectares of arable land and rape on 875 thousand
hectares of arable land [21]. These three species are the most important representatives
of cereal, fodder and oilseed crops in Poland, which together cover more than 40% of the
country’s sown area.

Based on our previous research and the literature cited, it was hypothesized that the
variation in the micronutrient content in plants between cultivars of the same species may
be similar or even greater than the differences between species. The aim of our study was
to investigate the concentration of microelements in young plants of a dozen varieties of
winter wheat (Triticum aestivum L.), maize (Zea mays L.) and winter rape (Brassica napus L.)
and to verify our hypothesis on the basis of the data obtained in this way.

2. Materials and Methods
2.1. Sample Collection

In 2016–2018, samples of plants and soil were taken from the fields of winter wheat,
winter rape and maize in order to compare the concentrations of micronutrients in species
and cultivars. In total, 12 wheat, 10 maize and 12 rape cultivars were included in the study.
Samples taken within one cultivar were treated as replications. The number of replications
and the characteristics of the cultivars are shown in Tables 1–3. The smallest number of
samples (replications) within one cultivar was 10 (Table 2). A total of 481 plant–soil pairs
were collected from wheat fields, 141 from maize fields and 328 from rape fields. All the
samples were collected by accredited sample takers from 16 Polish provinces, usually one
plant–soil pair from each “gmina”, the smallest administrative unit. Sampling points were
quite evenly distributed throughout Poland (Figure 1).
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Table 1. Characteristics of wheat cultivars and the number of samples taken.

No. Cultivar Usage 1 Year 2 Breeder No. of
Samples

1 Arkadia Ark A 2011 DANKO Hodowla Roślin sp. z o.o., Poland 100

2 Bamberka Bam A 2009 Hodowla Roślin Strzelce sp. z o.o., Poland 46

3 Bogatka Bog B 2004 DANKO Hodowla Roślin sp. z o.o., Poland 14

4 Hondia Hon A 2014 DANKO Hodowla Roślin sp. z o.o., Poland 11

5 Julius Jul A - KWS Lochow GmbH, Germany 88

6 Linus Lin A 2011 RAGT 2 n, France 30

7 Muszelka Mus B 2008 DANKO Hodowla Roślin sp. z o.o., Poland 11

8 Ostroga Ost A 2008 DANKO Hodowla Roślin sp. z o.o., Poland 48

9 Ozon Ozo B 2010 KWS Lochow GmbH, Germany 26

10 Sailor Sai A 2011 DANKO Hodowla Roślin sp. z o.o., Poland 30

11 Skagen Ska A 2009 W. von Borries-Eckendorf GmbH & Co. KG, Germany 44

12 Tonacja Ton A 2001 Hodowla Roślin Strzelce sp. z o.o., Poland 33

Total 481
1 A: quality, B: bread;2 year of registration.

Table 2. Characteristics of maize cultivars and the number of samples taken.

No. Cultivar FAO Usage 1 Year 2 Breeder No. of
Samples

1 Danubio Dan 240–250 S 2013 Saatbau Linz eGen, Austria 10

2 Glejt Gle 230 G 2001 HR Smolice, Poland 16

3 Legion Leg 260–270 S 2014 HR Smolice, Poland 11

4 Nimba Nim 260 S 1996 HR Smolice, Poland 10

5 Opoka Opo 240 S 2006 HR Smolice, Poland 11

6 P8400 P8400 240 G 2013 Pionner, USA 14

7 Reduta Red 230 G 2000 HR Smolice, Poland 14

8 Rosomak Ros 250–260 G 2013 HR Smolice, Poland 22

9 Subito Sub 260 G 2008 HR Smolice, Poland 10

10 Ulan Ula 270 G 2011 HR Smolice, Poland 23

Total 141
1 S: silage, G: grain; 2 year of registration.

Table 3. Characteristics of oilseed rape cultivars and the number of samples taken.

No. Cultivar Year 1 Breeder No. of
Samples

1 Abacus (HY) Aba 2009 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 22

2 Alexander (HY) But - Limagrain Europe, France 21

3 Alvaro (HY) Alv 2015 KWS Saat SE & Co. KGaA, Germany 20

4 Exquisite (HY) Exq 2011 Monsanto Technology LLC, USA 14

5 Garou (HY) Gar 2013 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 16

6 Kuga (HY) Kug 2015 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 19

7 Marcopolos (HY) Mar 2012 KWS Saat SE & Co. KGaA, Germany 23
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Table 3. Cont.

No. Cultivar Year 1 Breeder No. of
Samples

8 Mercedes (HY) Mer 2013 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 16

9 Monolith (OP) Mon 2008 Hodowla Roślin Strzelce sp. z o.o. IHAR Group, Poland 71

10 Rohan (HY) Roh 2008 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 30

11 Sherlock (OP) She 2010 KWS Saat SE & Co. KGaA, Germany 46

12 Visby (HY) Vis 2008 Norddeutsche Pflanzenzucht Hans-Georg Lembke KG, Germany 30

Total 328

HY: hybrid cultivar, OP: open-pollinated cultivar,1 year of registration.
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Figure 1. Number of pairs of soil-plant samples taken in Polish provinces: wheat/maize/rape.

Wheat was sampled from an area of 1 m2, maize was sampled from an area of 8 m2

and rape was sampled from an area of 4 m2. Whole shoots of wheat were cut 2 cm above
the ground at the beginning of stem elongation stage (BBCH 30/31). The shoots of the
other two plants were cut 5 cm above the ground; maize, when the plants reached a height
of 25–30 cm (BBCH 14–15); and rape, in the period from the beginning of the main stem
elongation stage to the appearance of the first internode (BBCH 30/31) [22]. Each wheat
sample consisted of a minimum 80 shoots, and maize and rape of a minimum of 20 shoots.
At the same time as the plant samples, corresponding soil samples were taken. Each soil
sample was created by mixing five sub-samples taken with a soil sampler to a depth of 20 cm.

2.2. Soil and Climate Characteristic

All plant–soil sample pairs were taken from fields where the pH was in the range 5–7
and the fraction content < 0.02 mm in the range 10–35%. Very acidic and alkaline soils
and very light and very heavy soils were not sampled. Extreme conditions were avoided
because pH and soil texture have such a strong influence on the uptake of micronutrients
by plants that they could distort the picture of their content in the species and cultivars
studied [23]. The characteristics of the soil samples taken are shown in Table 4.
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Table 4. Characteristic of soil samples.

Soil Feature
Wheat (n = 481) Maize (n = 141) Rape (n = 328)

Mean SE Range Mean SE Range Mean SE Range

pH in KCl 6.1 0.03 5–7 6.0 0.06 5–7 6.1 0.03 5–7

Sand 2.00–0.05 mm, %. 61 0.79 2.5–84.8 64 1.22 13.5–83.6 64 0.73 22.7–83.4

Silt 0.05–0.002 mm, %. 36 0.77 13.8–94.6 33 1.14 14.7–84.0 33 0.68 15.2–72.2

Clay <0.002 mm, % 3 0.05 0.0–6.4 3 0.10 1.3–8.6 3 0.06 1.0–9.8

Fraction <0.02 mm, % 20.5 0.29 10–35 19.5 0.55 10–35 20.0 0.35 10–35

TOC % 1.3 0.03 0.5–9.8 1.2 0.05 0.3–4.1 1.2 0.03 0.3–3.6

SE: standard error.

Poland is located in a temperate transitional climate zone, with an average annual air
temperature of 8.7 ◦C and a total rainfall of 609 mm (1991–2020) [24]. In 2016 and 2017, air
temperature and rainfall during the growing season were higher than the climatological
normal; in 2018 they were close to the climatological normal.

2.3. Chemical Analysis

B, Cu, Fe, Mn and Zn were determined in all plant and soil samples. Micronutrients
in plants were determined by the FAAS method, having first dry ashed the material in a
muffle furnace and digested it with 20% nitric acid [25]. The exception was B, which was
determined by the ICP-AES technique.

Micronutrients in the soil were determined by Mehlich 3 method [26–28]. During
extraction, the ratio of soil to solution was 1: 10, and shaking time on the rotary stirrer was
10 min at 35/40 rpm. The Cu, Fe, Mn and Zn content of the extract was determined using
the FAAS technique and the B content using the ICP-AES technique. Moreover, in soil
samples the pH was established potentiometrically in 1 mol KCl dm−3 [29], total organic
carbon (TOC) was determined by Turin method using potassium dichromate [30] and the
soil texture was determined by laser diffraction method.

All chemical analyses were performed in state agrochemical laboratories certified by
the Polish Centre of Accreditation [31], which ensured high reliability of the analyses.

2.4. Statistical Analysis

Mean micronutrient concentrations for the species tested were calculated from all
samples taken, where n = 481 for wheat, 141 for maize and 328 for rape. Mean micronutrient
concentrations for the cultivars were calculated from replicates within each cultivar.

To test the significance of differences in micronutrient concentrations between species
and cultivars, an ANOVA test was performed using Statgraphics v 5.0 software (StatPoint
Technologies, Inc., Warrenton, VA, USA). Multiple comparisons among groups were made
with Tukey’s significant difference test (p < 0.05).

3. Results
3.1. Average Soil Micronutrient Content

The soil taken from the fields where wheat, maize and rape were grown differed
significantly in the mean concentration of B, Cu and Fe, while there were no differences in
the content of Mn and Zn (Figure 2).

The concentration of B in soil from maize fields was more than twice as high as in
soil from wheat fields and 50% higher than that from rape fields. Soil Cu levels were the
same in wheat and maize fields, while rape fields had about 20% higher soil content of this
micronutrient. Similarly to Cu, soil Fe concentration did not differ significantly between
wheat and maize fields, and soil from rape fields was about 20% richer in Fe.
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Despite differences in micronutrient content in the fields where the studied plants
grew, no deficiency was found anywhere. The concentration of B, Cu, Fe, Mn and Zn in the
soil was sufficient for all three species according to Polish standards [32].
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Figure 2. Concentration of micronutrients in the soil determined with the Mehlich 3 extractant
—average of all collected samples. Bars marked with the same letters indicate no significant difference
according to Tukey’s test (p < 0.05).

3.2. Average Concentration of Micronutrients in the Shoots of the Studied Species

The average concentration of micronutrients in wheat, maize and rape shoots differed
significantly, with wheat containing the least of each element tested (Figure 3). The greatest
interspecies differences occurred in B and Zn contents. B concentration was ten times
higher in oilseed rape and two times higher in maize than in wheat. In addition, Zn was
twice as high in oilseed rape and 1.5 times higher in maize than in wheat.
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Figure 3. Concentration of micronutrients in shoots of the tested species—average of all collected samples.
Bars marked with the same letters indicate no significant difference according to Tukey’s test (p < 0.05).
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The smallest differences between the plants were in the Cu content. There was no
statistically significant difference between wheat and maize, and rape contained only 1/3
more of this element than wheat.

The concentration of Fe and Mn was the highest in maize, which contained twice as
much Fe and 60% more Mn than wheat. On the other hand, rape contained 50% more Fe
and 40% more Mn than wheat.

3.3. Average Concentration of Micronutrients in the Different Cultivars of the Species Tested
3.3.1. Wheat

The wheat cultivars tested were sufficiently supplied with all micronutrients (Figure 4).
No lower concentrations were found in the shoots than the deficiency limits set by Ko-
rzeniowska et al. (2020). However, the individual cultivars differed in their micronutrient
levels. For each micronutrient, it was possible to distinguish groups of cultivars with
similar contents of this element, i.e., cultivars between which there were no significant
differences. In contrast, significant differences were observed among groups. In some cases,
one cultivar was classified in two or even three groups (Figure 4).
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Figure 4. Concentration of microelements in shoots of wheat cultivars. Bars marked with the same
letters indicate no significant difference according to Tukey’s test (p < 0.05).

The lowest concentration of B was recorded in the shoots of the cultivar Tonacja
(2.8 mg kg−1), which alone formed the first group (a). The average concentration of B in
the second group of cultivars (b), which included Muszelka, Bamberka, Ostka, Skagen and
Ozon, was 3.6 mg kg−1. Sailor, Linus, Akcadia and Bogatka formed the third cultivar group
(c) with an average B concentration in shoots of 4.2 mg kg−1. Hondia as an independent
group (d) contained 4.5 mg kg−1, and Julius, with the highest B concentration (5.2 mg kg−1),
belonged to the last group (e).
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The group with the lowest Cu concentration included the cultivars Skagen and Ozon
(average concentration of 4.6 mg kg−1), while Linus and Bamberka contained the highest
amount of this element (6.2 mg kg−1).

The greatest significant difference in Fe concentration occurred between the first group
(a), whose sole representative was Bogatka (78 mg kg−1) and the last group (g), represented
by Hondia (167 mg kg−1). The remaining cultivars formed seven groups (b, bc, cd, d, e, ef
and f), with Fe concentrations ranging from 96 to 139 mg kg−1.

In the case of Mn, the Muszelka cultivar alone formed the group with the lowest
concentration of this nutrient (33 mg kg−1), while Tonacja formed the group with the
highest concentration (49 mg kg−1). The other cultivars formed six groups in which Mn
concentration ranged from 36 to 45 mg kg−1.

The lowest concentration of Zn in the shoots was presented by the cultivar Skagen
(22 mg kg−1), while the group which included the cultivars Linus, Bamberka and Tonacja
contained the highest amount of this nutrient (average 30 mg kg−1). The Zn concentration
in the other cultivars ranged from 25–29 mg kg−1.

3.3.2. Maize

Evaluation of the supply of micronutrients to maize using the limits developed by
Korzeniowska et al. (2020) showed that it was sufficient, except for one case concerning Cu
in the cultivar Nimba (Figure 5).
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Figure 5. Concentration of microelements in shoots of maize cultivars. Bars marked with the same
letters indicate no significant difference according to Tukey’s test (p < 0.05).

The concentration of B in maize shoots ranged from 7.5 mg kg−1 for the first group
of cultivars (a), represented by Glejt and Opoka, to 13.3 mg kg−1 in the cultivar Danubio,
which alone formed the last group (e).
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The Cu concentration in maize shoots was lowest in the aforementioned Nimba
cultivar at 4.2 mg kg−1. Nimba’s Cu supply was too low, as the limit is 4.8 mg kg−1. The
highest Cu concentration (average 7.6 mg kg−1) was in the group formed by Subito and
Danubio (e).

The Fe concentration in plants of the first group (a), which was formed by one cultivar,
Subito, was 139 mg kg−1 and was much lower compared to the other cultivar groups. The
cultivars Ulan and P8400 belonged to the group with the highest concentration of this
element, averaging 282 mg kg−1 (e).

The variability of Mn in the shoots of the maize cultivars tested was relatively low.
As many as seven cultivars (Subito, Danubio, Reduta, Glejt, Rosomak, Legion and Ulan)
did not differ significantly (groups b and bc). In contrast, the cultivar P8400 stood out as
having the highest concentration of Mn (83 mg kg−1).

The concentration of Zn in maize shoots ranged on average from 34.5 mg kg−1 for
Glejt and Legion (group b) to 47.5 mg kg−1 for Danubio and Nimba (group f).

3.3.3. Oilseed Rape

All rape cultivars were characterized by shoot micronutrient contents above the critical
limits provided in Korzeniowska et al. (2020) (Figure 6).
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Figure 6. Concentration of microelements in shoots of oilseed rape cultivars. Bars marked with the
same letters indicate no significant difference according to Tukey’s test (p < 0.05).

The B concentration ranged from 32 mg kg−1 for the cultivar Alexander (b) to
57 mg kg−1 for the cultivar Mercedes, which formed the last group (h) on its own. The
other cultivars belonged to as many as seven groups, indicating a wide variation of B in
rape shoots.
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Cu content varied less than B content. In the group of cultivars that included Mar-
copolos and Sherlock (b), an average Cu concentration was 6.1 mg kg−1. The highest
concentration of this element (7.8 mg kg−1) was presented by Garou (h).

The Fe concentration ranged from 126 mg kg−1 for Visby (b) to 267 mg kg−1 for
Kuga (h). The Fe concentration in the Kuga cultivar was as much as 35 % higher than
in the cultivars of the previous group (g), which included Exquisite, Garou, Abakus and
Marcopolos (average 197 mg kg−1).

The Sherlock cultivar (b) had the lowest concentration of Mn (46 mg kg−1), while the
Alexander cultivar, which on its own formed a group that differed significantly from the
other groups, contained the most of this micronutrient (71 mg kg−1).

Zn concentration ranged from 51 mg kg−1 for the Garou, Abacus and Monolith
(b) cultivar group to 61 mg kg−1 for the Alexander, Rohan and Kuga (e) cultivars.

3.4. Comparison of Cultivar and Species Diversity

The ranges of microelements in the shoots of the studied species presented in Figure 7
were determined on the basis of the micronutrient concentrations in cultivars. It was
observed that for some micronutrients, the ranges for wheat, maize and rape partially over-
lapped, and for other micronutrients were completely divergent. The greatest difference
between species was found for B. The range of B in rape (32–57 mg kg−1) differed signifi-
cantly from that found in wheat and maize. At the same time, the concentration of B in all
maize cultivars (7.5–13.3 mg kg−1) was higher than in wheat cultivars (2.8–5.2 mg kg−1).
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Figure 7. The range of micronutrient concentration in shoots of the tested species.

The species tested were much less variable in Cu concentration than B. The range of
Cu in maize (4.2–7.8 mg kg−1) was broad enough to include the ranges found in wheat
(4.6–6.4 mg kg−1) and rape (6.0–7.8 mg kg−1).

The ranges of Fe in maize (139–287 mg kg−1) and rape (126–267 mg kg−1) largely over-
lapped with each other, but only slightly with wheat (79–167 mg kg−1). The concentration
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of Mn found in wheat cultivars (33–49 mg kg−1) differed from the concentrations observed
in maize (56–83 mg kg−1) and rape (46–81 mg kg−1), which were higher than in wheat and
largely overlapped with each other.

The ranges of Zn concentration were separate for each species and did not overlap.
The lowest range of Zn was found in wheat shoots (22–30 mg kg−1) and the highest range
was found in canola shoots (50–62 mg kg−1).

Table 5 shows the differences between the cultivars with the lowest and the highest
average concentrations of the five micronutrients tested. These differences depended on
the plant species. Undoubtedly, the smallest differences in micronutrient concentration
among cultivars were observed for wheat.

Table 5. Differences among cultivars in the concentration of micronutrients in shoots—based on
cultivars with the lowest and highest mean concentration.

Element

Wheat Maize Oilseed Rape

Cultivar n Mean Difference
Cultivar n Mean Difference

Cultivar n Mean Difference
mg kg−1 mg kg−1 mg kg−1

B
Ton 33 2.8 Gle 16 7.5 Alex 21 32
Jul 88 5.2 2.4 Dan 10 13.3 5.8 Mer 16 57 25

Cu
Ska 44 4.6 Nim 10 4.2 Mar 23 6
Lin 30 6.4 1.8 Dan 10 7.8 3.6 Gar 16 7.8 1.7

Fe
Bog 14 79 Sub 10 139 Vis 30 126
Hon 11 167 88 P8400 14 287 148 Kug 19 267 141

Mn
Mus 11 33 Sub 10 56 She 46 46
Ton 33 49 16 P8400 14 83 27 Alex 21 71 25

Zn
Ska 44 22 Gle 16 34 Gor 16 50
Ton 33 30 9 Nim 10 48 14 Kug 19 62 12

n number of observations.

For rape and maize, the differences among cultivars were clearly greater than for
wheat. For both of these species, the differences among cultivars for Fe, Mn and Zn were
similar. Furthermore, it was observed that rape showed greater variation in B concentration
and smaller Cu concentration compared to maize.

Table 6 shows the differences between the average micronutrient concentrations
in the plants for each pair of species tested. The greatest differences in B, Cu and Zn
concentrations were observed for the wheat–maize pair, while the greatest variation in Fe
and Mn concentrations occurred between wheat and maize.

Table 6. Differences among species in the concentration of micronutrients in shoots—based on the
mean of all cultivars *.

Element Species Mean Difference Species Mean Difference Species Mean Difference

mg kg−1 mg kg−1 mg kg−1

B Wheat 4.0 5.7 Wheat 4.0 37.1 Maize 9.7 31.4
Maize 9.7 Rape 41.1 Rape 41.1

Cu Wheat 5.2 0.6 Wheat 5.2 1.7 Maize 5.8 1.1
Maize 5.8 Rape 6.9 Rape 6.9

Fe Wheat 117 119 Wheat 117 58 Maize 236 61
Maize 236 Rape 175 Rape 175

Mn Wheat 40 24 Wheat 40 16 Maize 64 8
Maize 64 Rape 56 Rape 56

Zn Wheat 27 13 Wheat 27 28 Maize 40 15
Maize 40 Rape 55 Rape 55

* number of observations: wheat, 481; maize, 141; rape, 328.
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Using the data from Tables 5 and 6, it can be confirmed whether greater differences
in micronutrient concentrations occurred between species, or between cultivars within
a species. For this purpose, the values of these differences for a given pair of species
were compared with the values for the cultivars of each species in the pair. For example,
the difference in average Cu concentration between species for the wheat–maize pair is
0.6 mg kg−1 (Table 6), while the difference among wheat cultivars is 1.8 mg kg−1, and
among maize cultivars it is 3.6 mg kg−1 (Table 5). From this comparison, we conclude that
there are greater differences among cultivars than between species of the wheat–maize pair.

4. Discussion
4.1. Soil and Weather Conditions

All cultivars of the three plant species tested grew under similar conditions of pH,
texture and TOC content (Table 4), those soil features that have a strong influence on
the bioavailability of micronutrients to plants [33,34]. The same was also true of the
concentration of bioavailable forms of Mn and Zn in the soil from the fields of all three
species. However, for B, Cu and Fe there were some differences between the growth sites of
each species, with the greatest variation in B in soil (Figure 2). Wheat had the least available
B forms in soil, followed by rape, and maize had the most. The concentrations of Cu and
Fe in the soil were the same in the fields of wheat and maize, and significantly higher in
fields of rape. It should be noted, however, that no soil micronutrient deficit was shown for
any of the species tested. The concentrations of bioavailable B, Cu, Fe, Mn and Zn were
sufficient for all three species according to Polish current standards for assessing soils in
micronutrients [32].

The lack of micronutrient deficiency in the soil was also confirmed by their concen-
tration in plant shoots. The concentration of micronutrients in plants, compared with the
respective deficiency limits, showed a sufficient supply of these nutrients for wheat, maize
and rape cultivars. (Figures 4–6).

Of the three species studied, rape is the most sensitive to B deficiency and has the
highest demand for this nutrient [35]. Although the soil B concentration in rape fields was
significantly lower than in maize fields, no B deficiency was found in the shoots of any rape
cultivar (Figure 5).

Similar pH, texture and TOC in the soils sampled and the absence of micronutrient
deficits in both the soils and the shoots of the cultivars leads us to believe that soil conditions
were not a factor that significantly influenced the differences between species and cultivars
in the concentration of micronutrients in the shoots. This is confirmed by the correlation
between the soil features and the concentration of microelements in shoots, which was
insignificant or low (r ≤ 0.19) (Table 7). The exception was the content of Mn in wheat and
maize shoots, which was dependent on the soil pH at the level of r = −0.30.

In addition to soil properties, precipitation and temperature during the growing season
have an impact on the uptake and concentration of microelements in plants. Abundant
rainfall and optimal temperature favor the production of large biomass, which may be
associated with a reduction in the content of microelements due to the so-called dilution
effect, especially in the case of a deficiency of micronutrients in the soil. The local weather
conditions at the sampling sites were certainly a factor that also influenced the variability of
the micronutrient concentration in plants. Nevertheless, it was not possible to eliminate this
factor from the research. It was assumed that, despite some variation in weather conditions,
the average micronutrient concentrations calculated from several hundred samples reliably
reflect the real differences in micronutrient concentrations between species and cultivars.
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Table 7. Pearson correlation coefficient (r) between micronutrient concentration in shoots and soil
features.

Crop Micronutrient pH Fraction <0.02 mm Corg

Wheat
n = 481

B ns −0.16 *** −0.11 *

Cu ns ns ns

Fe ns ns ns

Mn −0.30 *** ns ns

Zn ns ns ns

Maize
n = 141

B ns ns ns

Cu 0.19 ** 0.18 * ns

Fe ns ns −0.18 *

Mn −0.31 ** ns ns

Zn −0.18 * 0.17 * ns

Rape
n = 328

B ns 0.19 *** ns

Cu ns ns ns

Fe ns ns ns

Mn ns −0.16 ** −0.14 *

Zn ns ns ns
*, **, *** significant level p < 0.05; 0.01; 0.001, respectively; ns: nonsignificant; n: number of samples; Corg: organic
carbon.

4.2. Concentration of Micronutrients in the Plant Species Studied

In the present study, very extensive research material was used, which influenced the
high reliability of the results. The average concentration of micronutrients in the shoots
of the plant species studied was calculated on the basis of many samples taken for a
dozen cultivars: for wheat 12 cultivars where used (481 samples); for maize 10 culivars
(141 samples); and for rape 12 culitvars (328 samples) (Tables 1–3).

In general, rape and maize showed significantly higher concentrations of micronutri-
ents in the shoots than wheat (Figure 2). The high concentrations of B and Zn in rape and
Fe in maize are particularly noteworthy. This corresponds to some extent to the nutritional
requirements of these species. The known high sensitivity of rape to B deficiency and
the fairly high sensitivity of maize to Fe deficiency [36] translates into a frequent need to
fertilize rape with boron and maize with iron. However, the high Zn concentration in rape
is not related to its high sensitivity to deficiency of this micronutrient. Rape, unlike maize,
is not considered a crop with high sensitivity to Zn deficiency [27].

There are not many opportunities to compare our results with studies by other authors
because there are no publications that compare micronutrients in shoots at the same growth
stages in the species we studied. Only Korzeniowska et al. [37] report the average concen-
tration of micronutrients in winter wheat shoots calculated on the basis of 357 samples
taken in 2010–2011 from fields located in Poland: B was 3.9, Cu was 5.3, Fe was 171, Mn
was 45, Zn was 37 mg kg−1. The values of B, Cu and Mn reported by these authors are
very similar to ours, while Fe and Zn are higher by 45 and 37%, respectively. In addition,
Bergmann [11] gives optimum ranges for B, Cu, Mn and Zn concentrations in wheat and
maize shoots and rape leaves taken at the same growth stages as ours. In general, all
mean concentrations of microelements calculated from the optimal ranges of Bergmann
were higher than the concentrations observed in our study. The greatest differences, up to
twofold, were found for B and Cu in wheat shoots. It can be assumed that the differences
between our results and Bergmann’s are due to the different cultivars used now and in
the 1990s. This suggests that the B and Cu ranges provided by Bergman for wheat have
become obsolete and should not be used to assess plant nutritional status.
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4.3. Differences in Micronutrient Content among Cultivars and Species

Our research hypothesis was that differences in plant micronutrient content may be
greater among cultivars within a species than between species. Previous findings indicated
large differences in the content of microelements in cultivars and their different response to
micronutrients fertilization. Korzeniowska [38] separated three distinct groups of wheat
cultivars among the 10 studied, which showed high, medium and low demand for Cu
fertilization. These groups differed significantly in both response to fertilization and Cu
concentration in shoots. Stanislawska-Glubiak and Sienkiewicz [39] studied micronutrient
concentrations in seven spring barley cultivars. These authors showed that the maximum
difference in concentration among cultivars was 22% in Cu, 40% in Mn and 49% in Fe. In ad-
dition, Wrobel and Korzeniowska [40] observed significant differences in the concentration
of B in the cob leaf in the seven maize cultivars studied.

Despite previous results, the present extensive research has shown that our thesis of
greater differences in micronutrient content among cultivars than species is only true for
Cu, Fe and Mn, and does not apply to B and Zn.

In the case of Cu, this difference for the wheat–maize pair was 0.6 mg kg−1, for
the wheat–rape pair it was 1.7 mg kg−1 and for the maize–rape pair was 1.1 mg kg−1

(Table 6). At the same time, the difference in Cu concentration among cultivars was clearly
greater than between species and was 1.8 mg kg−1 for wheat, 3.6 mg kg−1 for maize and
1.7 mg kg−1 for rape (Table 5).

Differences in Fe and Mn content were also often greater among cultivars within
a species than between species. The difference in Fe and Mn concentration between
maize cultivars was 148 and 27 mg kg−1, respectively, and between rape cultivars was 141
and 25 mg kg−1 (Table 5). At the same time, for the maize–rape pair the difference was
61 mg kg−1 Fe and 8 mg kg−1 Mn. Among wheat cultivars, the difference in Fe and Mn
content was 88 and 16 mg kg−1, respectively, and for the wheat–rape pair it was 58 and
16 mg kg−1 (Table 6).

In contrast, differences in plant B and Zn content were greater between species than
among cultivars within a single species (Tables 5 and 6). The difference in B concentration
between species was as high as 37.1 mg kg−1 for the wheat–rape pair, while it was only
2.4 mg kg−1 among wheat cultivars and 25 mg kg−1 between rape cultivars. Larger differ-
ences between species compared to cultivars were also found in Zn content, although not
as large as for B. The largest difference was found for the wheat–rape pair (28 mg kg−1),
while for the wheat cultivars the difference was only 9 mg kg−1 and for the rape cultivars
it was 12 mg kg−1.

The results suggest that cultivar should be taken into account when assessing the need
to fertilize wheat, maize and rape with Cu, Fe and Mn, while the assessment of the need
for fertilization of these species with B and Zn can be carried out independently of the
cultivar used.

When fertilizing certain crops with micronutrients, it would be advisable to take
into account not only the nutritional needs of the individual species, but also to adapt
micronutrient doses to the requirements of the cultivars within the species. Such a measure
could contribute to a more efficient use of fertilizers, in line with sustainable agriculture.

5. Conclusions

The highest average concentrations of B, Cu and Zn were observed in rape shoots and
the highest average concentrations of Fe and Mn were observed in maize shoots. Wheat
showed significantly lower concentrations of all micronutrients than rape and maize.

All the wheat, rape and maize cultivars tested had sufficient average micronutrient
concentrations in the shoots, equal to or above the deficiency limit. The exception was one
maize cultivar (Nimba), in which a concentration below the limit was observed.

For B and Zn concentrations, greater differences were found between species than
cultivars for all three plants tested. On the contrary, for Cu concentration, varietal differ-
ences always exceeded species differences. In contrast, for Mn and Fe, varietal differences
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exceeded species differences for wheat–maize and maize–maize pairs, excluding the wheat
–maize pair.

The results suggest that the fertilization of wheat, maize and rape with Cu, as well
as Mn and Fe, needs to take into account different requirements of the cultivars for these
micronutrients. In contrast, there is no need to take cultivars into account when fertil-
izing with B and Zn. Nevertheless, further research should confirm to what extent the
concentration of micronutrients in the early stage of growth affects the size of the final
crop yield.
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Abstract: Nutritional status improvement is a surrogate approach to overcoming undesirable soil
conditions. This study was performed in sandy clay loam soil that was characterized by certain
undesirable parameters (ECe = 6.4 vs. 7.2 dS m−1, CaCO3 = 8.8 vs. 9.2%, and pH = 7.78 vs. 7.89)
on olive (Olea europaea, Arbequina cv.) in the 2020 and 2021 seasons to investigate the influence of
two highly soluble phosphorus fertilizers, mono-ammonium phosphate (MAP) and urea phosphate
(UP). The treatments included 0.336, 0.445, and 0.555 kg tree−1 for MAP1, MAP2, and MAP3 and
0.465, 0.616, and 0.770 kg tree−1 for UP1, UP2, and UP3, respectively, in comparison to granular
calcium super-phosphate (GCSP) at the recommended rate (0.272 kg P2O5 equal 1.75 kg tree−1). This
experiment was established according to a randomized complete block design. Generally, our results
indicated that both MAP and UP applications surpassed GCSP for all studied parameters except leaf
copper uptake in the 2021 season. Moreover, among the HSPFs applied, it was found that applying
the maximum levels gave the best results. However, MAP3 gave the maximum values for shoot
length, SPAD reading, and dry fruit matter. Moreover, UP3 produced the best results for the leaf area,
olive tree yield, total olive yield, total fresh weight, flesh weight (FlW), fruit length (FrL), and leaf Fe
content in both seasons.

Keywords: Olea europaea trees; nutrients uptake; phosphorus fertilizers; growth and physiological
parameters; yield and fruit quality

1. Introduction

Abiotic stresses (ABSs), including salinity, calcification, and high soil pH, are major
constraints affecting the agricultural sector in many parts of the world. However, calcareous
soils are characterized by high calcium carbonate (CaCO3) content, which, in turn, affects
soil properties—for example, causing a low cation exchange capacity (CEC), high pH,
and decreased availability of most essential nutrients, in addition to low content of soil
organic matter (SOM) and loss of nutrients through deep percolation, causing a nutritional
imbalance among different nutrients [1,2]. According to [3], most calcareous soils exist
in arid and semi-arid regions and cover more than 30% of the Earth’s surface. Thus, soil
salinity is no less important than calcareous soil; however, approximately 4 × 104 ha
becomes unsuitable for cultivation every year owing to salinization [4]. Based on reports
published by specialized agencies of the United Nations, it was revealed that approximately
half of the irrigated area is either salinized or has the possibility of developing salinity
in the future. Soil salinity occurs owing to soluble salt accumulation in the root zone,
resulting in abnormal plant growth and development, which, in turn, affects productivity.
Generally, saline soil is identified by the electrical conductivity (ECe) of the saturated
soil paste in the root zone exceeding 4 dsm−1 at 25 ◦C and an exchangeable sodium
percentage (ESP) ≥ 15% [5]. The total cultivated area in arid and semi-arid regions is
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estimated at around 831 million ha across the world, and it is expected that more than
50% of arable land will be saline by 2050 [6,7]. Given the aforementioned information,
this issue requires more attention and further efforts among researchers to overcome these
undesirable characteristics that hinder nutrient uptake, causing the abnormal growth and
development of plants, which, in turn, influences crop productivity.

Balanced fertilization is the best agronomic practice for soil management in plants
under stressed conditions. Among the essential macronutrients, phosphorus (P) is one
of the most important, along with nitrogen (N) and potassium (K), as it is considered the
most influential for root development and thus increases the plant’s ability to absorb water
and nutrients from the soil. Moreover, it has a crucial role in several metabolic processes,
including protein synthesis, cell division and elongation, respiration, the consumption of
energy-rich compounds (adenosine tri-, di-, and monophosphate, ATP, ADP, and AMP),
the photosynthesis process and nutrients’ movement within plants [8–10]. Furthermore, P
is an essential integrated element of nucleic acids and phospholipids and plays a central
role in sugar assimilation [11,12]. Besides these vital roles, P plays a fundamental role in
phosphoprotein and fat metabolism, sulfur metabolism, biological oxidation, and several
other metabolisms dependent on the application of P [13]; however, both saline and
calcareous soils suffer from the unavailability of P and other micronutrients as a result of
high pH, in addition to chemical reactions that affect these nutrients, whether by loss or
fixation, due to the reaction of P anions with calcium (Ca) and magnesium (Mg) to form
insoluble phosphate complex compounds with limited solubility, besides decreasing the
organic matter below the critical level [14–16]. Generally speaking, P is absorbed in the form
of H2PO4

− and HPO4
−− through root hairs and root tips; although the total amount of P

may be high, the majority is often restricted [17], in addition to the loss of P from the soil due
to its negative charge. However, more than 80% of added P converts into an unavailable
form due to its fixation and adsorption processes [18,19]. As is well known, either a
deficiency or excess of P in the soil can negatively affect plant performance. P causes stunted
plants and root diameter decrease [20,21], as well as disturbances to chlorophyll pigment
production and the accumulation of anthocyanins, resulting in purple discoloration [22–24].
On the other hand, the overapplication of P at levels that exceed crop demands could
increase P losses to the subsurface and groundwater [9] and decrease the absorption of zinc
(Zn), manganese (Mn), copper (Cu), and iron (Fe); consequently, the symptoms of their
deficiency appear on the crop, which, in turn, affects the productivity [25].

Recently, attention has turned towards applying highly soluble phosphorus fertil-
izers (HSPF) including mono-ammonium phosphate (MAP), urea phosphate (UP), and
mono-potassium phosphate (MKP) as an alternative surrogate to overcome the fixing and
retaining of phosphate ions. Both MAP and UP are acidic phosphorus fertilizers that
markedly enhance phosphorus use efficiency (PUE) by lowering soil pH in saline and
calcareous soils with high pH values. However, a decreasing pH enhances micronutrients’
availability, thus improving the solubility of calcium and preventing its association with
P [26,27]. UP is an amino-structured complex and a highly acidic fertilizer produced by
the reaction of phosphoric acid (H3PO4) with urea CO(NH2)2, and its chemical structure
is H3PO4.CO(NH2)2 [28,29]. Moreover, MAP is an acidic fertilizer, but is manufactured
via the reaction of H3PO4 with ammonia (NH3), and its chemical structure is NH4H2PO4.
Despite the little information available about HSPF, its positive influences were an impor-
tant factor for the generalization of its application instead of traditional fertilizers such as
calcium super-phosphate. The authors of [30] reported that spraying P in different forms,
such as MAP, UP, and MKP, increased nitrogen and potassium accumulation. Similarly, the
results of [31] indicated that applying MAP, UP, and MKP as foliar treatment improved the
flowering, fruit set, yield, and oil content of picual and kalamata cultivars. These results
were confirmed by [32,33], which stated that the increases obtained with N and P appli-
cation could be due to increases in hermaphrodite flowers, thus improving the flowering
set, fruiting, fruit quality, and yield. Some studies [34,35] stated that MAP application was
the best treatment to improve P availability compared with traditional P fertilizers such
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as calcium super-phosphate. These results have been confirmed by [36,37]; however, they
indicated that the application of MAP improved the chemical constituents and productivity
of potatoes.

By 2018, olive (Olea europaea L.) cultivation had reached approximately 11 million ha
throughout the world, with more than 90% concentrated in Mediterranean countries [38].
Olive trees are cultivated to produce oil and table olives. In Egypt, olive cultivation is
considered among the most important commercial cultivation practices, and it ranks fourth
in Africa after citrus, mango, and table grapes [39]. Egypt is responsible for more than 13%
of the world’s production; however, the total cultivation area reached 101,326 ha, with total
production reaching 874,748 tons, in 2017, according to the Ministry of Agriculture. However,
the majority is cultivated in newly reclaimed lands; most of these lands are sandy soils that
suffer from some negative characteristics. P fertilization is one of the most important factors
in its annual growth cycle; however, P is essential to enhance flower formation, cell division
and elongation, the development of new growth tissues, and the photosynthesis process
and root growth, which in turn increase the productivity [40,41]. However, P is the most
important basic nutrient determining the oil yield and its components; moreover, the quality
parameters of oil can be altered due to the influence of P on phospholipid formation. Despite
all the positive effects of P fertilizer, some previous studies indicated that P did not cause any
increases in the yield or its attributes [42,43]. Under these ABSs, some types of phosphorus
fertilizers, such as mono-ammonium phosphate (MAP) and urea phosphate (UP), are applied
instead of calcium super-phosphate (CSP), whereas both MAP and UP may be more effective
and easier to apply via fertigation and foliar spray.

The main objective of this research was to evaluate the potential performance of two
types of highly soluble phosphorus fertilizers, namely MAP and UP, with low pH (<7.0),
due to the nature of Egyptian soils with high soil pH. To do so, three levels of P2O5—0.205,
0.272, and 0.339 tree−1—were applied with both fertilizers in a comparative study with
one level (0.272 P2O5 tree−1) of granular calcium super-phosphate (GCSP), with a high
pH (>7.0), in an attempt to improve the nutrient uptake of olive trees (Arbequina cv.)
grown under multi-stress conditions, which in turn affects the growth and productivity
characteristics.

2. Materials and Methods
2.1. Study Location, Weather Conditions, and Plant Materials

This study was accomplished through the Egyptian–Spanish Project in Kawm Ushim
district (29◦55′ N; 30◦88′ E), located on Cairo–Fayoum Desert Road, Egypt, during the
seasons of 2020 and 2021. It was performed on olive (Olea europaea L. Arbequina cv.)
trees grown on sandy clay loam soil to investigate the influence of two types of highly
soluble phosphorus fertilizers, mono-ammonium phosphate (MAP) and urea phosphate
(UP), which were applied five times, in comparison with granular calcium superphosphate
(GCSP) with chemical structure Ca(H2PO4)2 as a control treatment.

The trees were around 15 years old, propagated by leaf cutting, and planted at a
distance of 5 × 8 m2 from one another under a drip irrigation system, and the selected trees
were visually free from diseases. The arbequina olive cultivar was chosen for its charac-
teristics of self-pollination, an abundant yield, and a strong ability to resist drought and
high temperatures. Accordingly, it is considered the most suitable for the Mediterranean
countries; its olives are distributed as food products or used to produce oils rich in antioxi-
dants. All horticultural practices, including irrigation and weed, pest, and disease control,
were applied according to the recommendations of the Egyptian Ministry of Agriculture
and Soil Reclamation. The selected trees were as uniform in shape and size as possible, and
similar in vigor and growth. The weather data of the study region are presented in Table 1.
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Table 1. Average climate data for Kawm Ushim region (29◦55′ N; 30◦88′ E), Fayoum, Egypt in 2020
and 2021 growing seasons.

Month
AD AN ARH AWS AM-PEC-A AP

(◦C) (%) (ms−1) (mmd−1) (mm d−1)

January 25.04 2.94 61.81 2.44 3.43 0.08
February 26.74 3.87 60.63 2.35 4.32 0.96

March 32.58 5.00 55.56 2.81 5.04 0.46
April 37.45 7.48 45.13 3.26 5.58 0.04
May 43.86 13.89 35.22 3.54 6.87 0.00
June 41.92 16.84 35.60 3.78 7.56 0.00
July 42.15 19.68 37.03 3.42 6.88 0.00

August 41.32 20.83 38.84 3.30 6.78 0.00
September 42.32 18.84 45.35 3.64 8.64 0.00

October 37.30 15.52 50.85 3.25 6.61 0.02
November 30.47 10.22 58.60 2.36 4.63 0.28
December 25.22 5.75 61.72 2.30 3.49 0.15

AD ◦C = Average day temperature, AN ◦C = Average night temperature, ARH = average relative humidity,
AWS = average wind speed, AM-PEC-A = average measured pan evaporation class A and AP = average precipita-
tion. Source: https://power.larc.nasa.gov/index.php, accessed on 22 August 2022.

2.2. Treatment and Experimental Design

According to technical bulletin No. 2 of 2016, issued by the General Administration of
Agriculture, the recommended fertilization program for olive trees aged over 6 years is 394,
500, 810, and 400 g of N, P2O5, K2O, and MgO, respectively. Both experiments included
three levels of P, namely 0.205, 0.272, and 0.339, which were calculated as P2O5% from two
highly soluble phosphorus fertilizers (HSPFs) (MAP at total MAP1= 0.336, MAP2= 0.445,
and MAP3 = 0.555 kg tree−1 in five equal doses at rate 67.2, 89.0, and 111.0 g tree−1) and
(UP at rate UP1 = 0.465, UP2 = 0.616, and UP3 = 0.770 kg tree−1 in five equal doses at rate
93.0, 123.2, and 154.0 g tree−1) in comparison with the recommended level of P2O5 (0.272)
at GCSP, 1.75 kg tree−1.

The experimental plots were colonized and identified by the three levels of MAP and
three levels of UP in addition to one level of GCSP, which were allocated in 7 treatments,
and each treatment was repeated five times in the middle of March, April, May, June, and
July in both growing seasons as a soil application in four plots, as described in Table 2.
Each treatment consisted of three trees.

Both fertilizers applied, MAP and UP, were purchased from the ICL and SQM compa-
nies via their distributors in Egypt. Meanwhile, GCSP was produced by the Suez company
that produces fertilizers in Egypt. The field experiment was established according to a
randomized complete block design (RCBD). The chemical analysis of the applied PFs in
this study is shown in Table 3.
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Table 3. Chemical analysis of phosphorus fertilizers applied in this study.

Properties GCSP MAP UP

Chemical formula Ca(H2PO4)2 NH4H2PO4 CO(NH2)2.H3PO4

pH (1% solution) 7.5 4.5 1.8

N (%) 0.0 12.00 17.72

P2O5 (%) 15.5 61.00 44.00

2.3. Soil sampling and Determination

Soil samples were randomly taken from the surface layer at a depth of 0–25 cm, before
the application of treatments, and transferred to the Soil, Water, and Plant Analysis Labora-
tory (SWPAL) at the Faculty of Agriculture and Natural Resources, Aswan University, to
determine some soil chemical and physical properties (Table 4) Particle size distribution
was evaluated using the hydrometer method [44], soil pH was measured in soil paste using
a pH meter [45], electrical conductivity (EC) was measured in soil paste extract using an
EC meter, and calcium carbonate content (CaCO3%) was determined using a calcimeter, as
described by [46].

Table 4. Some soil chemical and physical properties.

Soil Property 2020 2021

Particle size distribution (%)
Sand 47.32 48.49
Silt 19.56 20.20

Clay 33.12 31.31
Soil texture Sandy clay loam Sandy clay loam

pH (in soil paste) 7.78 7.89
ECe (dS m−1) 6.4 7.2

Organic matter (%) 0.63 0.52
CaCO3 (%) 8.8 9.2

Soluble ions (mmol L−1)
CO3

−− - -
HCO3

− 2.8 3.7
Cl− 53.4 55.3

SO4
−− 19.3 21.1

Ca++ 39.6 41.2
Mg++ 7.8 8.4
Na+ 22.4 24.3
K+ 5.7 6.2

Macronutrients (mg kg−1)

Total N 414 640
Extractible P NaHCO3 pH = 8.5 4520 4830
Extractible K NH4OAC pH = 7.0 1337 1415

DTPA Extractible micronutrients (mg kg−1)
Fe 10.7 11.2
Mn 4.5 6.3
Zn 0.15 0.14
Cu 0.48 0.38

In addition, soil organic matter (SOM) was determined according to the Walkley–Black
method [47]. Regarding the determination of soluble ions, the soluble cations, sodium
(Na+), potassium (K+), calcium (Ca++), and magnesium (Mg++) were extracted with 1N
NH4AC; however, Na+ and K+ were determined with a flame photometer [48], whereas
Ca++ and Mg++ were measured with the EDTA titration method. Soluble anions, carbonate
(CO3

−−), bicarbonate (HCO3
−), chloride (Cl−), and sulfate (SO4

−−) were determined with
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the titration method [45]. Nitrogen (N), phosphorus (P), and potassium (K) extracted were
determined by the modified micro Kjeldahl method, as in [49–51], respectively.

Some available micronutrients, including iron (Fe), manganese (Mn), zinc (Zn), and
copper (Cu), were extracted with DTPA [52] and determined using inductively coupled
plasma–optical emission spectrometry (ICP-EOS, PerkinElmer OPTIMA 2001 DV, Norwalk,
CT, USA), as described in [53].

2.4. Physiological and Growth Parameters

Twenty shoots at one year old were randomly selected on each side of the ten olive
orchard trees in mid-September (after growth cycle) and spotted for every replicate to
measure some attributes, including shoot length (ShL), which was measured in cm; number
of leaves per shoot (NLSh); average number of leaves per meter and leaf area (LA, cm2)
of the third and fourth leaves from the top of new spring shoots, which were estimated
using a digital planimeter device (Planx 7 Tamaya). Relative chlorophyll content (SPAD)
was determined using a SPAD-502 m device (Minolta, Osaka, Japan).

2.5. Leaf Nutrient Measurements

Leaf samples were collected from the twenty selected shoots from ten trees, washed
with distilled water, oven-dried at 70 ◦C for 72 h, and crushed to determine N, P, K, Ca,
Mg, and Na according to the method described in [50]. Micronutrients (Fe, Mn, Zn, and
Cu) were determined using inductively coupled plasma–optical emission spectrometry
(ICP-EOS, PerkinElmer OPTIMA 2001 DV, Norwalk, CT, USA) as described in [53].

2.6. Total Olive Yield (kg tree−1)

In mid-October (harvesting time) in 2020 and 2021, the average yield was recorded
(in kg tree−1) for each tree under each treatment, and the total olive yield (TOY) per hectare
was calculated based on the number of trees in a hectare.

2.7. Fruits’ Physical and Chemical Characteristics

Samples of 100 fruits from each treated tree were randomly picked in both seasons, and
we examined shoots from each replicate to study their physical and chemical characteristics,
namely fruit length (FrL, cm), fruit diameter (FrD, cm), fruit shape index (LD), flesh weight
(FlW), fruit weight (TFrW, g), and flesh/fruit ratio, according to [54]. Fruit oil percentage
as a dry weight was determined according to [55] by extracting the oil from the dried
flesh samples using a Soxhlet fat extraction apparatus and petroleum ether of (60–80 ◦C)
boiling point as a solvent, and the percentage of oil was determined on a dry weight basis.
Regarding the determination of dry weight and moisture content (%), a sample of 50 fruits
was dried at 70 ◦C in an electric oven until a constant weight was reached. The average dry
weight was determined and the percentage of moisture per fruit was calculated.

2.8. Statistical Analysis

Analysis of variance (ANOVA) and Duncan’s test were performed on three replicates
for nutrient determinations and five replicates for physiological and growth parameters
and yield and its attributes using the InfoStat statistical package, version 2011 (InfoStat Mi-
crosoft) [56]; here, the replicate was considered the random variable, whereas the treatment
was the fixed variable. The standard of error (±SE) was calculated for each treatment. A
stepwise regression test was performed to identify the extent of the relationships between
the olive tree yield (OTY, kg) and olive oil content (OOC, %) with the nutrients, growth,
physiological parameters, and yield attributes under multi-abiotic stresses.

3. Results
3.1. Leaf Nutrient Contents

As presented in Table 5, we found that the application of 0.770 kg tree−1 of urea
phosphate (UP3) was the superior treatment; it recorded the highest values (0.23 and 1.67%)
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for phosphorus (LPU) and calcium uptake (LCaU), respectively, in the 2020 season, and
(0.72%) for leaf potassium uptake (LKU) in the 2021 season. Moreover, the trees fertilized
by UP with 0.616 (UP2) and 0.465 kg tree−1 (UP1) displayed the maximum leaf magnesium
uptake (LMgU) in the first season and leaf sodium uptake (LNaU) in the second season,
respectively. On the other hand, the influence of the applied MAP was no less important
than that of UP, whereas the trees treated with 0.336 kg tree−1 of MAP (MAP1) produced
the greatest values (2.92 and 0.72%) for LNU and LKU in the first growing season, as well
as 0.26 for LPU and 1.19% for LMgU in the second season, whereas applying UP at 0.465 kg
(UP1) and MAP at 0.445 kg tree−1 (MAP2) gave the best values (2.27 and 1.48%) for LNU
and LCaU, respectively, in the second season. It can be seen in Table 5 that the percentage
increases of the greatest and lowest values were 66.91 vs. 149.58 for N, 76.92 vs. 85.71 for P,
18.03 vs. 22.03 for K, 96.47 vs. 74.00 for Ca, 72.50 vs. 41.67 for Mg, and 85.37 vs. 103.03 for
Na in the two growing seasons, respectively.

The obtained data listed in Table 5 showed that the application of two different HSPFs,
MAP and UP, irrespective of their applied levels, appreciably outperformed the traditional
phosphorus fertilizer, GCSP, in improving the olive leaf nutrient content.

The results of the ANOVA indicated that all treatments had significant effects (at p ≤ 0.01)
on the LNU, LPU, LMgU, and LNaU in both seasons; in addition, LKU in the first season and
LCaU in the second season experienced significant effects, whereas there was a significant
impact (at p ≤ 0.05) on LKU in 2020 and no significant influence on LCaU in 2021.

The influence of MAP and UP application on leaf micronutrient content in the 2020 and
2021 seasons are illustrated in Table 6. However, the highest values (234.42 vs. 239.00) for leaf
iron uptake (LFeU) in both seasons and (22.00 mgkg−1) for leaf manganese uptake (LMnU)
in the first season were recorded with the application of UP3, whereas the highest values
(28.42 vs. 4.02 mgkg−1) of LMnU and leaf copper uptake (LCuU) were achieved via UP1.

Concerning MAP impacts, our results showed that MAP1 gave the maximum val-
ues (49.86 vs. 49.36 mgkg−1) for leaf zinc uptake (LZnU) in the 2020 and 2021 seasons,
respectively. Moreover, LCuU recorded the greatest values (3.50 mgkg−1) in trees treated
with MAP3. In contrast, dissimilar data were obtained regarding the lowest values. The
UP2 treatment was the least effective, as it recorded the lowest values (169.51 mgkg−1) for
LFeU in the first season and (24.49 vs. 28.99 mgkg−1) for LCuC in the two growing seasons,
respectively. Meanwhile, the lowest LFeU was obtained with UP1. Similar data were
observed for LMnU and LCuU, however, with the lowest values (21.09 vs. 2.50 mgkg−1) in
fertilized trees with GCSP in the second season, whereas MAP3 was the least effective on
LMnU in the first season, which reached 15.92 mgkg−1. Based on the comparison between
the highest and lowest values, the percentages of increase reached 44.48 vs. 41.24% for Fe,
38.19 vs. 34.76 for Mn, 103.59 vs. 70.27% for Zn, and 109.58 vs. 60.80% for Cu in the 2020
and 2021 seasons, respectively.

The general trend of the data presented in Table 6 indicated that UP application was
slightly more beneficial than MAP. Analysis of variance showed that the treatments had a
significant influence (at p ≤ 0.01) on all studied micronutrient uptake in both seasons.

3.2. Physiological and Growth Attributes

The results pertaining to the influence of both phosphorus fertilizers applied, namely
MAP and UP, in comparison with GCSP as a soil application on some physiological
and growth parameters of olive trees grown under multi-abiotic stresses in the 2020 and
2021 seasons are graphically illustrated in Figures 1–4. The obtained results indicated
marked improvements for all studied physiological and growth parameters in both seasons;
however, the highest values for shoot length (ShL) and leaf area (LA) were obtained via the
applying of UP3 treatment in the two growing seasons.
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Table 6. Influence of different levels of MAP and UP in comparison with the recommended GCSP
level on leaf micronutrient uptakes of olive (Olea europaea L. arbequina cv.) trees grown in sandy loam
clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78
vs. 7.89) during 2020 and 2021 seasons.

2020 Season

Treatment
LFeU LMnU LZnU LCuU

Leaves (mgkg−1)

GCSP 195.00c ± 2.89 19.59cd ± 0.63 37.10b ± 0.62 6.33a ± 0.03
MAP1 168.84e ± 1.59 18.34d ± 0.72 49.86a ± 0.16 1.67d ± 0.07
MAP2 208.83b ± 2.17 20.42b–d ± 0.38 31.48c ± 0.25 2.34c ± 0.10
MAP3 177.42d ± 2.55 15.92e ± 0.58 31.78c ± 0.13 3.50b ± 0.02
UP1 162.25e ± 1.06 23.58a ± 0.77 30.81cd ± 0.43 3.42b ± 0.04
UP2 165.75e ± 2.02 21.17bc ± 0.82 24.49e ± 0.29 2.34c ± 0.02
UP3 234.42a ± 4.28 22.00ab ± 0.05 29.90d ± 0.68 3.34b ± 0.14

2021 season

GCSP 196.00c ± 1.44 21.09d ± 0.63 38.10b ± 0.53 2.50d ± 0.29
MAP1 184.34d ± 2.50 22.34d ± 0.77 49.36a ± 0.15 3.09b–d ± 0.24
MAP2 218.77b ± 2.08 25.77bc ± 0.82 34.48c ± 0.58 2.84cd ± 0.10
MAP3 188.92d ± 8.90 21.28d ± 0.34 34.78c ± 1.83 4.00a ± 0.29
UP1 176.50e ± 2.89 28.42a ± 0.72 32.81c ± 1.00 4.02a ± 0.24
UP2 169.509a ± 0.72 24.57c ± 0.67 28.99d ± 1.12 3.34a–c ± 0.67
UP3 239.42a ± 3.99 27.50ab ± 0.87 33.06c ± 0.42 3.67ab ± 0.10

Mean values (±SE) with different letters in each column are significant (at p ≤ 0.05). GCSP = granular calcium
super phosphate, MAP = mono-ammonium phosphate, UP = urea phosphate, MAP1, MAP2, and MAP3 represent
MAP applied as a soil application at 0.336, 0.445, and 0.555 kg tree−1, UP1, UP2, and UP3 represent UP applied
as a soil application at 0.465, 0.616, and 0.770 kg tree−1, control represent GCSP applied as a soil application at
1.75 kg tree−1. According to Duncan’s multiple range test, Means sharing the same letter in each column are not
significantly different.
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Figure 1. Influence of two phosphorus fertilizers; mono-ammonium phosphate (MAP) and urea-
phosphate (UP) in comparison with granular calcium phosphate (GCSP) applied to shoot length
(ShL, cm) of olive (arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses
(CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021
seasons. GSCP applied represents 1.75 kg tree−1, MAP1, MAP2, and MAP3 represent MAP applied
at 0.336, 0.445, and 0.555 kg tree−1, and UP1, UP2, and UP3 represent UP applied at 0.465, 0.616, and
0.770 kg tree−1. Bars in the same years with a different letter indicate significant differences between
treatments at p ≤ 0.01. According to Duncan’s multiple range test, bars sharing the same letter in
each column are not significantly different.
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phate (UP) applied to number of leaves m−2 of olive (arbequina cv.) trees grown in sandy loam clay
soil under multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78
vs. 7.89) during 2020 and 2021 seasons. GSCP applied represents 1.75 kg tree−1, MAP1, MAP2, and
MAP3 represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, and UP1, UP2, and UP3 represent
UP applied at 0.465, 0.616, and 0.770 kg tree−1. Bars in the same years with a different letter indicate
significant differences between treatments at p ≤ 0.01. According to Duncan’s multiple range test,
bars sharing the same letter in each column are not significantly different.
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highest number of leaves (in area unit m2) and SPAD reading in both seasons, whereas 

Figure 3. Influence of phosphorus fertilizers; mono-ammonium phosphate (MAP and urea phosphate
(UP) applied to SPAD reading of olive (arbequina cv.) trees grown in sandy loam clay soil under
multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during
2020 and 2021 seasons. GSCP applied represents 1.75 kg tree−1, MAP1, MAP2, and MAP3 represent
MAP applied at 0.336, 0.445, and 0.555 kg tree−1, and UP1, UP2, and UP3 represent UP applied at
0.465, 0.616, and 0.770 kg tree−1. Bars in the same years with a different letter indicate significant
differences between treatments at p ≤ 0.01. According to Duncan’s multiple range test, bars sharing
the same letter in each column are not significantly different.
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Figure 4. Influence of phosphorus fertilizers; mono-ammonium phosphate (MAP and urea phosphate
(UP) applied to leaf area (LA, cm2) of olive (arbequina cv.) trees grown in sandy loam clay soil under
multi-abiotic stresses (CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during
2020 and 2021 seasons. GSCP applied represents 1.75 kg tree−1, MAP1, MAP2, and MAP3 represent
MAP applied at 0.336, 0.445, and 0.555 kg tree−1, and UP1, UP2, and UP3 represent UP applied at
0.465, respectively. 0.616 and 0.770 kg tree−1. Bars in the same years with a different letter indicate
significant differences between treatments at p ≤ 0.01. According to Duncan’s multiple range test,
bars sharing the same letter in each column are not significantly different.

Meanwhile, olive trees fertilized with 0.555 kg tree−1 of MAP (MAP3) showed the
highest number of leaves (in area unit m2) and SPAD reading in both seasons, whereas the
values reached 136.77 vs. 145.31 and 82.76 vs. 82.58 for both aforementioned attributes in
the two growing seasons. On the other hand, we noted that the minimum values for all
aforementioned parameters, with the exception of LA in the second season, were recorded
in trees fertilized with the recommended level of GCSP (1.75 kg tree−1) in both seasons,
whereas the lowest values of LA in the first season were recorded with MAP2 treatment.
According to the comparison between the maximum and minimum values, the percentages
of increase reached 22.37 vs. 51.19 for ShL, 27.17 vs. 19.54 for NLf, 14.18 vs. 11.64 for
SPAD reading, and 16.43 vs. 13.47 for LA in the first and second seasons, respectively. The
results of the ANOVA indicated that all treatments had significant effects (at p ≤ 0.01) for
all aforementioned parameters except ShL in both seasons. However, there were significant
(at p ≤ 0.05) and non-significant impacts for ShL in the 2020 and 2021 seasons, respectively.

3.3. Olive Fruit Quality

The results presented in Table 7 indicated that the olive trees fertilized with UP3 gave
the maximum values (1.63 vs. 1.65 g) for total fruit weight (TFrW) and (1.32 vs. 1.31 g)
for flesh weight (FlW) in the 2020 and 2021 seasons, respectively. Dissimilar results were
obtained for seed weight (SeW), where the trees fertilized with GCSP gave the best values
(0.29 g) in the first season, and trees treated with MAP1 and UP1 in the second season, since
both of them gave the same value (0.30 g). As shown in Table 7, based on the obtained
values for TFrW, SeW, and FlW, we found that the maximum values (81.26 vs. 4.35 and
81.32 vs. 4.36) for both fruit flesh weight (FrFlW%) and flesh/pit ratio (FPR), respectively,
were achieved by applying UP3 in the growing season of 2020 and MAP1 in the growing
season of 2021.
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Despite the improvements achieved with MAP and UP, MAP2 treatment was the
least influential on the TFrW in both seasons, with values of 1.63 vs. 1.65 g, and on FlW,
recording 1.05 in the first season. Meanwhile, UP2 treatment had the weakest influence
on SeW, FrFlW%, and FPR, recording values of 0.44, 70.75, and 2.43 in the first season.
Accordingly, the lowest values (1.10, 73.35, and 2.77) for FlW, FrFlW, and FPR, respectively,
were obtained in trees fertilized with GCSP in the second season. The obtained data
indicated that the increment rates were 19.85 vs. 10.74 for TFrW, 25.71 vs. 19.09 for
FlW, 14.86 vs. 10.87% for FrFlW, and 79.01 vs. 57.40% for FPR. Meanwhile, the rate of
decline reached 34.09 vs. 25% for SeW in the two growing seasons, respectively. Analysis
of variance indicated that the treatments had a significant impact (at P ≤ 0.01) on all
studied attributes.

It is clear from Table 7 that UP3 and MAP3 led to appreciable improvements in fruit
length (FrL) and fruit diameter (FrD), which in turn impacted the fruit shape index (LD).
Our obtained results showed that the trees fertilized with UP3 achieved the highest values
(15.11 vs. 16.08 mm) for FrL in both seasons, with 12.86 mm for FrD in the second season.
Meanwhile, the greatest value (12.14 mm) for FrD was produced in trees treated with
MAP3 in the first season. Based on the obtained values for FrL and FrD, the highest values
(1.24 vs. 1.29) for LD were determined as a result of applying UP3 and MAP3 in the two
growing seasons, respectively. On the contrary, trees fertilized with the MAP2 treatment
yielded the minimum values of 13.17 vs. 13.79 mm for FrL and 11.28 vs. 11.47 mm for FrD
in the 2020 and 2021 seasons, respectively. Meanwhile, the lowest values of 1.14 vs. 1.17 for
LD were produced via UP2 treatment in both seasons, respectively. The obtained results
in Table 7 show that the percentages of increase were 14.73 vs. 16.61, 7.62 vs. 12.12, and
8.77 vs. 10.26 for FrL, FrD, and LD in the growing seasons of 2020 and 2021, respectively.
As displayed in Table 7, some parameters related to the flesh and seeds of olive fruits were
significantly improved due to the application of the phosphorus fertilizers (MAP and UP)
in comparison with GCSP. In our investigation, UP3 was the superior treatment for these
fruit quality parameters. Although the improvements in the studied attributes were slight,
the statistical analysis indicated that all treatments had significant effects (at p ≤ 0.01) on
all studied parameters in the 2020 and 2021 seasons, respectively. Meanwhile, LD had a
significant influence (at p ≤ 0.05) in the growing season of 2020.

3.4. Table and Oil Olive Yield

The impacts of different levels of MAP and UP in comparison with GCSP on fruit dry
matter (FrDrM%), total olive yield (TOY, tree−1, and ha−1), and olive oil content (OOC, %)
in the 2020 and 2021 seasons are presented in Table 8. The UP application was more effective
compared with MAP treatment. The trees fertilized with UP3 produced the maximum total
yield values, (42.67 vs. 42.83 kg tree−1), and (10.75 vs. 10.79 ton ha−1), in the 2020 and
2021 seasons. Moreover, it was the best treatment for FrDrM% and OOC% in the second
season, which reached 31.39 and 42.71%, respectively. Meanwhile, the trees treated with
MAP3 recorded the highest values (32.99%) for FrDr% and (41.18%) for OOC in the first
season, respectively.

Regarding the lowest values, the general trends indicated that the olive trees fertilized
with GCSP recorded the minimum values (38.67 vs. 37.67 kg) for OTY and (35.92 vs. 35.45%)
for OOC% in both seasons, respectively, as well as (29.22%) for FrDrM in the second season.
In addition, the minimum values (9.66 vs. 9.41 ton ha−1) for TOY in the 2020 and 2021
seasons, respectively, and (29.22%) for FrDrM% in the second season were produced using
0.445 kg tree−1 (MAP2). The overall trends of our study showed that the trees fertilized
with either MAP or UP outperformed their counterparts fertilized with GCSP.

As presented in Table 8, the percentage increases amounted to 12.90 vs. 7.43% for
FrDrM%, 10.34 vs. 13.70% for OTY, 11.28 vs. 14.67% for TOY, and 14.64 vs. 20.48% for
OOC in the growing seasons of 2020 and 2021, respectively. The results obtained from the
statistical analysis revealed significant differences (at p ≤ 0.01) between treatments for all
studied parameters in the first and second seasons, respectively.
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Table 8. Influence of different levels of MAP and UP in comparison with the recommended GCSP
level on fresh matter %, total olive yield (both tree and ha), and olive oil content of olive (Olea europaea
L. arbequina cv.) trees grown in sandy loam clay soil under multi-abiotic stresses (CaCO3 = 8.8 vs.
9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) during 2020 and 2021 seasons.

Treatment
FrDrM OTY TOY OOC

(%) (kg tree−1) (ton ha−1) (%, DM)

2020 Season

GCSP 29.84e ± 0.45 38.67b ± 0.67 9.74b ± 0.13 35.92d ± 0.24
MAP1 30.88d ± 0.85 39.33b ± 0.67 9.91b ± 0.14 37.43cd ± 0.36
MAP2 29.22e ± 0.38 38.33d ± 0.88 9.66b ± 0.14 36.15cd ± 0.31
MAP3 32.99a ± 0.26 42.33a ± 0.58 10.67a ± 0.12 41.18a ± 0.47
UP1 32.49ab ± 0.46 41.67a ± 0.67 10.50a ± 0.12 38.99b ± 0.50
UP2 31.98bc ± 0.57 39.00b ± 0.58 9.83b ± 0.13 37.46c ± 0.42
UP3 31.39cd ± 0.51 42.67a ± 0.58 10.75a ± 0.13 40.72a ± 0.28

2021 season

GCSP 29.22e ± 0.30 37.67d ± 0.67 9.49d ± 0.14 35.45d ± 0.62
MAP1 30.88de ± 0.11 38.33cd ± 0.58 9.66cd ± 0.11 36.01cd ± 0.22
MAP2 29.84de ± 0.27 37.33d ± 0.67 9.41d ± 0.11 37.96bc ± 0.44
MAP3 32.99cd ± 0.39 41.67a ± 0.33 10.50a ± 0.13 41.42a ± 0.26
UP1 32.49bc ± 0.70 39.33bc ± 0.67 9.91bc ± 0.14 37.10b–d ± 0.89
UP2 31.98ab ± 0.46 39.67b ± 0.58 10.00b ± 0.14 38.87b ± 0.26
UP3 31.39a ± 0.26 42.83a ± 0.33 10.79a ± 0.14 42.71a ± 0.23

Mean values (±SE) with different letters in each column are significant (at p ≤ 0.05). GCSP represent granular
calcium super-phosphate applied at 1.75 kg tree−1, MAP = mono-ammonium phosphate, MAP1, MAP2, and MAP3
represent MAP applied at 0.336, 0.445, and 0.555 kg tree−1, UP = urea phosphate, UP1, UP2, and UP3 represent
UP applied at 0.465, 0.616, and 0.770 kg tree−1, all treatments were applied as a soil application. According to
Duncan’s multiple range test, Means sharing the same letter in each column are not significantly different.

3.5. Regression and Stepwise Analysis

The results obtained from the stepwise regression, shown in Table 9, indicate the
relationship of the olive tree yield (OTY, kg) and olive oil content (OOC, %) with the leaf
nutrient content, growth parameters, and yield attributes under multi-abiotic stresses in
the 2020 and 2021 growing seasons. In both seasons, these factors made highly significant
contributions to the OTY and OOC. In our results, the adjusted R2 values were 0.637 and
0.840 (r = 0.821 and 0.934) for OTY and 0.909 and 0.388 (r = 0.960 and 0.647) for OOC in
the two seasons, respectively. The fitted equation then obtained demonstrated that the
variation in OTY was explained by the variation in attributes such as FrL and LNC in 2020
and FrL, FrDrM%, FrFlW, and LD in 2021. Meanwhile, FrL, FrDrM%, and LMgC in 2020
and FrL in 2021 contributed to the OOC variation.

Table 9. Proportional contribution in predicting olive tree yield (TOY, kg) and olive oil content
(OOC, %) using stepwise multiple linear regression for multi-stressed olive trees fertilized by mono-
ammonium phosphate (MAP) and urea phosphate (UP) in three levels in comparison with the
recommended granular calcium super phosphate (GCSP) level in 2020 and 2021 seasons.

r R2 Adjusted R2 SEE Significance Fitted Equation

2020 season

0.821 0.673 0.637 1.192 *** OTY = 8.008+2.172FrL + 16.209LNC

0.960 0.922 0.909 0.626 *** OOC = −8.245 + 2.237FrL + 0.443FrDrM% + 2.906LMgC

2021 season

0.934 0.872 0.840 0.810 *** OTY = 0.298 + 1.838FrL + 0.642FrDrM% − 0.203FrFlW + 8.541LD

0.647 0.419 0.388 2.197 *** OOC = 3.758 + 2.343FrL
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4. Discussion

This manuscript describes work that was carried out under multi-abiotic stresses
through the application of two highly soluble phosphorus fertilizers (HSPFs) differing in
their content of nitrogen (N%) and phosphorus (P2O5%), namely, MAP and UP, compared
with GCSP as one of the most widely used phosphate fertilizers in Egypt, in an attempt to
overcome the problem of P fixation and the unavailability of micronutrients under some
abiotic stresses in olive trees (Oleaeuropaea L. arbequina cv.). As shown in Table 4, the
tested soil suffered from more than one undesirable property, such as CaCO3 = 8.8 vs.
9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89, in the two growing seasons of
2020 and 2021, respectively, which hindered the optimal growth of the olive trees. All
these undesirable characteristics combined to negatively affect the absorption of nutrients
and thus lead to different physiological and growth attributes, which in turn affect the
table and olive oil yield and its components. Generally speaking, the obtained results
revealed that the applied HSPFs, either MAP or UP, irrespective of their applied levels,
significantly affected all studied nutrients. Our obtained data indicated that LPU, LFeU,
and LMnU in both seasons; LNU, LCaU, and LMgU in the first season; and LKU in the
second season were significantly increased with the UP application, irrespective of the use
level. Additionally, LKU and LNaU in the 2020 season, in addition to LNU, LCaU, and
LMgU in the 2021 season and LZnU in both growing seasons, were obtained in plants
fertilized with MAP, regardless of the applied levels. In this context, the influences of MAP
and UP were somewhat similar in terms of the availability of nutrients compared with
GCSP. Furthermore, the remarkable superiority of the application of UP over MAP was
demonstrated. These results may be attributed to the improved effects of MAP and UP
in reducing soil pH; however, the mean pH values of MAP and UP were 4.5 and 1.8, in
comparison with GCSP, whose pH was 7.5, as presented in Table 3. This pH value can
improve the availability of nutrients and make them more soluble for uptake by olive tree
roots. Very recently, some results were reported by [57]; they mentioned the positive impact
of phosphoric acid (H3PO4) in reducing soil pH. The obtained results are in accordance with
the results of [58–60]. In this regard, similar results reported that the simulative influence
of MAP and UP may be due to their vital role in reducing soil pH, which in turn markedly
influences nutrient availability and plays a fundamental role in fixing atmospheric nitrogen,
which is beneficial to enhancing LNU [61,62]. The notable declines in LNU, as shown in
the MAP1, MAP3, and UP1 treatments, could be due to the translocation of N from leaves
to fruit during the pollination stage. As shown in Table 3, irrespective of the applied level,
applying ammonium sulfate with GCSP under a high soil pH encouraged the occurrence
of mineralization in both 2020 and 2021. Then, the ammonium (NH4

+) ions were converted
into nitrate (NO3

−) ions, which were lost by leaching; this could be due to the negative
charge and increased water requirements, regardless of the nature of the dry climate.
Although these results are not in agreement with the findings of [63,64], in which decreases
in LNU were proposed to be due to the translocation of N to form young shoots, these
results were in accordance with those obtained by [63,65]. They were not in line with [64],
especially regarding LNU, wherein the recorded lower values may be due to the high
CaCO3 content in the tested soil, in addition to the prevalent climatic conditions related to
the ARH and AP, as presented in Table 1. In other words, both MAP and UP enhanced the
root hair system, thus increasing the absorption efficiency of roots in the growing olive trees.
These results were further explained based on the soil’s chemical and physical properties;
HPO4

−− and H2PO4
− ions from both MAP and UP were absorbed quickly by root trees

compared to GCSP. These ions were fixed in soil due to the high pH of dicalcium phosphate
(CaHPO4) and tricalcium phosphate [Ca3(PO4)2], and their solubility was limited according
to the following equation: Ca(H2PO4) + 2Ca+2 → Ca3(PO4)2 + 4H+. The precipitation of
HPO4

— on the surface of CaCO3 can be expressed by the following equation: Ca(H2PO4) +
2CaCO3 Ca3(PO4)2 + 2CO2 + 2H2O. Moreover, HPO4

−− ions are fixed by an absorption
reaction with Fe, Zn, and Mn. The only exception was that the highest LCuU was produced
in plants treated with GCSP in the 2020 season. Similar results were reported by [66], who
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observed that using GCSP as a foliar application on eggplants in a high dose (2%) enhanced
plant growth, which in turn affected nutrient uptake; alternatively, the result may have
been due to an antagonistic effect between Cu and Fe, Mn, and Zn. In other words, the
results could indicate that applying MAP or UP is better than applying GCSP, due to the
fact that the presence of N and P in one chemical structure is better for the absorption of
both nutrients compared to adding them individually with GCSP treatment. In summary,
nutritional status is the basis upon which to evaluate physiological and growth parameters.
It could be noticed that the maximum values were produced when applying the maximum
level of the applied HSPF, irrespective of its type. However, the ShL values and SPAD
readings were obtained with the MAP3 treatment in both seasons, in addition to the number
of leaves per m2 (NLfm2) in the second season. Meanwhile, the maximum values of LA
were produced in trees fertilized with UP3 in both seasons. These results also explain
that the P reaction products differ from each other in their solubility. This confirms that
the different sources of phosphate fertilizers are not equally effective, due to the presence
of NH4

+ ions in MAP and their conversion into NO3
− ions. Similarly, the presence of

amide groups (-NH2) in UP and their conversion into NH4
+ ions and then into NO3

−

ions lead to a lowered soil pH in the rhizosphere zone [67]; in addition, the absorption of
NO3

− enhanced the dissolution of precipitated Ca-P compounds and P availability [68,69].
These results could be attributed to the vital role of MAP and UP in reducing soil pH and
increasing the levels of available P, which, in turn, markedly affect several metabolic and
physiological processes, such as protein synthesis [9] and phosphorprotein, fat, and sulfur
metabolism [13]. In addition, it is an essential element in energy-rich compounds such as
ATP, ADP, and AMP and in the photosynthesis process [8]; in turn, it significantly influences
cell division and elongation. To confirm the role of soil pH in nutrient availability, some
studies have been reported [70,71] regarding the influence of organic manure on reducing
soil pH, which in turn positively impacted nutrient availability in Jerusalem artichoke
plants. On the other hand, applying GCSP yielded the lowest values for all of the studied
attributes. This is clear evidence of the difference in the solubility of H2PO4

− and HPO4
−−

ions in the three studied phosphorus fertilizers, and thus their different behaviors in the
soil. These results indicated that the P utilization from MAP and UP was higher than P
in GCSP in the vegetative growth stage [72–74]. However, under high CaCO3 content
conditions, the P in GCSP fertilizer converts from available to unavailable forms such as
Ca2-P, Ca8-P, and Ca10-P.

The beneficial effects of P in MAP and UP, which, in turn, were reflected in the total
olive yield and its attributes, are presented in Table 8; however, they could be a result of
nutritional status improvement. These results are in agreement with the results of [58,61],
who reported that absorbed N, P, and K act as cofactors to increase the total carbohydrates
and their assimilation, which causes an increase in the assimilation products, which is
consequently reflected in the studied yield attributes, such as TFrW, FlW, FrL, FrD, and
FrDrM. In other words, these enhancements may be due to the improved impact of MAP
and UP on the leaf K and Zn content [75–78]. Regarding the maximum OTY and TOY,
it could be observed from our results that the maximum values of OTY and TOY were
recorded for trees fertilized with the UP3 treatment, followed by the MAP3 treatment, in
both seasons. It is evident that the TOY depends on the high level of the applied highly
soluble phosphorus fertilizer. These results could be due to P and its synergistic effects
on the translocation of different nutrients’ availability. Additionally, the increases in P
application might cause improvements in the root system [79], consequently enabling
plants to absorb more water and nutrients from the depths of the soil. Furthermore, the N
present within the chemical structure of both MAP and UP played a cooperative role with
P in enhancing the plant growth and the ability to increase flowering due to their direct
influence on growth and on the promotion the chlorophyll formation [10]. These obtained
results are in line with the previous results of [80,81].
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5. Conclusions

Under saline calcareous alkaline soils, phosphorus and other micronutrients are fixed
in unavailable forms. This work was conducted on olive (Olea europaea, Arbequina cv.)
trees grown in sandy clay loam soil characterized by multiple undesirable properties
(CaCO3 = 8.8 vs. 9.2%, ECe = 6.4 vs. 7.2 dS m−1, and pH = 7.78 vs. 7.89) in the 2020
and 2021 seasons, respectively, under a drip irrigation system. Generally speaking, from
our results, three main points could be concluded: (1) The application of highly soluble
phosphorus fertilizers (HSPFs), mono-ammonium phosphate (MAP), and urea phosphate
(UP), irrespective of the use level, was the most influential compared with granular calcium
super-phosphate (GCSP) for all studied characteristics except leaf copper uptake. (2) Re-
gardless of the applied level, plants subjected to the application of UP yielded superior
results to their counterparts fertilized with MAP. (3) The application of the maximum level
of either MAP (0.555 kg tree−1) or UP (0.770 kg tree−1) gave the best results for most of
the studied traits. However, the trees fertilized with MAP3 gave the maximum values
for shoot length, SPAD reading, and dry fruit matter. Meanwhile, the plants fertilized
with UP3 produced the best results for the leaf area, olive tree yield, total olive yield, total
fresh weight, flesh weight (FlW), fruit length (FrL), and leaf Fe content in both seasons. In
short, the application of HSPFs under these conditions might be an alternative surrogate to
improve nutrient efficiency and thus improve productivity.
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Abstract: Iron (Fe) deficiency exists as a widespread nutritional disorder in alkaline and calcareous
soils; therefore, Fe-enriching strategies may be used to overcome this issue. Field experiments were
conducted with a randomized complete design with three replicates for evaluating the effectiveness
of iron oxide nanoparticles (Fe-NPs) against traditional Fe compounds (sulfate or chelate), which have
various shortcomings on Rose-scented geranium (RSG) herb in terms of plant growth, phytophar-
maceuticales, essential oil (EO), and its constituents. Supplementation of Fe-sources considerably
improved RSG plant growth and EO yield in the 1st and 2nd cut throughout the two seasons over
non-treated control plants. A total of 11 compounds of RSG-EO were identified; the main constituents
were citronellol, geraniol, and eugenol. The results indicate that EO composition was significantly
affected by Fe-sources. Amendments of Fe-sources considerably augmented photosynthetic pigments,
total carbohydrates, nitrogen, phosphorous, potassium, iron, manganese, zinc, phenols, flavonoids,
and anthocyanin. Commonly, Fe-NPs with humic acid (Fe-NPs-HA) supplementation was supe-
rior to that of traditional sources. The highest values were recorded with spraying Fe-NPs-HA at
10 mg L−1 followed by 5 mg L−1, meanwhile, the lowest values were recorded in untreated control
plants. Current findings support the effectiveness of nanoparticle treatment over Fe-sources for
improving growth and yield while also being environmentally preferred in alkaline soil. These
modifications possibly will be applicable to EO quality and its utilization in definite food and in
medical applications.

Keywords: chlorophyll; essential oil; nano-iron; phytopharmaceutical; rose-scented geranium; yield

1. Introduction

Rose-scented geranium (RSG, Pelargonium graveolens L. Her. ex Ait. ‘Synonym Praso-
phyllum roseum Willd.’; Geraniaceae) is a highly valued perennial aromatic shrub world-
wide [1]. The chief RSG production takes place in China and the Middle East, i.e., Egypt [2].
Its EO is extensively used in the perfumery, cosmetic, and aromatherapy industries [1,3,4].
Additionally, they are becoming increasingly popular for several human disorders, i.e.,
relieving dysentery, cancer, sterility, urinary stones, and liver complications [5,6]. The
main constituents of RSG-EO are citronellol (19.28–40.23%), geraniol (6.45–18.40%), linalool
(3.96–12.90%), iso-menthone (5.20–7.20%), citronellyl formate (1.92–7.55%), Guaia-6,9-diene
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(0.15–4.40%), and bits of more than 100 constituents [1,4]. Accordingly, EO composition is
strongly affected by environmental factors and micronutrients including iron [7,8].

Iron (Fe) represents the 4th supreme plentiful element in the earth’s crust, which
participates in several species’ physio-biochemical pathways [9,10]. It is a co-factor for
approximately 140 enzymes elaborated in photosynthesis, gas exchange, nitrogen fixa-
tion, and nucleic acid assimilation [11,12]. It is also involved in chlorophyll biosynthesis,
chloroplast development, and electron transport systems [13,14]. Iron deficiency (FDS) is a
widespread threat affecting 30–50% of cultivated alkaline soils in dry regions, i.e., Egyptian
soil [15,16]. Considering the soil–plant–animal–human food chain FDS not only affects
plant growth and development but can also accelerate anemia in animals and humans [1].
Therefore, usage of the proper amount and forms of Fe is a prerequisite to extra studies, to
lessen FDS, and to increase nutrient-use efficiency. Presently, several products were applied
to overcome FDS. The EU Directive No. 2003/2003 [17,18] comprises chelates i.e., ethylene
diaminetetraacetic acid (Fe-EDTA) and ethylenediamine-N, N′-biso-hydroxyphenyl acetic
acid (Fe-o,o-EDDHA) complexes; and inorganic salts as a promising method for improving
Fe uptake and lessens Fe-chlorosis. The effectiveness of inorganic and chelated Fe fertilizers
in mitigating FDS is exceedingly variable depending on their solubility, constancy, infil-
tration capacity via leaf cuticle and translocation into the plant tissues [19,20]. The usage
of Fe chelates does not represent a viable approach for agronomists to avoid Fe chlorosis
as a result of the excessive cost and ecological hazards [21]. Furthermore, most of these
chelates are recalcitrant products in soils and waters, and there has been developing anxiety
recently about the ecological threat of their amendment to soils [22].

Recently, there has been a thrust to develop innovative nanoparticle (NP) fertilizer
formulations including iron nano-oxide (Fe-NPs), for reducing the quantity of conventional
fertilizers owing to (1) their unique physical and chemical attributes (small size, huge
surface area, pureness, and steadiness), and (2) the interface amongst nanoparticles and
biomolecules possibly will provoke metabolic pathways in treated plants [8,18,23]. The
stimulating impact of Fe-NPs on the growth and economic yield of different herbs has
been reported previously [8,23,24]. In this regard, El-Khateeb et al. [8] on sweet marjoram
found that Fe-NPs foliar spraying augmented plant growth, chlorophyll concentration,
carbohydrates, EO %, and yield as well as their constituents. Nejad et al. [25] found that
Fe-spraying increased the photosynthetic pigments, phenols, and EO % of RSG plants.
Gutierrez-Ruelas et al. [18] recorded that Fe-NPs spraying increased green bean plant
biomass, total chlorophyll, and Fe content as well as nitrate reductase activity.

However, it is unclear how Fe-NP supplementation affects RSG plant development
and some biochemical characteristics when used in place of conventional Fe-sources. As a
result, the main goal of the current study is to determine the effects of Fe-sources (chelate,
sulfur, and nano) on the growth of RSG, EO content, and their constituents, as well as
their phytochemicals. We hypothesized that various Fe sources have varying effects on
plant growth, EO yield, and composition as well as phytopharmaceuticals production.
As a novel Fe source, Fe-NPs were also very successful in eliciting the accumulation of
phytopharmaceuticals, as well as boosting EO yield and plant antioxidant activity.

2. Materials and Methods
2.1. Assimilation of Fe-NPs

The synthesis of magnetic iron oxide nanoparticles (Fe-NPs) was created with an
eco-friendly adapted scheme [26]. The co-precipitation method synthesized the Fe-NPs in
situ, which is a classical method for Fe3O4 generation. Concisely, 6.1 g of ferric chloride
was dissolved in 100 mL of distilled water, subsequently, the addition of an aliquot of
concentrated HCl to evade Fe(OH)3 precipitation, afterward 4.2 g of FeSO4·7H2O were
dissolved in a mix, and heated to 90 ◦C, then 10 mL of NH4OH (25%) was poured quickly,
and pH of the solution was sustained at 10. The mixture was stirred at 90 ◦C for 30 min
and then cooled to lab temperature. The black substance was collected via centrifugation at
600× g, and then washed with ethanol and distilled water.
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2.2. Characterization of Fe-NPs

The dimension and shape of Fe-NPs were detected by transmission electron mi-
croscopy (TEM, JEOL Ltd. Tokyo, Japan). The TEM samples were prepared via dropping
solution on a carbon-coated copper grid and then exposed to the infra-light for 30 min
(Okenshoji Co., Ltd., Tokyo, Japan microgrid B). The micrograph was examined by JEOL-
JEM 6510 at 70 kV in the RCMB, Mansoura University, Egypt.

2.3. Experimental Location, Climate Data, and Soil Properties

Two field experiments were done at a private farm in El-Serw City (31◦14′19.21′′ N,
31◦39′13.64′′ E; 16 m ASL), Damietta, Egypt, during the 2018 and 2019 seasons for as-
sessing the response of RSG plant growth, yield, and EO content to foliar applications of
Fe-sources. Physical-chemical examination of the soil surface (0–60 cm) was employed
before transplanting [27]. The soil texture was clay, and its properties were recorded in
Table 1. Diurnal experimental site ecological information involved temperature, solar
radiation, relative humidity, and wind speed of the 1st and 2nd seasons as presented in
Supplementary Materials Table S1.

Table 1. Physical and chemical analyses of the experimental soil in two seasons.

Soil Properties
Values

1st Season 2nd Season

Particle size distribution (%) Sand (%) 21.00 21.19

Silt (%) 35.92 34.82

Clay (%) 43.08 44.08

Some physical and chemical trials Electrical conductivity (dSm−1) 4.070 4.060

pH (soil paste) 7.630 7.700

Calcium carbonate (%) 3.730 3.810

Nitrogen (mg kg−1 soil) 20.32 21.03

Phosphorus (mg kg−1 soil) 16.72 17.63

Cations (meq 100 g−1 soil) Calcium 2.000 4.000

Magnesium 11.33 12.12

Sodium 2.740 2.720

potassium 2.060 2.090

Anions (meq 100 g−1 soil) Carbonate 0.000 0.000

Bicarbonate 0.370 0.360

Chloride 4.690 4.650

sulfate 5.630 5.690

2.4. Experimental Layout

The experimental soil was mechanically plowed twice prior to transplantation until
the soil surface was steady and established in the plots. Uniform seedlings of 25–30 cm
length (from the Dept. of Medicinal and Aromatic Plants, Ministry of Agric., Egypt) were
individually transplanted on 1st March, during the 2018 and 2019 seasons, in 3 × 3.5 m
plots, rows with 60 cm apart and 60 cm amongst the seedlings. In both seasons, the
plants were received the recommended doses of mineral fertilizers (ammonium sulfate
‘20.5%’, calcium superphosphate ‘15.5%’, and potassium sulfate ‘52%’ at 200, 100, and
55 kg/fed. ‘4200 m2′, correspondingly) before planting and once first cut in both seasons.
Entirely agricultural practices of plants were carried out following the endorsements of the
Ministry of Agriculture, Egypt. The design of the experiment was completely randomized
that contained 11 treatments at three replicates, and they are displayed in Table 2. The
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preliminary study provided the basis for choosing this concentration. The Fe-forms were
sprayed directly on the plants four times at 45 and 60 days (for the 1st cut), and 135 and
150 days (for the 2nd cut) from transplanting (15 days prior to flowering and at the start of
the flowering stage in both cuts).

Table 2. The experimental treatments and their identifications.

No. Treatments Abbreviation

1 Control (Spraying with tap water) T1

2 Spraying with 5 mg L−1 Fe-NPs T2

3 Spraying with 10 mg L−1 Fe-NPs T3

4 Spraying with 5 mg L−1 Fe-NPs with humic (Fe-NPs-HA) T4

5 Spraying with 10 mg L−1 Fe-NPs with humic (Fe-NPs-HA) T5

6 Spraying with 100 mg L−1 ferric sulfate T6

7 Spraying with 200 mg L−1 ferric sulfate T7

8 Spraying with 100 mg L−1 EDDHA T8

9 Spraying with 200 mg L−1 EDDHA T9

10 Spraying with 100 mg L−1 EDTA T10

11 Spraying with 200 mg L−1 EDTA T11

2.5. Measurements and Data Collection

Plants were harvested (cuts) 10 cm above the soil two times at full bloom (after 90
and 180 days from transplanting) in each season for determining growth characteristics
(plant height ‘cm’, branches number/plant, shoot fresh and dry weights ‘g/plant’) and
EO (%, yield/plant, yield/fed.), meanwhile both cuts in the second season was used for
determining photosynthetic pigments, ions, phytopharmaceuticals, and EO composition.

2.6. Determination of Essential Oil

Using a modified Clevenger apparatus for three hours, the EO was hydro-distilled
from the air-dried plants that had been in the shade for 48 h [28]. After distillation, the
EO was dried by a glass separator, filtered two times, kept in the fridge at 4 ◦C, and
preserved in dark closed bottles for preventing light and oxygen exposure. EO % = (EO
volume/shoot fresh weight) × 100. The EO yield (mL/plant) was calculated following the
current equation; EO yield = shoot fresh weight (g) × EO%.

The EO components were recognized, with a Varian Chrompack CP-3800 gas chro-
matograph (Varian Company, California, USA) with a mass detector (4000 GC-MS/MS).
Helium served as the gas carrier at a flow rate of 2 mL min−1 with a linear velocity of
32 cm s−1. The flame ionization detector temperature was 265 ◦C and the injector tem-
perature was 250 ◦C. Detection of the constituents was dependent on a judgment of their
mass spectra with those of a computer library or with realistic composites and validation
of compound individualities was also gained via Retention index (RI) assessed regarding a
homologous series of C5–C24 (n-alkanes) as designated by Adams [29].

2.7. Ion Concentration

Nitrogen (N), and phosphorus (P) were extracted and estimated [30] from the plant
dry shoot. Roughly 0.2 g shoot dry mass was cautiously moved to a digestion flask with
5 mL of concentrated H2SO4, at 100 ◦C for 2 h; then, the combinations were cool for 15 min
in lab temperature. An aliquot of H2SO4/HClO3 mix was poured dropwise. Total N was
assessed with the micro-Kjeldahl scheme. The outline of Cooper [31] was followed for the
assessment of P alongside the phosphate standard curve. In the meantime, the potassium
(K), Fe, manganese (Mn), and zinc (Zn) were extracted by acid digestion (70% nitric acid
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and 35% hydrochloric acid) in a Milestone MLA 1200 Mega microwave digestion device,
then estimated using iCAPTM 7000 Plus Series ICP-OES (Thermo ScientificTM, Boston, MA,
USA, Boston) following Bettinelli et al. [32] protocol.

2.8. Photosynthetic Pigment

Chlorophylls and carotenoids were assessed by Lichtenthaler and Wellburn [33] proce-
dure. Generally, 0.2 g FW from the 4th upper leaves was extracted overnight in pre-cooled
methanol (96%) accompanied by 0.05% sodium bicarbonate. The optical density (OD) was
read at 470, 653, and 666 nm spectrophotometrically (T60 UV–Visible spectrophotometer,
Leicestershire, UK). Pheophytin (Pheo) and Chlorophyllide (Chlide) were assessed in the
4th upper leaves according to Radojevic and Bashkin [34] and Harpaz-Saad et al. [35],
respectively. On the other hand, the protocol described by Sarropoulou et al. [36] was
applied for the estimation of protoporphyrin (Proto), Mg-protoporphyrin (Mg-Proto), and
protochlorophyllide (Pchlide).

2.9. Total Carbohydrates

The colorimetric technique designated by Zhang et al. [37] was used to estimate total
carbohydrate concentrations in plant shoots using 3, 5-dinitrosalicylic acid (DNS), after
extraction with hot ethanol (80%). An aliquot of shoot extract (3 mL) was mixed with 3 mL
DNS reagent in a test tube, then heated in a boiling water bath for 5 min. Consequently,
40% Rochelle salt solution (1 mL) was quickly added, to the mix, and placed in a water
bath at lab temperature for about 25 min., subsequently; the OD at 510 nm is recorded with
a spectrophotometer (T60 UV–Visible spectrophotometer, Leicestershire, UK).

2.10. Total Phenolic Compounds, Total Flavonoids, and Total Anthocyanin

The Folin–Ciacolteu procedure was utilized spectrophotometrically (T60 UV–Visible
spectrophotometer, Leicestershire, UK) to estimate the total phenolic concentration [38].
Concisely, the ethanolic plant extract was added to the Folin–Ciocalteu reagent and sodium
carbonate solution (20%), homogenized, and incubated in the dark for 30 min. The OD was
then measured at 650 nm. A calibration curve for gallic acid was used to estimate their
concentration (mg gallic g−1 DW).

The technique established by Meda et al. [38] was employed to assess the total con-
centration of flavonoids (mg quercetin g−1 DW) using the aluminum chloride colorimetric
scheme. An aliquot of ethanolic extract, 0.1 mL of aluminum chloride, 0.1 mL of sodium
acetate, and 2.8 mL of distilled water was combined and stirred. The mixture’s OD was
deliberate spectrophotometrically (T60 UV–Visible spectrophotometer, Leicestershire, UK)
at a wavelength of 415 nm.

Total anthocyanin concentration was determined according to the method of Abdel-
Aal and Hucl [39], in which the OD of each pre-chilled acidified methanolic extract was
assessed spectrophotometrically (T60 UV–Visible spectrophotometer, UK) at 530 nm. The
concentration (mg 100 g−1 FW) was expressed as cyaniding-3-glucoside using a molar
extinction coefficient of 27.900.

2.11. Statistical Analysis

The similarity of variables error variance was performed earlier in the analysis of
variance (ANOVA). The outputs demonstrated that all data satisfied the uniformity to
accomplish further ANOVA checks. The data acquired were exposed to one way-ANOVA at
a 95% confidence level by CoHort Software, 2008 statistical package (CoHort software, 2006;
Raleigh, NC, USA). The mean values of treatments were compared via Tukey’s HSD-MRT
test at p ≤ 0.05. Values attended by diverse letters were significantly different at p ≤ 0.05.
The data presented are mean values ± standard error (SE). The levels of significance were
denoted by * p < 0.05, ** at p < 0.01, *** p < 0.001 and NS, no significant.
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3. Results
3.1. Magnetite Nanoparticles Characterization

By using TEM imaging, the physicochemical properties of Fe-NPs were considered
(Figure 1). The images of synthesized magnetite nanoparticles with an average particle size
of 9–14 nm and a large number of diffraction rings characteristic of crystalline spherical
Fe-NPs. The nanoparticles used in this study have a mean diameter of 12.6 nm, suggesting
that the particles can cross bio-membranes.
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Figure 1. TEM imaging of the prepared magnetite nanoparticles revealed spherical shape of particles,
with an average size of 9–14 nm.

3.2. Morphological Characterization

Data in Table 3 shows that application of Fe-sources significantly increased the growth
parameters in both the 1st and 2nd cut in both seasons over control plants. The highest
morphological values were significantly associated with RSG treated with Fe-NPs HA at
10 mg L−1, followed by 5 mg L−1 Fe-NPs HA, correspondingly, and mostly, they produced
equivalent effects in both seasons. Meanwhile, the lowest values were usually detected in a
non-treated plant, with statistical significance.

Table 3. Effect of iron (nano, sulfate, and chelated) foliar spray on some vegetative growth parameters
of Sweet Scented geranium during the 2018 and 2019 experimental seasons. Means of three replicates
are presented with ± SE.

First Season

Treatments

Cut 1 Cut 2

Plant Height
(cm)

Branches
No/Plant

Shoot Fresh
Weight (g)

Shoot Dry
Weight (g)

Plant Height
(cm)

Branches
No/Plant

Shoot Fresh
Weight (g)

Shoot Dry
Weight (g)

T1 34.6 ± 0.88 h 13.0 ± 0.57 h 617.6 ± 5.48 k 108.5 ± 0.94 k 43.3 ± 0.88 h 18.0 ± 0.57 g 838.3 ± 6.64 k 164.0 ± 1.36 k

T2 66.3 ± 0.88 c 30.6 ± 0.88 c 1179 ± 8.50 d 238.5 ± 1.72 d 75.6 ± 1.20 c 43.0 ± 1.15 c 1852 ± 7.53 d 438.61.78 d

T3 71.3 ± 0.88 b 33.3 ± 0.88 bc 1261 ± 4.61 c 258.1 ± 0.94 c 81.0 ± 1.15 b 46.0 ± 0.57 bc 2024 ± 7.83 c 483.6 ± 1.87 c

T4 75.0 ± 0.57 ab 35.0 ± 0.57 ab 1433 ± 8.14 b 303.6 ± 1.72 b 84.3 ± 1.20 ab 48.0 ± 1.15 ab 2262 ± 8.14 b 545.5 ± 1.96 b

T5 78.3 ± 0.88 a 38.0 ± 0.57 a 1560 ± 6.35 a 341.1 ± 1.39 a 89.0 ± 1.15 a 51.3 ± 0.88 a 2469 ± 6.08 a 616.0 ± 1.51 a

T6 42.6 ± 0.88 fg 17.0 ± 0.57 fg 719.3 ± 7.51 i 125.2 ± 1.30 i 49.6 ± 0.88 fg 20.6 ± 0.88 fg 1020 ± 7.83 i 217.5 ± 1.67 i

T7 39.6 ± 0.88 g 15.0 ± 0.57 gh 665.0 ± 6.08 j 116.5 ± 0.68 j 45.6 ± 0.88 gh 19.0 ± 0.57 fg 965.0 ± 4.72 j 198.5 ± 1.00 j

T8 46.3 ± 0.88 f 20.0 ± 0.57 ef 783.6± 6.93 h 137.6± 1.21 gh 53.6 ± 0.88 ef 23.0 ± 0.57 f 1123 ± 6.11 h 243.2 ± 1.32 h

T9 51.3 ± 0.88 e 23.0 ± 0.57 de 834.3± 6.11 g 148.3 ± 1.08 g 58.3 ± 0.88 e 28.6 ± 0.88 e 1332 ± 11.4 g 291.2 ± 2.49 g

T10 57.6 ± 0.88 d 24.0 ± 0.57 d 928.3 ± 5.78 f 174.1 ± 1.08 f 65.60.88 d 32.3 ± 0.88 de 1483 ± 7.93 f 336.2 ± 1.79 f

T11 61.3 ± 0.88 d 26.0 ± 0.57 d 990.3 ± 4.33 e 187.2 ± 0.81 e 72.0 ± 1.15 c 36.0 ± 0.57 d 1597 ± 7.05 e 365.8 ± 1.61 e

ANOVA p *** *** *** *** *** *** *** ***
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Table 3. Cont.

Second season

Treatments

Cut 1 Cut2

Plant Height
(cm)

Branches
No/Plant

Shoot fresh
weight (g)

Shoot dry
weight (g)

Plant Height
(cm)

Branches
No/Plant

Shoot fresh
weight (g)

Shoot dry
weight (g)

T1 36.6 ± 0.88 h 15.0 ± 0.57 f 648.6± 5.23 k 114.0 ± 0.90 k 44.6 ± 0.88 g 19.0 ± 0.57 f 851.3± 4.94 k 166.8 ± 1.00 k

T2 67.6 ± 0.88 c 32.6 ± 0.88 b 1192 ± 4.33 d 241.4 ± 0.87 d 77.0 ± 0.57 c 44.6 ± 0.88 b 1886 ± 6.93 d 447.3 ± 1.64 d

T3 72.3 ± 0.88 b 34.3 ± 0.88 ab 1283 ± 3.60 c 263.0 ± 0.73 c 82.3 ± 0.88 b 47.6 ± 0.88 ab 2052 ± 6.38 c 491.0 ± 1.52 c

T4 75.6 ± 0.88 b 37.0 ± 1.15 ab 1457 ± 3.84 b 309.1± 0.812 b 86.6 ± 0.88 ab 50.0 ± 1.15 a 2282 ± 6.08 b 551.3 ± 1.46 b

T5 81.3 ± 0.88 a 39.0 ± 1.15 a 1583 ± 4.05 a 346.6 ± 0.88 a 91.0 ± 1.15 a 51.6 ± 1.20 a 2489 ± 6.42 a 621.7 ± 1.60 a

T6 44.6 ± 0.88 fg 18.6 ± 1.20 ef 734.6 ± 4.91 e 128.0 ± 0.85 i 52.6 ± 0.88 f 23.0 ± 0.57 ef 1055 ± 6.80 i 225.2 ± 1.45 i

T7 41.6 ± 0.88 g 16.0 ± 0.57 ef 688.0 ± 3.78 j 120.3 ± 0.66 j 47.6 ± 0.88 g 20.0 ± 0.57 f 890.3 ± 4.97 j 186.2 ± 1.06 j

T8 47.3 ± 0.88 f 20.3 ± 1.20 de 810.0± 4.35 h 142.5 ± 0.76 h 55.6 ± 0.88 f 25.3 ± 0.88 e 1154 ± 4.35 h 250.1 ± 0.94 h

T9 52.3 ± 0.88 e 24.0 ± 1.15 cd 849.3± 6.11 g 151.3 ± 1.09 g 61.3 ± 0.88 e 31.0 ± 1.15 d 1377 ± 7.00 g 301.4 ± 1.53 g

T10 60.3 ± 0.88 d 25.3 ± 0.88 c 952.0 ± 5.50 f 178.8 ± 1.03 f 67.6 ± 0.88 d 34.3 ± 0.88 cd 1509 ± 5.50 f 342.4 ± 1.24 f

T11 63.3± 0.88 cd 27.6 ± 0.88 c 1019 ± 4.91 e 193.0 ± 0.93 e 72.6 ± 0.88 c 37.6 ± 0.88 c 1624 ± 6.35 e 372.3 ± 1.45 e

ANOVA p *** *** *** *** *** *** *** ***

Levels of significance are represented by *** p < 0.001. For each parameter in the year, different letters within the
column show significant differences between the treatments and control according to Tukey’s HSD test at p < 0.05.
T1, T2, T3, T4, T5, T6, T7, T8, T9, T10, and T11 are control, 5 mg L−1 Fe-NPs, 10 mg L−1 Fe-NPs, 5 mg L−1 Fe-NPs
HA, 10 mg L−1 Fe-NPs HA, 100 mg L−1 FeSO4, 200 mg L−1 FeSO4, 100 mg L−1 EDDHA, 200 mg L−1 EDDHA,
100 mg L−1 EDTA, and 200 mg L−1 EDTA, respectively.

3.3. Essential Oil Yield

Data presented in Figure 2A–F indicate that Fe-sources supplementation significantly
raised EO %, accompanied by increasing EO yield per plant and per fed. in both cuts
relative to control plants (water spraying plants). The highest EO %, EO yield per plant,
and EO yield per fed. were recorded by spraying Fe-NPs-HA at 10 mg L−1 followed by
5 mg L−1, meanwhile, the lowest values were recorded in control plants. In this regard,
EO% of the 1st cut ranged from 0.132 to 0.293% based on air-dry weight, meanwhile it
was 0.101 to 0.192% in the 2nd cut in the first season. On the other hand, it was from 0.137
to 0.295% in the 1st cut and from 0.103 to 0.209% in the second cut, respectively, in the
second season.

Regarding EO yield per plant and per fed., the results showed that Fe-sources spraying
had a significant impact on EO yield at both harvests in the first and second seasons. In
most cases, the yield was slightly higher in the 1st cut than in the 2nd cut in both seasons.
In the first season, the EO yield per plant and fed. in the first cut was 0.819–4.577 mL/plant
and 13.374–74.737 L/fed. meanwhile the 2nd cut recorded 0.849–4.740 mL/plant and
13.869–77.396 L/fed. respectively (Figure 2). Additionally, in the second season, the EO
yield/plant recorded 0.888–4.676 mL/plant in the first cut and 0.876–5.201 mL/plant in the
second cut. Meanwhile, the EO yield/fed. was 14.510–76.354 and 14.313–84.924 in the 1st
and 2nd cut, respectively. The highest EO yield per plant and per fed. In the 1st and 2nd
cut throughout both seasons was obtained in plants sprayed with 10 mg L−1 Fe-NPs-Ha
and the lowest values were detected in untreated plants.
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Figure 2. Effect of iron (nano, sulfate, and chelated) foliar spray on EO oil yield of Sweet Scented
geranium during experimental seasons. (A) EO % in two cuts of the 1st season, (B) EO % in two cuts
of the 2nd season, (C) EO yield (mL/plant) in two cuts of the 1st season, (D) EO yield (mL/plant) in
two cuts of the 2nd season, (E) EO yield (L/fed.) in two cuts of the 1st season, (F) EO yield (L/fed.)
in two cuts of the 2nd season. Means of three replicates are presented with ± SE. For each parameter
in the year, different letters within the column show significant differences between the treatments
and control according to Tukey’s HSD test at p < 0.05. T1, T2, T3, T4, T5, T6, T7, T8, T9, T10, and
T11 are control, 5 mg L−1 Fe-NPs, 10 mg L−1 Fe-NPs, 5 mg L−1 Fe-NPs HA, 10 mg L−1 Fe-NPs
HA, 100 mg L−1 FeSO4, 200 mg L−1 FeSO4, 100 mg L−1 EDDHA, 200 mg L−1 EDDHA, 100 mg L−1

EDTA, and 200 mg L−1 EDTA, respectively.

3.4. Chemical Composition of Essential Oils

Rose-scented geranium EO was slightly light green with a 0.889 g/mL density. The
data belonging to qualitative and quantitative constituents of EO, collected from the 1st
and 2nd cuts during the 2019 season of RSG herbs subjected to Fe-sources foliar application
were identified (Tables 4 and 5). In total, 11 constituents were detected in EO accounting
for 86.04% and 91.55% of the total EO in the 1st and 2nd cut respectively. A comparison of
the entire set of EO analytical data showed significant variations in the EO’s qualitative
and quantitative composition as a result of the use of Fe-sources.

215



A
gr

on
om

y
20

22
,1

2,
21

64

Ta
bl

e
4.

E
ff

ec
to

fi
ro

n
(n

an
o,

su
lf

at
e,

an
d

ch
el

at
ed

)f
ol

ia
r

sp
ra

y
on

es
se

nt
ia

lo
il

ac
ti

ve
co

ns
ti

tu
en

t’
s

re
te

nt
io

n
ti

m
e

(R
T

)a
nd

pe
rc

en
ta

ge
(a

re
a

%
)o

fS
w

ee
tS

ce
nt

ed
ge

ra
ni

um
in

th
e

fir
st

cu
td

ur
in

g
th

e
20

19
ex

pe
ri

m
en

ta
ls

ea
so

n.
M

ea
ns

of
th

re
e

re
pl

ic
at

es
ar

e
pr

es
en

te
d

w
it

h
±

SE
.

Treatments

α–Pinene

Myrcene

Isomenthone

Linalool

Citronelyl
Formate

Geranyl
Formate

Citronelol

Geraniol

Geranyl
Butrate

Eugenol

β-
Caryophyllene

Unknown
Constituents

C/GRatio

R
T

A
re

a%
R

T
A

re
a%

R
T

A
re

a%
R

T
A

re
a%

R
T

A
re

a%
R

T
A

re
a%

R
T

A
re

a%
R

T
A

re
a%

R
T

A
re

a%
R

T
A

re
a%

R
T

A
re

a%
A

re
a%

T1
2.

10
0.

36
3.

81
1.

46
5.

12
4.

29
5.

34
4.

21
6.

06
7.

92
6.

83
8.

00
7.

48
21

.4
3

8.
22

21
.0

2
8.

50
1.

66
10

.5
0

13
.2

3
11

.4
3

2.
46

13
.9

6
0.

93
3

T2
2.

03
0.

35
3.

72
0.

82
5.

01
3.

99
5.

25
5.

98
5.

93
5.

91
6.

70
5.

33
7.

33
22

.4
2

8.
07

19
.0

9
8.

35
9.

23
10

.3
1

8.
26

10
.9

5
4.

20
14

.4
2

0.
81

7

T3
2.

18
0.

54
3.

89
0.

73
5.

20
5.

99
5.

41
5.

21
6.

12
8.

75
6.

87
7.

78
7.

50
25

.2
9

8.
23

23
.7

9
8.

50
1.

75
10

.4
8

10
.5

1
11

.0
9

1.
38

8.
28

1.
00

5

T4
1.

80
0.

53
3.

45
1.

04
4.

71
6.

60
4.

95
8.

01
5.

62
9.

11
6.

37
7.

04
6.

98
25

.5
8

7.
71

23
.0

5
7.

98
1.

15
9.

90
6.

21
10

.3
3

1.
49

10
.1

9
1.

10
7

T5
2.

77
1.

37
4.

20
1.

28
5.

36
4.

00
5.

57
5.

09
6.

29
5.

59
7.

07
7.

41
7.

71
24

.9
3

8.
47

27
.5

8
8.

98
1.

70
10

.7
0

10
.0

1
11

.3
0

2.
25

3.
48

0.
81

4

T6
2.

24
0.

87
3.

99
0.

36
5.

33
4.

72
5.

55
6.

38
6.

25
5.

58
7.

03
5.

48
7.

63
18

.2
9

8.
42

30
.2

1
8.

67
2.

57
10

.6
9

8.
61

11
.3

2
2.

75
14

.1
8

0.
62

1

T7
2.

24
0.

59
4.

19
0.

54
5.

32
4.

20
5.

54
6.

01
6.

26
6.

15
7.

04
7.

55
7.

64
19

.1
5

8.
41

26
.6

6
8.

68
3.

07
10

.7
0

11
.5

6
11

.3
3

5.
01

9.
51

0.
67

8

T8
2.

13
0.

13
3.

53
0.

60
4.

62
5.

50
4.

88
5.

41
5.

58
8.

72
6.

34
7.

54
7.

00
22

.5
3

7.
75

26
.8

7
7.

99
1.

53
9.

91
8.

67
10

.5
2

2.
58

9.
92

0.
88

2

T9
1.

73
0.

50
3.

34
0.

45
4.

64
4.

94
4.

90
5.

94
5.

60
7.

87
6.

36
5.

88
7.

02
20

.5
4

7.
80

29
.5

4
8.

03
1.

64
9.

93
9.

79
10

.5
0

1.
99

10
.9

2
0.

76
6

T1
0

2.
06

0.
30

3.
83

0.
12

5.
16

3.
36

5.
41

6.
03

6.
15

7.
09

6.
93

9.
14

7.
59

23
.8

9
8.

37
27

.7
3

8.
87

2.
35

10
.6

1
10

.8
2

11
.5

5
1.

90
7.

27
0.

78
7

T1
1

2.
05

0.
72

3.
49

0.
19

5.
12

4.
90

5.
36

6.
55

6.
06

5.
43

6.
84

6.
17

7.
46

21
.7

1
8.

25
36

.8
8

8.
74

0.
43

10
.4

7
6.

47
11

.0
8

1.
43

9.
12

0.
62

4

T
1,

T
2,

T
3,

T
4,

T
5,

T
6,

T
7,

T
8,

T
9,

T
10

,a
nd

T
11

ar
e

co
nt

ro
l,

5
m

g
L
−

1
Fe

-N
Ps

,1
0

m
g

L
−

1
Fe

-N
Ps

,5
m

g
L
−

1
Fe

-N
Ps

H
A

,1
0

m
g

L
−

1
Fe

-N
Ps

H
A

,1
00

m
g

L
−

1
Fe

SO
4,

20
0

m
g

L
−

1
Fe

SO
4,

10
0

m
g

L
−

1
ED

D
H

A
,2

00
m

g
L
−

1
ED

D
H

A
,1

00
m

g
L
−

1
ED

TA
,a

nd
20

0
m

g
L
−

1
ED

TA
,r

es
pe

ct
iv

el
y.

216



A
gr

on
om

y
20

22
,1

2,
21

64

Ta
bl

e
5.

E
ff

ec
to

fi
ro

n
(n

an
o,

su
lf

at
e,

an
d

ch
el

at
ed

)f
ol

ia
r

sp
ra

y
on

es
se

nt
ia

lo
il

ac
ti

ve
co

ns
ti

tu
en

t’
s

re
te

nt
io

n
ti

m
e

(R
T

)a
nd

pe
rc

en
ta

ge
(a

re
a

%
)o

fS
w

ee
tS

ce
nt

ed
ge

ra
ni

um
in

th
e

se
co

nd
cu

td
ur

in
g

th
e

20
19

ex
pe

ri
m

en
ta

ls
ea

so
n.

M
ea

ns
of

th
re

e
re

pl
ic

at
es

ar
e

pr
es

en
te

d
w

it
h
±

SE
.

Treatments

α–Pinene

Myrcene

Isomenthone

Linalool

Citronelyl
Formate

Geranyl
Formate

Citronelol

Geraniol

Geranyl
Butrate

Eugenol

β-
Caryophyllene

Unknown
Constituents

C/GRatio

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

R
T

A
re

a
%

A
re

a
%

T1
2.

06
0.

62
3.

80
1.

09
5.

19
6.

20
5.

40
5.

11
6.

15
9.

35
6.

87
4.

34
7.

63
35

.5
5

8.
30

17
.2

8
8.

79
0.

85
10

.5
2

8.
36

11
.0

8
2.

85
8.

45
2.

02
9

T2
2.

11
0.

48
3.

88
0.

77
5.

22
6.

66
5.

44
6.

31
6.

16
8.

75
6.

91
6.

27
7.

55
26

.0
7

8.
28

24
.4

1
8.

54
1.

83
10

.5
0

5.
25

11
.1

1
0.

76
12

.4
4

1.
07

1

T3
2.

05
0.

38
3.

75
0.

35
4.

93
4.

33
5.

19
12

.7
8

5.
86

6.
99

6.
63

2.
76

7.
27

28
.9

3
8.

02
22

.6
3

8.
51

2.
02

10
.2

2
5.

20
10

.8
6

1.
17

12
.4

6
1.

30
7

T4
2.

03
0.

34
4.

12
0.

73
5.

52
5.

36
5.

72
5.

53
6.

46
8.

56
7.

23
5.

63
7.

92
34

.4
6

8.
63

17
.5

5
8.

92
2.

81
10

.9
5

9.
63

11
.6

0
3.

27
6.

13
2.

80
9

T5
2.

27
1.

31
4.

07
1.

22
5.

48
5.

59
5.

67
3.

47
6.

44
8.

53
7.

20
3.

19
7.

93
32

.1
9

8.
62

14
.0

6
8.

91
2.

15
10

.9
7

10
.2

4
11

.6
1

2.
92

15
.1

3
2.

09
8

T6
2.

26
0.

42
3.

99
1.

03
5.

39
4.

20
5.

56
2.

69
6.

35
7.

31
7.

07
3.

09
7.

86
32

.9
4

8.
51

12
.5

0
8.

81
3.

61
10

.8
5

13
.3

3
11

.4
3

2.
46

16
.4

2
2.

09
6

T7
2.

35
0.

32
4.

08
0.

95
5.

42
4.

53
5.

58
3.

33
6.

37
8.

51
7.

04
3.

55
7.

81
36

.2
7

8.
47

14
.9

6
8.

75
2.

56
10

.7
2

11
.4

1
11

.2
8

3.
30

10
.3

1
2.

12
5

T8
2.

15
0.

30
3.

87
0.

79
5.

22
4.

98
5.

39
2.

48
6.

14
7.

63
6.

85
3.

22
7.

61
34

.5
0

8.
23

11
.2

8
8.

54
2.

95
10

.5
3

13
.2

3
11

.4
4

4.
23

14
.4

1
2.

47
8

T9
2.

16
0.

68
3.

88
1.

31
5.

21
5.

71
5.

40
3.

09
6.

12
7.

69
6.

86
3.

18
7.

53
31

.4
4

8.
21

15
.2

8
8.

51
2.

13
10

.5
0

12
.2

1
11

.0
9

4.
48

12
.8

1.
89

6

T1
0

2.
04

1.
07

3.
47

1.
41

4.
62

6.
98

4.
86

2.
76

5.
55

8.
04

6.
29

4.
91

6.
96

36
.9

7
7.

63
11

.8
9

7.
92

1.
88

9.
85

7.
78

10
.8

0
2.

49
13

.8
2

2.
40

9

T1
1

2.
17

0.
52

3.
81

0.
43

5.
10

4.
51

5.
30

3.
87

6.
02

7.
69

6.
73

4.
50

7.
42

26
.5

3
8.

14
22

.7
8

8.
39

2.
66

10
.3

1
10

.6
4

11
.1

7
2.

56
13

.3
1

1.
14

2

T
1,

T
2,

T
3,

T
4,

T
5,

T
6,

T
7,

T
8,

T
9,

T
10

,a
nd

T
11

ar
e

co
nt

ro
l,

5
m

g
L
−

1
Fe

-N
Ps

,1
0

m
g

L
−

1
Fe

-N
Ps

,5
m

g
L
−

1
Fe

-N
Ps

H
A

,1
0

m
g

L
−

1
Fe

-N
Ps

H
A

,1
00

m
g

L
−

1
Fe

SO
4,

20
0

m
g

L
−

1
Fe

SO
4,

10
0

m
g

L
−

1
ED

D
H

A
,2

00
m

g
L
−

1
ED

D
H

A
,1

00
m

g
L
−

1
ED

TA
,a

nd
20

0
m

g
L
−

1
ED

TA
,r

es
pe

ct
iv

el
y.

217



Agronomy 2022, 12, 2164

Citronellol and geraniol were the main ingredients of RSG-EO with treatments in the
1st cut, accounting for 18.29–25.58% and 19.09–36.88% of the total. There were also mod-
erate amounts of eugenol (6.21–13.23%), geranyl formate (5.33–9.14%), citronelyl formate
(5.43–9.11%), linalool (4.21–8.01%), and isomenthone (3.36–6.60%), as well as very variable
amounts of α-pinene (0.13–1.37%), myrcene (0.12–1.46%), geranyl butyrate (0.43–9.23%),
and β-caryophyllene (1.38–5.01%). According to Table 4’s findings, 5 mg L−1 Fe-NPs-HA
was used to produce the maximum levels of citronellol, citronely formate, linalool, and
isomenthone. Meanwhile, the application of 10 mg L−1 Fe-NPs-HA, 100 mg L−1 EDTA,
200 mg L−1 EDTA, and 200 mg L−1 FeSO4 correspondingly resulted in the greater amount
of α–pinene, geranyl formate, geraniol, and β–caryophyllene.

Citronellol (26.07–36.97%) and geraniol (11.28–24.41%) made up the majority of RSG-
EO in the second cut with all treatments (Table 5). There were also moderate amounts
of eugenol (5.20–13.33%), geranyl formate (2.76–6.27%), citronelyl formate (6.99–9.35%),
linalool (2.48–12.78%), isomenthone (4.20–6.98%), and very variable amounts of α-pinene
(0.30–1.31%), myrcene (0.35–1.41%), geranyl butyrate (0.85–3.61%), and β-caryophyllene
(0.76–4.48%). The results in Table 4 demonstrate that 5 mg L−1 Fe-NPs were necessary
to produce the greatest amount of geranyl formate and geraniol. Meanwhile, myrcene,
isomenthone, citronellol (100 mg L−1 EDTA), geranyl butyrate, eugenol (100 mg L−1 FeSO4),
and β-caryophyllene (200 mg L−1 EDDHA) are present in larger concentrations.

Citronellol (C), geraniol (G), and their esters are the quality features in RSG-EO.
Different C/G ratio was established in RSG herbs at the 1st and 2nd cut (Tables 4 and 5). In
the 1st cut, the C/G ratio (from 0.621 to 1.107), additionally, the maximum C/G ratio (1.107)
was recorded in T4 after that T3 (1.005) as compared with T1 (0.933). Similarly, in the 2nd
cut, the C/G ratio varied from 1.071 to 2.809, with the maximum C/G ratio documented in
T4 (2.809) followed by T8 (2.478) relative to T1 (2.029).

3.5. Measurement of Chlorophyll and Its Assimilation and Chlorophyll Precursor

Foliar spraying of Fe-forms significantly improved total chlorophyll and carotenoid
concentrations in RSG leaves above the control plants. It is observed from the data also that
Fe-NPs in special with humic acid were most effective than other Fe-forms. The greatest
chlorophyll and carotenoid concentrations were obtained after 10 mg L−1 Fe-NPs-HA
spraying, which increased by 136 and 70% in the first cut and by 118 and 98% in the second
cut respectively, over control plants (Table 6).

Table 6 shows that application of Fe-sources especially 10 mg L−1 Fe-NPs-HA signifi-
cantly increased Pheo, Achl a, Chl a/Chlide, and Chl b/Chlide comparative to non-treated
herbs. Additionally, Table 6 designates that porphyrin intermediate assimilation (Mg-proto,
proto, and Pchlide) was considerably decreased by Fe-sources supplementation.

3.6. Measurement of Ion Levels

Data existing in Table 7 display that Fe sources supplementation significantly amplified
the level of ions in plant shoots in both cuts over untreated control plants. Additionally, the
data also indicate that the usage of nano-forms of iron was superior to traditional sources
in increasing the ion level on plant shoots. The greatest values of nitrogen (3.33 and 3.97%),
phosphorous (0.222 and 0.222%), potassium (2.07 and 2.45%), iron (443 and 534 mg g−1),
manganese (89.7 and 43 mg g−1), and zinc (87 and 89.7 mg g−1) in the first cut and second
cut, respectively, were recorded when plant sprayed twice with 10 mg L−1 Fe-NPs-HA
relative to other treatments or control plants.
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3.7. Total Carbohydrate

Data in Table 8 displayed that, in general, the spraying of Fe sources increased signifi-
cantly total carbohydrate concentration in the plant shoot over untreated control plants.
The highest carbohydrate concentration was documented under the treatment of foliar
application with 10 mg L−1 Fe-NPs-HA as compared with other treatments or untreated
control plants.

Table 8. Effect of iron (nano, sulfate, and chelated) foliar spray on carbohydrates and phytopharma-
ceuticals of Rose Scented Geranium in the first and second cut during the second season. Means of
three replicates are presented with ± SE.

Treat-
ments

Carbohydrates
(mg g−1 FW)

Phenol
(mg gallic acid g−1 DW)

Flavonoids
(mg quercetine g−1 DW)

Anthocyanin
(mg 100 g−1 FW)

Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2 Cut 1 Cut 2

T1 3.041 ± 0.439 b 3.295 ± 0.124 e 8.084 ± 0.157 g 10.91 ± 0.199 d 0.989 ± 0.007 d 0.998 ± 0.008 g 2.156 ± 0.028 c 2.167 ± 0.012 f

T2 5.091 ± 0.143 a 5.143 ± 0.081 a–c 12.99 ± 0.199 a–c 13.82 ± 0.124 ab 2.690 ± 0.067 a 2.719 ± 0.054 b–d 3.815 ± 0.047 ab 3.959 ± 0.009 b–d

T3 5.424 ± 0.097 a 5.532 ± 0.016 ab 13.73 ± 0.264 ab 13.98 ± 0.356 ab 2.690 ± 0.044 a 2.787 ± 0.040 bc 4.114 ± 0.053 a 4.339 ± 0.049 a–c

T4 5.557 ± 0.025 a 5.604 ± 0.047 ab 13.98 ± 0.242 a 14.43 ± 0.227 a 2.736 ± 0.033 a 2.851 ± 0.041 ab 4.146 ± 0.024 a 4.828 ± 0.115 ab

T5 5.965 ± 0.416 a 5.971 ± 0.020 a 14.27 ± 0.264 a 14.83 ± 0.530 a 2.762 ± 0.047 a 3.007 ± 0.012 a 4.238 ± 0.224 a 5.183 ± 0.023 a

T6 4.369 ± 0.136 ab 4.104 ± 0.261 de 10.95 ± 0.318 ef 12.61 ± 0.264 bc 1.658 ± 0.073 b 2.478 ± 0.022 e 3.318 ± 0.113 b 2.954 ± 0.026 ef

T7 4.315 ± 0.063 ab 3.978 ± 0.060 de 10.37 ± 0.446 f 11.89 ± 0.448 cd 1.425 ± 0.042 c 1.429 ± 0.040 f 3.250 ± 0.018 b 2.786 ± 0.032 ef

T8 4.529 ± 0.079 ab 4.184 ± 0.052 c–e 11.31 ± 0.246 d–f 12.70 ± 0.338 bc 1.840 ± 0.038 b 2.559 ± 0.023 de 3.361 ± 0.292 b 3.249 ± 0.079 de

T9 4.645 ± 0.929 ab 4.441 ± 0.351 cd 11.60 ± 0.369 d–f 13.33 ± 0.136 a–c 2.550 ± 0.007 a 2.584 ± 0.011 de 3.557 ± 0.248 ab 3.475 ± 0.263 c–e

T10 4.749 ± 0.073 ab 4.737 ± 0.356 b–d 11.96 ± 0.102 c–e 13.66 ± 0.408 ab 2.593 ± 0.025 a 2.669 ± 0.042 cd 3.674 ± 0.008 ab 3.462 ± 0.044 c–e

T11 4.883 ± 0.033 a 4.785 ± 0.323 b–d 12.59 ± 0.213 b–d 13.69 ± 0.220 ab 2.609 ± 0.015 a 2.703 ± 0.038 b–d 3.704 ± 0.063 ab 3.655 ± 0.539 c–e

ANOVA
p *** *** *** *** *** *** ***

Levels of significance are represented by *** p < 0.001. For each parameter in the year, different letters within the
column show significant differences between the treatments and control according to Tukey’s HSD test at p < 0.05.
T1, T2, T3, T4, T5, T6, T7, T8, T9, T10, and T11 are control, 5 mg L−1 Fe-NPs, 10 mg L−1 Fe-NPs, 5 mg L−1 Fe-NPs
HA, 10 mg L−1 Fe-NPs HA, 100 mg L−1 FeSO4, 200 mg L−1 FeSO4, 100 mg L−1 EDDHA, 200 mg L−1 EDDHA,
100 mg L−1 EDTA, and 200 mg L−1 EDTA, respectively.

3.8. Phytopharmaceuticals

As shown in Table 8, the spraying of Fe-forms significantly increased the leaf phy-
topharmaceutical concentrations (phenol, flavonoid, and anthocyanin) in relation to non-
treated plants. The supreme of phenols (14.27 and 14.83 mg gallic acid g−1 DW), flavonoids
(2.762, and 3.007 mg quercetin g−1 DW), and anthocyanin (4.238, 5.183 mg 100 g−1 FW)
concentrations in both cuts were recorded in the plant shoot treated with 10 mg L−1 Fe-
NPs-HA. On the other hand, the lower levels of phytopharmaceuticals were recorded in
untreated control plants in either the 1st and 2nd cuts.

4. Discussion

Around the world, iron deficiency (FED) is a significant issue that may have the desired
effect on plant productivity in alkaline and calcareous soil. As a result, FED may be over-
come via Fe-enriching methods, which involved conventional (sulphate or chelated) and
nano-compounds supplementation. According to the results of the present investigation,
foliar application of Fe-sources modifies the composition of EO, phytopharmaceuticals, and
RSG-plant growth. It was also noted that the use of nano-sources specifically designed for
humic acid Fe-NPs-HA offered the highest values of all examined attributes and enhanced
the composition and quality of EO. Kah et al. [40] conveyed that nanofertilizers application
had up to 30% more effective than traditional products. The peculiar characteristics of
nano-particles, i.e., their large surface area, quick mass allocation, small size, high purity,
and stability may be the cause of this observation [41]. In addition to accelerating enzymatic
activities, nanoparticles also have the ability to reduce the accumulation of reactive oxygen
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species and oxidative damage that is improved plant development [23]. Moreover, it is
attributed to their functions in modifying gene expression linked to several plant metabolic
pathways [42].

Compared to untreated control plants, plant growth was dramatically boosted by the
application of Fe-sources. These results were supported by previous investigations [8,18,24].
In this regard, the performance, root growth, and leaf count of sweet basil were all enhanced
by the application of Fe3O4-NPs (1, 2, and 3 mg L−1) concentration [43]. Additionally,
ryegrass and pumpkin showed improved root elongation with Fe supplementation [44].
Similar findings indicating the improved influence of Fe3O4 NPs on a shoot and root
elongation were gathered by Zahra et al. [45]. The improvement of photosynthetic processes
and nucleic acid assimilation, which is reflected in an increase in photoassimilates needed
for cell division and enlargement and improved plant development, may be the cause of
Fe-sources’ beneficial effects on plant growth [8,18,46].

It has been demonstrated that the use of Fe-sources significantly increased RSG-EO
yield. Additionally, in both cuts during the first and second seasons, Nano-Fe in particular
with HA (10 mg L−1) was the most successful treatment (Figure 2). Previous studies have
also observed an increase in EO caused by the use of Fe-sources [7,47]. On sweet marjoram,
El-Khateeb et al. [8] discovered that applying Fe-NPs boosted EO% and EO production.
According to Nejad et al. [25], applying Fe-sources significantly raised EO% when compared
to untreated RSG plants. The generation of carbohydrates and the buildup of plant EO were
positively correlated [48]. According to the results of the current study, foliar application of
Fe-sources led to a greater accumulation of total carbohydrates in the herb than the control
(Table 8). As a result, FeSO4 application enhanced the content of total carbohydrates in
coriander plants, according to Abou-Sreea et al. [7]. Fe-NPs foliar treatments considerably
boosted the photosynthetic rate and chemical contents (carbohydrate, flavonoids, crude
protein, total fatty acids, IAA), as well as oil yield, according to Abdel Wahab and Taha [49].
Additionally, El-Khateeb et al. [8] demonstrate that the total carbohydrates concentration
in plant shoots of sweet marjoram treated with Fe-NPs was markedly elevated.

Essential oils, as a secondary metabolite, are highly complex mixtures of volatile
compounds. Fe-sources applications affected not only EO yield but also EO constituents.
In the present study, 11 constituents were identified in RSG-EO and the main components
were citronellol, geraniol, and eugenol (Tables 4 and 5). A widespread study was done
on the constituents of RSG-EO, which distinguished considerable variations in their con-
stituents worldwide. In this regard, Sharopov et al. [50] in Tajikistan identified 95.1%
of RSG-EO constituents, including 79 components including citronellol (37.5%), geraniol
(6.0%), caryophyllene oxide (3.7%), menthone (3.1%), linalool (3.0%), β-bourbonene (2.7%),
isomenthone (2.1%), and geranylformate (2.0%).

Citronellol (C), geraniol (G), and their esters are the prime components in RSG-EO
as per the prerequisites of perfumery productions [1]. The C/G is the main aspect that
regulates the standard of RSG-EO for fragrance manufacturing [51]. Commonly, C/G
proportion of 1:1–3:1 is satisfactory; nonetheless, the best ratio is 1:1 [1,52]. Oil of C/G ratio
of over 3:1 is deliberated to be of deprived quality for fragrance manufacturing nonetheless
still, it can be used for the manufacture of creams, toiletries, and fragrance-based objects at a
lesser price [53,54]. The variance in the C/G ratio is probably associated with environmental
factors at the harvesting, which eventually influences the assimilation of citronellol and
geraniol. It is described that citronellol concentrations were greater in the warm season
relative to the winter season [55].

The data herein revealed that the application of Fe sources significantly raised chloro-
phyll above untreated plants. In line with the current results, several researchers recognized
that the application of Fe-NPs [24]; Fe-sulphate [18], EDDHA [18], and EDTA [56] increased
leaves chlorophyll concentration over untreated plants. The encouragement roles of Fe on
chlorophyll accumulation resulted from regulating Fe, Mg, and N uptake and increase Fe
availability (Table 7), as well as regulate Chl assimilation gene expression [57], stimulation
chlorophyll assimilation pathways [58] and encouraging the transformation of Mg-Proto
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to Pchlide and consequently Chl a and b. Moreover, Fe-sources application interferes Chl
degradation as indicated in the present study (Table 6), by Pheo production and avoids
the change of Mg-prototp Pchlide [59], as well as hastein ALA assimilation [60] due to
declining Mg-proto and proto accumulation. As indicated previously, Fe-NPs were su-
perior to other Fe sources in increasing chlorophyll concentration due to: (1) accelerating
a dramatic upregulation of photosystem marker genes [61,62] formation of a complex
with phytoferritin (leaves iron-binding protein), leading to greater involvement in chloro-
phyll assimilation [63]; (2) Improving thylakoid and chloroplast metabolic pathways that
sequentially rise photosynthetic activities and lessening of chloroplast ROS [58,64].

The most recent results showed that spraying with Fe sources significantly increases
the levels of N, P, K, Fe, Mn, and Zn in plant shoots as compared to untreated plants.
The findings of El-Sonbaty [24] for Fe-NPs, Abou-Sreea et al. [7] for FeSO4, Erdale [65]
for EDTA, and Tavallali [66] for EDDHA were in agreement with these results. In this
regard, Gutierrez-Ruelas et al. [18] found that in green bean, the application of Fe sources
(Fe-NPs, FeSO4, EDDHA) increased plant Fe concentration. Likewise, 0.2% Fe-EDDHA
application amplified Chl a and Chl b and induced a marginal rise in the plant tissue N
content [67]. Moreover, El-Sonbaty [24] found that spraying onion plants with Fe-NPs
significantly increased N, P, and K content in plant organs over control plants. The role of Fe
in increasing nutrient concentration and uptake may be due to increased energy availability
and increased deactivated absorption of anions in root cells that increased absorption of
cations as potassium [68]. Additionally, the increase in N in plant tissues by Fe sources
(Fe-NPs, FeSO4, EDDHA) application may result from the role of Fe in the enhancement of
nitrate reductase activity which is increased N uptake and accumulation [18].

Currently, the supplementation of Fe-sources improved phytopharmaceutical accu-
mulation in plant shoots, which was in accord with previous research [25,66]. Numerous
phytopharmaceuticales’ assembly was documented to be increased by elicitors includ-
ing Fe [69,70]. The mechanism of elicitation by Fe, was, nonetheless, diverse in different
herbs, and in the majority, an ‘elicitor–receptor’ complex was formed and a massive range
of physio-biochemical responses was demonstrated [71]. The existing data have ascer-
tained that Fe encouraged the extra accretion of phenolic in an RSG shoot. This might
be because producing signal transduction systems and activating the gene for phenyl
aminolyase (PAL), a secondary metabolic pathway, speed up the assimilation of phenols.
The most important bioactive molecule with a reliable antioxidant has been determined
to be phenolic chemicals. They have received more attention recently since they have
been shown to be more effective than ascorbic acid, tocopherol, and carotenoid [72,73].
According to earlier studies [74–76], they have a variety of biological functions, including
anti-inflammatory, antioxidant, antiviral, anticarcinogenic, anti-oxidant, antispasmodic,
and depressive effects. Epidemiology surveys have discovered that a substantial nutritional
intake of flavonoids and phenolics is coupled with lesser rates of cancer incidence [72]. The
antioxidant aptitudes of phenolic compounds are mediated by numerous approaches [77]:
(1) abolish ROS/reactive nitrogen species (RNS); (2) defeat ROS/RNS assembly by hinder-
ing numerous enzymes or chelating ions occupied in ROS; (3) regulate antioxidant capacity.
Like total soluble phenolic, flavonoids establish a widespread secondary metabolite with
polyphenolic structures and play an imperative function in shielding biological systems
alongside oxidation processes [78]. In humans, flavonoids can impede aldose reductase
and are occupied in diabetic difficulties i.e., neuropathy, heart disease, and retinopathy as
well as attended as antioxidant compounds that lessen the hazard of cancers [79].

5. Conclusions

In the context of sustainable agriculture, prevailing and low-cost, using pioneering
nanotechnology in agriculture is considered one of the encouraging attitudes for improving
plant productivity. The current outcomes display a solid confirmation of the high effec-
tiveness of nano fertilizer on plant productivity and product quality over conventional
Fe-sources. The study recommended that since Fe NPs with humic acid are naturally
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non-toxic, they have been utilized as Fe-enriching fertilizers to replenish Fe levels in plants,
demonstrating the significance of using Fe NPs for commercial purposes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12092164/s1, Table S1: Mean of monthly climatic data of
the experimental site throughout the experimental seasons.
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Abstract: Vigorous and well-established nursery seedlings are an important component of sustainable
oil palm production. We postulated that Si fertilization at the seedling stage could help to achieve
improved performance of oil palm seedlings leading to healthy and vigorous nursery establishment.
In this study, we evaluated the growth and physiological responses of oil palm Tenera hybrid seedlings
under three Si fertilization treatments and a control including (i) 0 g Ca2SiO4 (T0), (ii) 0.5 g Ca2SiO4

(T1), (iii) 3.5 g Ca2SiO4 (T2), and (iv) 7.0 g Ca2SiO4 (T3) per plant per month. Ca2SiO4 was used as the
Si fertilizer source and was applied for four consecutive months. Nondestructive data including stem
diameter, plant height, leaf length, photosynthetic rate, leaf angle, and leaf thickness and destructive
data including leaf, stem, and root fresh weight and dry weight, as well as chlorophyll a, Si, and
nitrogen contents, were recorded before treatment (0 DAT), as well as 60 (60 DAT) and 120 days after
treatment (120 DAT). Results indicated that Si fertilization enhanced Si accumulation in oil palm
seedlings, and maximum accumulation was observed in the aerial parts especially the leaves with
the highest accumulation of 0.89 % dry weight at T3. Higher Si accumulation stimulated the growth
of seedlings; a total fresh weight of 834.28 g and a total dry weight of 194.34 g were observed at T3.
Chlorophyll a content (0.83 gm−2) and net photosynthetic rate (4.98 µM CO2·m−2·s−1) were also
observed at T3. Leaf morphology was not significantly influenced under Si fertilization, whereas
the nitrogen content of seedlings was significantly increased. Correlation analysis revealed a highly
significant and positive association among Si accumulation, chlorophyll a content, photosynthetic rate,
total fresh weight, total dry weight, and nitrogen content of seedlings, indicating that Si fertilization
enhanced the performance of these attributes. On the basis of the research evidence, it was concluded
that Si fertilization should be considered for improved nutrient management for oil palm seedling
and nursery production.

Keywords: silicon fertilization; oil palm; growth; physiological response

1. Introduction

Silicon (Si) is a beneficial element for plants and is ranked as the second most abundant
element at 28% in the Earth’s crust following oxygen [1,2]. The Si content of soil ranges
from 1–45% depending on soil type, but Si is usually scarcely soluble, and its availabil-
ity for plant uptake is limited [3]. A long period of intensive plant cultivation leads to
the deprivation of soil Si, subsequently resulting in insufficient Si to sustain productive
agriculture [4,5]. Subtropical and tropical agriculture are typically low in available Si, and
rational Si fertilization could enhance crop yield [4]. In plants, silicon deficiency affects the
development of strong leaves, stems, and roots. Rice with silicon deficiency is susceptible
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to fungal and bacterial diseases, as well as insect pests. The photosynthetic activity, growth,
and grain yield are reduced [6].

The potential of Si in improving growth and yield and in alleviating the negative
effects of biotic and abiotic stresses has been studied in multiple crops including rice,
tomato, sugarcane, and wheat [4,7–11]. Plants absorb Si from the soil solution in the
form of monosilicic acid, also called orthosilicic acid (H4SiO4). On average, plants absorb
50–200 kg Si·ha−1 [12]. However, the absorption ability of plants differs greatly among
species. According to Si concentrations found in the tissues, plants can be classified as
low accumulators (<0.1% Si), intermediary accumulators (1% Si), and high accumulators
(up to 5% Si) [13]. In general, monocots are classified as either intermediate or high accu-
mulators [4]. Most dicots are unable to accumulate Si and belong to the low accumulator
classification. However, some dicots of the Asteraceae, Urticaceae, and Cucurbitaceae fami-
lies are known to benefit from Si fertilizer, indicating that Si is absorbed and accumulated
in the tissues of these species [14–16].

The beneficial effects of Si on plant growth, productivity, photosynthesis, balanced
nutrient availability, and the mechanisms for reactive oxygen species scavenging have been
demonstrated in numerous studies [17,18]. Thus, the application of Si has been widely
implemented on various crops to alleviate the deleterious effects of water, salt, and heavy-
metal stresses, as well as protect against pest infestation and disease [1,7,9–11,18–21]. Si
has been reported to promote stem strength by increasing lignin accumulation. In rice,
stem strengthening helps to reduce lodging, thus preventing mutual shading, maintaining
canopy photosynthesis, and consequently improving productivity [20,22]. Ahmad and
Haddad [19] demonstrated that Si application positively influenced the antioxidant system
in Triticum aestivum plants. Song et al. [23] reported that leaf chloroplast was disordered
and chlorophyll content was reduced under high-Zn stress, which were counteracted by
the addition of Si. An interaction between Si and nitrogen and an increase in the levels of
chlorophyll a in Oryza sativa plants were reported by Ávila et al. [24]. Si has been proven
to mediate plant defense against insect and pest infestation. Amorphous Si deposition in
plant tissues acts as a physical barrier, contributing to increased rigidity and abrasiveness
of plants, thus enabling plants to become less digestible for insects [25–27]. Additionally, in
several species, Si appears to increase the level of proline and glycine betaine concentrations
under drought and salinity stresses to attenuate their negative impacts [28,29]. However,
studies in drought-stressed maize and salt-stressed borage reported a decrease in glycine
betaine [30,31].

Oil palm (Elaeis guineensis Jacq.) is the highest yielding oil crop with an average annual
oil yield of 3.3 t·ha−1 [32]. In the beginning, oil palm plantations were centered in tropical
areas with the optimal conditions for oil palm to grow [33]. Demand for palm oil has greatly
increased over the past few decades because of numerous benefits and its applications in
food and nonfood industries. To match the growing demand, there has been an expansion
of oil palm plantations, but protected areas and other existing land uses have been major
limitations [34]. As a perennial crop which generally produces ongoing fruit for up to
30 years, constant high yield is desired. Factors determining yield, i.e., varieties planted,
available rain and fertilization must be taken into account. Sufficient nutrition is necessary
during the growth and development stages of the oil palm, since nutrient uptake establishes
the plant’s production potential [33]. In addition to essential nutrients, other elements such
as sodium (Na), silicon (Si), and cobalt (Co) have been applied in some species to promote
plant growth and development [35]. According to Munevar and Romeo [36] who assessed
oil palm throughout Colombia, Si concentration in oil palm ranges from 0.73% to 1.71% in
leaf no. 3 and 1.55% to 4.07% in leaf no. 17, indicating Si accumulation and sensitivity to
available Si. However, little is known about the potential effects of Si fertilization on oil
palm growth and development, especially without biotic and abiotic stresses. Therefore, in
this study, we investigated the beneficial effects of silicon fertilization on the growth and
physiological responses of oil palm at the seedling stage under nonstress conditions. The
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results of this research can be advantageous in oil palm nutrition management for nursery
establishment and to sustain high yields.

2. Materials and Methods
2.1. Pre-Plantation Soil Analysis

Topsoil of Hat Yai soil series (clayey, skeletal, kaolinitic, isohyperthermic Typic
Paleudults) [37] was obtained from the 0–50 cm layer of an agriculture field in Songkhla
Province. Soil was finely prepared, and plant parts and roots were removed using a 2 mm
sieve. A uniform and homogeneous soil sample was obtained prior to soil filling in planting
bags. Soil was airdried and sent for soil analysis to assess soil properties and nutrient
concentrations. The texture of the soil was sandy clay loam, and details of soil properties
including texture [38], pH, electrical conductivity, total N [39], available P [40], extractable
K+, extractable Mg, extractable Ca, and available Si [41] are presented in Table 1. Available
Si in the planting soil used in this current study was 8.774 mg·kg−1, which was considered
to be a low level [4].

Table 1. Pre-plantation physicochemical properties of soil used for the experiments.

Properties Values/
Description Methods References/Instrument

Texture Sandy clay loam Hydrometer Bouyoucos, 1936 [38]

pH 4.76 pH meter, soil/water = 1:5 Seven Easy
(Mettler Toledo)

Electrical
conductivity
(ds·m−1)

0.303 EC meter, soil/water = 1:5 Seven Easy EC Meter
(Mettler Toledo)

Total N
(g·kg−1) 0.262 Kjeldahl method Kjeldahl, 1883 [39]

Available P
(mg·kg−1) 1.729 Bray II, molybdenum

blue method Bray, 1945 [40]

Extractable K+

(cmol·kg−1) 0.073 1 M-NH4OAc (pH 7) atomic
absorption spectrophotometry Spectrophotometer

Extractable Mg
(cmol·kg−1) 0.020 1 M-NH4OAc (pH 7) atomic

absorption spectrophotometry Spectrophotometer

Extractable Ca
(cmol·kg−1) 0.034 1 M-NH4OAc (pH 7) atomic

absorption spectrophotometry Spectrophotometer

Available Si
(mg·kg−1) 8.774 Yellow molybdenum

blue method Estefan et al., 2013 [41]

2.2. Seedling Transplantation and Adaptation

Seeds of the oil palm Tenera variety, a hybrid between Dura and Pisifera widely grown
in the oil palm industry [33], were germinated in seedling trays. Sandy clay loam soil was
filled in black plastic planting bags of 40 × 45 cm size. Four month old seedlings were
transplanted in planting bags as single seedlings per bag, and the bags were placed at
30 cm plant-to-plant and row-to-row distance in sheds located at the Faculty of Natural
Resources, Prince of Songkla University, Hat Yai, Thailand. Plants were manually irrigated
on daily basis, and 1.5 L of water per bag was applied to maintain the water content near
to field capacity and avoid water stress. Moreover, 7 g of N–P–K (15–09–15) fertilizer
not containing any Si was applied to each planting bag twice a month to help seedling
establishment and nursery adaptation. Emerging weeds were manually removed. A net
was placed to protect oil palm seedlings from pests, and daily monitoring for disease was
performed during the experiment.
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2.3. Treatment Application

Planting bags containing 4 month old single seedlings per planting bag were arranged
using a completely randomized design (CRD) with 18 replications in the greenhouse.
Calcium silicate (Ca2SiO4 from Sigma-Aldrich, St. Louis, MO, USA) powder was used as
the Si fertilizer source. The water solubility of the Ca2SiO4 used was 0.26 g/L at 20 ◦C. Plants
were subjected to four treatments: (i) 0 g Ca2SiO4 (T0), (ii) 0.5 g Ca2SiO4·plant−1·month−1

(T1), (iii) 3.5 g Ca2SiO4·plant−1·month−1 (T2), and (iv) 7.0 g Ca2SiO4·plant−1·month−1 (T3).
Ca2SiO4 was applied at 10 cm soil depth from the base of the plants, every month for four
consecutive months.

2.4. Data Collection

Nondestructive data including stem diameter, plant height, and leaf length were
recorded on 10 reserved seedlings from each treatment before treatment (0 DAT), as well
as 60 (60 DAT) and 120 days after treatment (120 DAT). Stem diameter was recorded by
measuring the circumference of the base of the stem near the soil surface in the planting
bag. Plant height was recorded as the length of oil palm plants from soil surface to the joint
of topmost leaf. Leaf length was recorded from the base of the leaf to the tip. A portable
photosynthesis measurement system LCpro-SD (ADC BioScientific Ltd., Hoddesdon, UK)
was used to record the photosynthetic rate at the third fully expanded leaf in each treatment
between 9:00 and 10:00 a.m. for each recording interval. Leaf angle and leaf thickness were
measured using a MultispeQ device at the third fully expanded leaf in each treatment. The
relative rate of growth in stem diameter, leaf length, and plant height was calculated using
a modification of the formula proposed by Hoffmann and Poorter [42].

Relative growth rate (RGR) =
(lnAt − lnAi)

t2 − t1
, (1)

where “ln” is the natural logarithm, “At” is the reference value for specific attributes and
units at 60 DAT and 120 DAT, and “Ai” is the reference value for specific attribute and units
at 0 DAT; “t2” refers to 60 DAT and 120 DAT, while “t1” refers to 0 DAT.

Destructive data including fresh weight and dry weight of four oil palm seedlings from
each treatment were recorded at 0 DAT, 60 DAT, and 120 DAT. At 120 DAT, four oil palm
seedlings were taken from those reserved for nondestructive data collection. Plant samples
were first separated into leaves, roots, and stems to record fresh weight and were then kept
in the oven for various time intervals at 75 ◦C until a constant weight was observed. The
foliar content of chlorophyll a, the main pigment that participates directly in harvesting
light energy for photosynthesis in plants [43], was measured from three randomly selected
oil palm seedlings at the third fully expanded leaf in each treatment. Leaves were drilled
into circular discs with an area of 0.84 square centimeters. Leaf samples were then placed
into a glass tube filled with 4 mL of DMF (N,N-dimethylformamide), and tubes were
covered and stored in the dark for 24 h at 4 ◦C to prevent chlorophyll contents from being
damaged by light. The DMF solution was used to measure the absorbance at 647 and
664 nm wavelengths with a spectrophotometer using pure DMF solution as a reference.
The recorded absorbance was used to calculate the chlorophyll a content according to
Equation (2).

Chlorophyll a = [−2.99(A647) + 12.64 (A664)]×
vol

X × Area × 100
, (2)

where A647 is the absorbance at a wavelength of 647 nm, A664 is the absorbance at a
wavelength of 664 nm, vol is the volume of DMF used to extract chlorophyll (mL), and X is
the dilution factor.
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2.5. Determination of Silicon and Nitrogen Contents in Oil Palm Seedlings

Plant samples were obtained for silicon and nitrogen content analysis to observe the
variations in nutrient absorbance under various treatments. The silicon concentration
in plant parts was analyzed using the molybdenum blue method [41] to observe silicon
accumulation in plants. The distribution of silicon in different parts of plants was calculated
using Equation (3). The Kjeldahl method [39] was used to determine the nitrogen content
of oil palm seedlings.

Si distribution = (Si concentration in plant part/Total Si concentration) × 100 (3)

2.6. Statistical Analysis

Observed data were statistically analyzed using the Statistix 8.1 package (Analytical
software, Tallahassee, FL, USA) to study the impact and the significance of fertilization
treatments. Means were compared using Fisher’s least significant difference (LSD) method
at a 95% confidence level. “Corr” and Corrplot packages [44] of R program were used to
compute Pearson’s correlation matrices and visuals for various attributes as described by
Hussain et al. [45].

3. Results
3.1. Accumulation and Distribution of Si in Oil Palm Seedlings

The concentration of silicon (Si) was highest in leaf followed by root and stem at
120 DAT (Table 2). Si-treated soil resulted in a gradual increase in Si content in stem and
leaf, ranging from 0.17% to 0.24% and from 0.63% to 0.89%, respectively. Si concentration
in the root was not significantly different in oil palm seedlings grown under nontreated
and Si−treated soil. The silicon percentage in root ranged from 0.40% to 0.45%.

Table 2. Silicon concentration in the root, stem, and leaf of oil palm after 4 months of calcium
silicate application.

Si Fertilization Treatments
Si Concentration (% Dry Weight)

Root Stem Leaf

T0 0.45 ± 0.01 0.17 ± 0.09b 0.66 ± 0.02b
T1 0.44 ± 0.02 0.22 ± 0.01ab 0.63 ± 0.05b
T2 0.45 ± 0.02 0.25 ± 0.01a 0.74 ± 0.02ab
T3 0.40 ± 0.05 0.24 ± 0.01a 0.89 ± 0.04a

F-test ns * *
CV (%) 11.60 7.80 8.54

Data are represented as means ± standard errors; ns indicates non-significant; * indicates significant at p ≤ 0.01;
Different letters in the same column indicate significant differences according to the LSD test at p ≤ 0.01 (n = 4).

Generally, Si accumulation increased significantly with seedling age regardless of Si fer-
tilizer treatment (Figure 1A–D). Leaves accumulated the highest amount of Si ranging from
124–163 g·plant−1 and 494–736 g·plant−1 at 60 DAT and 120 DAT, respectively (Figure 1C).
In stem, Si accumulation of 36–44 g·plant−1 and 94–134 g·plant−1 was observed at 60 DAT
and 120 DAT, respectively (Figure 1B). Si accumulation in root was the lowest compared
to accumulation in other tissues at 60 DAT, with the range of 24–43 g·plant−1 (Figure 1A).
However, at 120 DAT, a range of 141–172 g·plant−1 was found in oil palm root, surpassing
Si accumulation in the stem. Considering the whole plant, Si accumulation was approxi-
mately 121 g·plant−1 prior to the start of Si treatment. Si accumulation then increased to
172–249 g·plant−1 and 740–1040 g·plant−1 at 60 DAT and 120 DAT, respectively (Figure 1D).
According to the results, application of Si fertilizer to oil palm seedlings generally enhanced
Si accumulation in the shoot, stem, and total plant but not in the root. Si fertilization of 3.5
and 7.0 g·plant−1·month−1 significantly increased the stem, leaf, and total Si accumulation
in oil palm seedlings starting from 60 DAT.
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Figure 1. Silicon accumulation in the root (A), stem (B), leaf (C), and total plant (D). Data represent
the means, and error bars represent the standard errors of the means. Different uppercase letters
indicate significant differences in silicon accumulation at 0, 60, and 120 days after treatment (DAT),
and different lowercase letters indicate significant differences in silicon accumulation in oil palm
seedlings treated with different levels of calcium silicate according to the LSD test at p ≤ 0.01
(n = 4). T0, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g
Ca2SiO4·plant−1·month−1, respectively.

3.2. Positive Impacts of Silicon on Oil Palm Growth

Application of Si fertilizer stimulated the oil palm growth. The stem, leaf, and to-
tal plant biomass of oil palm seedlings was significantly promoted by 3.5 and 7.0 g Si
fertilizer·plant−1·month−1 treatments (Figures 2 and 3A–D). Root biomass, however, was
not affected by Si fertilization. Overall, root dry weight increased 1.56- and 5.30-fold at
60 and 120 DAT, respectively, regardless of Si fertilizer application (Figure 3A). Stem dry
weight increased 1.86- and 6.05-fold at 60 and 120 DAT, respectively, without addition
of Si fertilizer. Similarly, 1.58- and 5.68-fold increases at 60 and 120 DAT, respectively,
were observed in oil palm treated with 0.5 g Si fertilizer·plant−1·month−1. A significant
increase in stem dry weight with Si supplementation was noted at 60 DAT. Application
of Si fertilizer at 3.5 and 7.0 g·plant−1·month−1 resulted in 1.95- and 2.07-fold increases,
respectively, in stem dry weight at 60 DAT and 7.34- and 7.59-fold increases, respectively,
in stem dry weight at 120 DAT (Figure 3B). Similar results were observed for leaf and
total plant biomass in oil palm treated with Si fertilizer at 3.5 and 7.0 g·plant−1·month−1.
At 60 DAT, leaf biomass increased 1.84- and 1.85-fold when silicon fertilizer at 3.5 and
7.0 g·plant−1·month−1 was applied, respectively, compared to the 1.58-fold increase in
the control treatment. More notable effects of Si fertilizer were demonstrated at 120 DAT.
Specifically, 6.38- and 6.39-fold increases in accumulation were observed in leaf biomass of
oil palm seedlings with 3.5 and 7.0 g Si·plant−1·month−1, respectively, at 120 DAT, whereas
oil palm seedlings without Si fertilization and with 0.5 g Si·plant−1·month−1 exhibited 5.2-
and 4.68-fold increases in leaf dry weight (Figure 3C).
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Figure 2. Positive impact of silicon fertilization on growth of oil palm seedlings at 120 days after
treatment. T0, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g
Ca2SiO4·plant−1·month−1, respectively.

Figure 3. Root (A), stem (B), leaf (C), and total plant (D) dry weight. Data represent the means, and
error bars represent the standard errors of the means. Different uppercase letters indicate significant
differences in silicon accumulation at 0, 60, and 120 days after treatment (DAT), and different lower-
case letters indicate significant differences in silicon accumulation in oil palm seedlings treated with
different levels of calcium silicate according to the LSD test at p ≤ 0.01 (n = 4). T0, T1, T2, and T3 are
Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g Ca2SiO4·plant−1·month−1, respectively.

Similar patterns in the dry mass accumulation of oil palm seedlings treated with Si fer-
tilizer were noticed for fresh weight (Figure 4). Si fertilization at 0.5 g·plant−1·month−1 did
not noticeably change the fresh weight accumulation in oil palm seedlings. The stem and
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leaf but not the root of oil palm seedlings treated with 3.5 and 7.0 g·plant−1·month−1 ex-
hibited a significant increase when compared with the control at 60 and 120 DAT (Figure 4).
Stem fresh weight increased 1.67-, 1.52-, 2.03-, and 1.76-fold at 60 DAT following control,
0.5, 3.5, and 7.0 g Si·plant−1·month−1 treatments, respectively, in contrast to 5.44-, 5.40-,
6.93-, and 6.94-fold, respectively, at 120 DAT (Figure 4B). A significant increase in the leaf
fresh weight was noted when at least 3.5 g Si·plant−1·month−1 was applied to oil palm
seedlings. In the control treatment, leaf fresh weight increased 1.96- and 5.50-fold at 60
and 120 DAT, respectively, whereas Si fertilization rates of 3.5 and 7.0 g·plant−1·month−1

significantly stimulated2.46- and 2.34-fold increases in leaf fresh weight, respectively, at
60 DAT and 6.61- and 6.67-fold increases in leaf fresh weight, respectively, at 120 DAT
(Figure 4C).

Figure 4. Root (A), stem (B), leaf (C), and total plant (D) fresh weight. Data represent the means, and
error bars represent the standard errors of the means. Different uppercase letters indicate significant
differences in silicon accumulation at 0, 60, and 120 days after treatment (DAT), and different lower-
case letters indicate significant differences in silicon accumulation in oil palm seedlings treated with
different levels of calcium silicate according to the LSD test at p ≤ 0.01 (n = 4). T0, T1, T2, and T3 are
Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g Ca2SiO4·plant−1·month−1, respectively.

Si fertilization demonstrated positive effects on the relative growth rate of oil palm
stem diameter, leaf length, and plant height (Figure 5). The relative growth rate of stem
diameter was generally higher at 60 DAT as compared to 120 DAT with and without Si
fertilization. The maximum relative growth rate in stem diameter was observed in oil palm
seedlings treated with 7.0 g Ca2SiO4·plant−1·month−1 at 60 DAT. The increase in relative
growth rate of stem diameter was then abated but still stimulated by the addition of Si
fertilizer at 120 DAT (Figure 5A).

Similar trends were demonstrated in the relative growth rate of leaf length and plant
height. At 60 DAT, the relative leaf length rate of oil palm seedlings treated with 7.0 g
Ca2SiO4·plant−1·month−1 was significantly higher as compared to other treatments. At
120 DAT, application of both 3.5 g and 7.0 g Ca2SiO4·plant−1·month−1 considerably in-
creased the relative leaf length rate. Under control conditions, the relative leaf length rate at
120 DAT was slightly lower than that at 60 DAT (Figure 5B). The relative plant height rate
was also positively affected by Si fertilization. Although the stimulating effects were not
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observed 60 DAT, a significant increase in the relative plant height rate of oil palm seedlings
supplemented with 7.0 g Ca2SiO4·plant−1·month−1 was detected 120 DAT (Figure 5C).

Figure 5. Relative growth rate (RGR) of stem diameter (A), leaf length (B), and plant height (C). Data
represent the means, and error bars represent the standard errors of the means. Different uppercase
letters indicate significant differences in silicon accumulation at 0, 60, and 120 days after treatment
(DAT) in oil palm seedlings treated with different levels of calcium silicate according to the LSD test
at p ≤ 0.01 (n = 10). T0, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and
7.0 g Ca2SiO4·plant−1·month−1, respectively.

3.3. Effects of Silicon Fertilization on Physiological Responses of Oil Palm Seedlings

In the present study, the stimulating effects of Si fertilization on chlorophyll a con-
tent and photosynthesis were clearly demonstrated (Figure 6). Starting from 60 DAT, the
chlorophyll a content and photosynthetic rate following treatments with 3.5 and 7.0 g
Ca2SiO4·plant−1·month−1 were significantly higher than those following control and 0.5 g
Ca2SiO4·plant−1·month−1 treatments. The chlorophyll a content was increased 1.14- and
1.07-fold by the 3.5 and 7.0 g Ca2SiO4·plant−1·month−1 treatments, respectively, com-
pared to the control at 60 DAT and increased 1.20- and 1.13-fold, respectively, at 120 DAT
(Figure 6A). A significant increase in photosynthetic rate were observed along with an
increase in chlorophyll a content. At 60 DAT, the photosynthetic rate of oil palm seedlings
following 3.5 and 7.0 g Ca2SiO4·plant−1·month−1 treatments were increased 1.09- and
1.08-fold, respectively, compared to the control. Similarly, at 120 DAT, 3.5 and 7.0 g
Ca2SiO4·plant−1·month−1 treatments increased the photosynthetic rate 1.05- and 1.04-fold,
respectively, compared to the nontreated seedlings (Figure 6B).
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Figure 6. Chlorophyll a content (A) and net photosynthetic rate (B). Data represent the means,
and error bars represent the standard errors of the means. Different uppercase letters indicate
significant differences in silicon accumulation at 0, 60, and 120 days after treatment (DAT) in oil
palm seedlings treated with different level of calcium silicate according to the LSD test at p ≤ 0.01
(n = 3). T0, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g
Ca2SiO4·plant−1·month−1, respectively.

3.4. Effects of Silicon Fertilization on Oil Palm Leaf Morphology

Leaf angle and leaf thickness were measured to elucidate the effects of Si fertilization
on leaf morphology (Figure 7). A slight decrease in leaf angle was measured following
control and 0.5 g Ca2SiO4·plant−1·month−1 treatments, indicating that seedling leaves were
less erect, whereas 3.5 and 7.0 g Ca2SiO4·plant−1·month−1 treatments led to more upright
leaves. At 0 DAT, leaf angle ranged from 44.12◦ to 44.6◦ in all treatments. At 120 DAT, leaf
angle ranged from 44.89◦ to 45.08◦ in 3.5 and 7.0 g Ca2SiO4·plant−1·month−1 treatments,
respectively, in contrast to 43.53◦ and 43.45◦ in control and 0.5 g Ca2SiO4·plant−1·month−1

treatments, respectively (Figure 7A). However, leaf thickness was not affected by Si fertil-
ization (Figure 7B). Leaves in all treatments increased in thickness with the age of seedlings,
exhibiting a similar pattern across treatments. At 0 DAT, leaf thickness was approximately
0.60 mm, and it increased to the range of 0.64 to 0.68 mm at 60 DAT and to the range of 0.65
to 0.68 mm at 120 DAT (Figure 7B).

Figure 7. Oil palm leaf angle (A) and leaf thickness (B). Data represent the means, and error bars
represent the standard errors of the means. T0, T1, T2, and T3 are Si treatments of oil palm seedlings
using 0, 0.5, 3.5, and 7.0 g Ca2SiO4·plant−1·month−1, respectively.
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3.5. Effects of Silicon Fertilization on Nitrogen Accumulation in Oil Palm Seedlings

Oil palm seedlings grown in soil treated with 3.5 and 7.0 g Ca2SiO4·plant−1·month−1

accumulated considerably higher nitrogen content as compared to the control (Figure 8).
Prior to Si treatments, oil palm seedlings contained approximately 0.38 g N·kg−1 dry
weight. At 60 DAT, oil palm seedlings without Si fertilization accumulated 0.82 g N·kg−1

DW, whereas fertilization with 0.5, 3.5, and 7.0 g Ca2SiO4·plant−1·month−1 resulted in
0.82, 1.08, and 1.03 g N·kg−1 DW, respectively. At 120 DAT, nitrogen accumulation was
2.25, 1.87, 2.43, and 2.58 g N·kg−1 DW following treatment with 0, 0.5, 3.5, and 7.0 g
Ca2SiO4·plant−1·month−1, respectively.

Figure 8. Nitrogen content in oil palm seedlings. Data represent the means, and error bars represent
the standard errors of the means. Different uppercase letters indicate significant differences in
nitrogen accumulation at 0, 60, and 120 days after treatment (DAT) according to the LSD test at
p ≤ 0.01 (n = 10). T0, T1, T2, and T3 are Si treatments of oil palm seedlings using 0, 0.5, 3.5, and 7.0 g
Ca2SiO4·plant−1·month−1, respectively.

3.6. Correlation Assessment

The correlation assessment (Pearson’s) among various attributes (Figure 9) showed
high positive associations between Si accumulation and total fresh weight (0.99), total dry
weight (0.99), and nitrogen content (0.98). A highly positive correlation was also found
between nitrogen content and total fresh weight (0.99) and total dry weight (0.99). A positive
relationship was detected between silicon accumulation and chlorophyll a content (0.76)
and net photosynthesis (0.61). As expected, chlorophyll a content and net photosynthesis
were highly correlated (0.91). The high associations among these attributes indicated
the positive relationship and beneficial impact of Si fertilization. In contrast, negative
associations were observed in terms of relative growth rate between stem diameter and
total dry weight (−0.60), stem diameter and total fresh weight (−0.59), and stem diameter
and nitrogen content (−0.57).
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Figure 9. Correlation plot illustrating computed Pearson’s correlation coefficients for photosynthesis
(Ph), chlorophyll a (Chla), total fresh weight (TFW), total dry weight (TDW), nitrogen content (NC),
silicon accumulation (SiA), relative growth rate in terms of plant height (RGRPH), relative growth
rate in terms of leaf length (RGRLL), leaf angle (LA), leaf thickness (LT), and relative growth rate in
terms of stem diameter (RGRSD). Positive and negative associations are indicated by blue and red
circles, respectively. Squares with no colored circles represent a nonsignificant association at p < 0.05.
Computed coefficient values are also listed. The strength of association among different attributes is
directly proportional to the color intensity and the size of the circles.

4. Discussion

In the oil palm plantation industry, optimum growth and productivity are not achieved
due to various factors, among which nutrient management and well-established nursery
seedlings are crucial. Uniform and vigorous seedlings are a key component of improved oil
palm production [33,46]. Therefore, improved nutrient management is necessary to achieve
healthy and well-adapted vigorous seedlings [33].

The beneficial effects of Si on various crops have been studied intensively under
various biotic and abiotic stress conditions. However, the effects of Si on vegetative growth
under nonstress conditions have been debated for different plants. Guo et al. [47] reported
that alfalfa treated with Si had increased leaf area, height, and forage yield. Costa et al. [48]
indicated that Si fertilization at 0.28 to 0.55 g·pot−1 provided better growth of passion fruit.
In addition, Si application stimulated vegetative growth of rice, sugarcane, strawberry,
and soybean [4,12,49]. In contrast, applying Si had no significant effect on the growth of
Spartina anglica and cowpea [47].

The mechanism via which plants benefit from Si is still unclear. However, for plants
to be affected by Si fertilization, Si accumulation needs to be observed [13]. In the present
study, oil palm was found to accumulate Si in all tissues, preferably leaf followed by root
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and stem. According to Tongchu et al. [50], a study on the translocation factor of calcium
silicate in oil palm demonstrated that more Si was transferred from the root to the leaf in
the presence of calcium silicate compared to the control. Oil palm seedlings accumulated
0.17–0.89% Si (dry weight) across the whole plant, which was, therefore, considered to be
an intermediate accumulator according to Ma et al. [13]. A positive relationship between
Si accumulation and Si fertilization was noticed in present study. A linear regression
relationship between dose of Si application and the concentration of Si in leaf tissues of
oil palm seedlings was also reported by Putra et al. [51]. Among plants, Si concentration
is found to be higher in monocotyledons than in dicotyledons with an increase in the
following order: legumes < fruit crops < vegetables < grasses < grain crops [5]. Si is mainly
deposited in plant parts as phytoliths (SiO2·nH2O) [52]. This acts as a physical barrier and,
thus, improves plant resistance to pathogens and insects [52]. As foliar deposition of Si was
evidenced in our results, resistance to leaf spot and leaf blight diseases, commonly found
in nursery-stage oil palms, should be investigated.

The present study indicated stimulatory effects of Si on fresh weight, dry weight, and
relative vegetative growth rate [17]. Similar results were reported in multiple plants [17,18].
Biomass production is involved in the coordination of different events including the tran-
sition from elongation to thickening of stem tissues and synthesis of secondary cell walls
impregnated with lignin, many of which are regulated by phytohormones. It has been
proposed that the remaining Si in the form of soluble silicic acid (Si(OH)4) may be involved
in stimulating biochemical/molecular processes contributing to biomass production under
Si supplementation.

Interactions of Si fertilization with other plant nutrients including nitrogen have been
well documented [53–55]. Si positively affects almost all aspects of nitrogen nutrition, in-
cluding nitrogen uptake, assimilation, and remobilization, and it has been reported in many
crops [53,56,57]. Beneficial effects of Si on plant growth and production have been reported
under low, optimal, and excessive nitrogen supply [58]. In oil palm seedlings, nitrogen
content was enhanced with the supplementation of Si. The mechanisms underlying the
stimulatory effects of Si have not been reported in any plants, but it has been demonstrated
that increased nitrogen concentration in plant parts resulted from enhance nitrogen fixation,
as well as upregulation of NO3

− transporter genes and genes involved in nitrogen uptake.
In the present study, the enhanced growth of oil palm seedlings treated with Si could

be attributed to increased chlorophyll a content and, consequently, photosynthetic rate.
Chlorophyll is an important pigment in photon absorption, transmission, and transporta-
tion and is closely related to photosynthesis [59]. Nitrogen is required for the production of
chlorophyll, nucleic acids, and enzymes. Therefore, increased nitrogen content can improve
the chlorophyll content in crop leaves, thus improving photosynthetic performance [60]. A
positive correlation among nitrogen content, chlorophyll a content, and photosynthetic rate
was also demonstrated in the present study.

Overall, Si fertilization at a certain rate exhibited stimulatory effects on oil palm
seedling growth, which could be attributed to increased nitrogen uptake and photosynthe-
sis. An increased growth rate in oil palm seedlings is preferable as it help to shorten the
time required for seedling development and establishment. As oil palm plantations are con-
tinuously expanded, these beneficial effects of Si on oil palm can facilitate the production
of oil palm seedling to be able to keep up with increased demand for seedling materials.
As oil palm was demonstrated to be an intermediate Si accumulator, other beneficial effects
of Si fertilization under biotic and abiotic stress conditions can be further investigated to
contribute to better nutrient management in oil palm.

5. Conclusions

Silicon (Si) fertilization with 3.5 g and 7.0 g Ca2SiO4·plant−1·month−1 stimulated
growth and physiological processes of oil palm seedlings under nonstress conditions. Oil
palm is an intermediate Si accumulator, and it was observed that a higher proportion of
Si was deposited in the aerial parts, especially the leaf. Chlorophyll a content and photo-
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synthetic rate were positively correlated with Si fertilization and could have contributed
to the better growth observed. Nitrogen uptake was demonstrated to be enhanced by Si
fertilization. Leaf thickness and leaf angle were not considerably affected by Si fertilization,
but slight trends toward more upright leaves with increased Si fertilization were observed
and should be further investigated. Overall, Si fertilization provided beneficial effects
on growth and physiological responses in oil palm seedlings. Therefore, Si fertilization
should be considered for improved nutrient management for healthy and vigorous oil palm
seedling and nursery production.
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Abstract: Soybean is one of the most important oilseed crops worldwide. Fertilization severely
restricts the yield potential of soybean in the arid regions of Northwest China. A two-year field
experiment was conducted to investigate the effects of fertilization on soybean yield in arid areas
under a drip irrigation system. The treatment consisted of 14 fertilizer combinations comprising
of four rates each of nitrogen (N) (0, 225, 450, and 675 kg ha−1), phosphorus (P) (0, 135, 270, and
405 kg ha−1), and potassium (K) (0, 75, 150, and 225 kg ha−1). The results revealed that grain yield
was more sensitive to N fertilizer than to P and K fertilizers. The P and K fertilizers influenced harvest
index and biomass, respectively. The optimized combination of fertilizers for high yield, as well as
biological and quality traits was obtained by quadratic polynomial regression analysis. The theoretical
grain yields based on the performed statistical calculations and plant biomass were greater than
7.21 tons ha−1 and 16.38 tons ha−1 with 300,000 plants ha−1 and were obtained under a fertilization
combination of 411.62–418.39 kg ha−1 N, 153.97−251.03 kg ha−1 P2O5, and 117.77−144.73 kg ha−1

K2O. Thus, our findings will serve as a guideline for an effective fertilizer application in order to
achieve a balance between grain yield and plant biomass as well as to contribute to the promotion of
large-scale cultivation of soybean under drip irrigation.

Keywords: drip irrigation; high-yield; fertilization rate; biomass; soybean (Glycine max L. Merrill)

1. Introduction

Soybean (Glycine max [L.] Merrill) is one of the most important oilseed crops with
rich protein and oil worldwide. In China, the annual import of soybean reached more
than 100 million tons, accounting for more than 83% of China’s soybean demand in 2020
according to the General Administration of Customs of the People’s Republic of China
(GACC, http://www.customs.gov.cn/, accessed on 21 December 2021). A huge potential in
yield increase is possible for soybean production in China, however, soybean production in
China has decreased in recent years because of lower yield levels and lagging technological
progress [1]. Therefore, it is important to increase and sustain the yield of soybean with
optimal fertilizer application to ensure food security in China. However, the fertilizer
management in the current farmers’ practices is not usually in balance with crop demand [2],
which limits the soybean yield and results in low nutrient use efficiency [3].

Supply of adequate fertilizer including nitrogen (N), phosphorus (P), and potassium
(K) is fundamental in optimizing soybean yield and quality. Grain yield and N relationships
have been extensively explored in the scientific literature [4–6], nonetheless, relationships
for other nutrients such as P and K have received less attention. Previous research found
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that treatments with high N rates extended the duration of the seed filling due to its function
of biological N fixation [7]. Soybeans require higher nitrogen (8 to 9 kg of N for 100 kg
soybeans), but only about 1/3 of it comes from fertilizers. An overdependence on N, P,
and K fertilizers may deteriorate soil quality and health and ultimately reduce soil fertility
and the size of arable land [8]. Therefore, to achieve a stable planting area, to have grain
yield improvement, and to realize industrialization, the balanced requirements of N, P, and
K fertilizers and their proper combinations are essential in identifying optimal fertilizer
application regimes. For implementation, a robust fertilizer recommendation method must
be established to maximize the soybean yield and improve nutrient use efficiency.

Fertilizer along with drip irrigation is a technology that offers precise and accurate
irrigation and fertilization and can save more than 30–50% of fertilizer consumption, as well
as increasing the nutrients and rainfall use efficiency together with the net-profit [9]. With
the strengthening of the concept of sustainable development in people’s consciousness, the
prominent role of drip irrigation and fertilization in resource utilization and environmental
protection has attracted increasing attention [10,11]. Thus, exploring the optimum fertilizer
recommendation for soybean under drip irrigation may be one as-yet untried method.

Since 2005, the determination of optimum fertilization has been extensively carried
out throughout China. The “3414” fertilizer experiment design [three fertilizer factors (N, P,
K), four fertilization levels, and 14 types of proportional fertilizer treatments] developed
by the Ministry of Agriculture of China was recommended for soil testing and fertilizer
research to develop a fertilization system and to guide farmers on how to apply fertilizer.
The design is considered optimal with less regression, high efficiency, and comparability,
easy in demonstration and promotion, and satisfying the professional requirements for
fertilizer testing and fertilization decisions. Thus, this test scheme has been successfully
applied to pumpkin [12], phoebe bournei [13], and adzuki bean [14] to obtain an optimal
fertilizer application.

To optimize soybean grain yield, plant biomass is also the main factor that determines
biological yield [15]. Previous studies improved grain yield by agronomic measures [16,17],
but only a few studies have focused on the increase in grain yield balanced with biomass.
Several studies have described the correlation of grain yield with plant biomass and
reported contradictory conclusions. Some researchers agreed that a significant positive
correlation exists between plant biomass and specific grain yield components, which
increases with the process of plant growth and development and reaches the maximum
at the seed-filling (stage R5 and R6) [18,19]. Other studies did not observe significant
correlations between plant biomass and grain yield [20]. Therefore, the correlation appears
to be unclear and the achievement of grain yield and plant biomass harmony are needed
to better understand the genetic basis of grain yield and facilitate the pyramiding of the
optimal fertilizer amount.

Therefore, the objectives of the current study were to (i) dissect the effect of precision
N, P, and K management on soybean under drip irrigation; (ii) determine the relationship
among a wide range of agronomic, quality, and biomass traits; and (iii) determine the
optimal amount of N, P, K fertilizer and reasonable management balance for grain yield
and plant biomass.

2. Materials and Methods
2.1. Experimental Site

A field experiment was conducted in Wulanwusu Agricultural Meteorological Experi-
mental Station in 2014 and 2015, which represents the ecological conditions in northern
Xinjiang, China. The annual mean temperatures and cumulative precipitations were
10.18 ◦C and 158.2 mm and 16.9 ◦C and 161.4 mm during the soybean growing season in
2014 and 2015, respectively (Figure 1 and Table S1). According to the FAO classification [21],
the soil is Haplic Calcisols with sandy loam soil texture and pH of 8.0–8.5. The content
of nitrate nitrogen, ammoniacal nitrogen, available phosphorus, and available potassium
were 13.85, 12.40, 3.82, and 143.16 mg kg−1 DW of soil, respectively.
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Figure 1. The average temperature and cumulative precipitation for each month in 2014 and 2015.

2.2. Experimental Materials and Design

A high-yielding and drought-sensitive cultivar Zhonghuang 35 was used in our
research. The cultivar has high oil, early maturity, broad adaptability [22], and grain
yield of 6.32 tons ha−1. The cultivar was evaluated with drip irrigation in the Xinjiang
province of China, which showed the advantages of photosynthetic accumulation due to
the typical continental climate, the large temperature difference between day and night
with an average of 11◦C and maximum higher than 20 ◦C [23].

In 2014 and 2015, the “3414” experiment was conducted with three factors (N, P,
and K), each with four levels (0, 1, 2, and 3) giving a combination of 13 treatments (2014)
and 14 treatments (2015) (Table 1). For the four levels, 0 indicates no fertilizer, 1 indicates
half of the typical fertilizing amount, 2 indicates the typical fertilizer application, and 3
indicates 1.5 times the typical application. All treatments were arranged in a randomized
complete block design with three replications.

Table 1. The 3414-fertilization experiment design for soybean.

No. Treatment
Urea (kg ha−1) Monoammonium

Phosphate (kg ha−1)

Potassium
Chloride
(kg ha−1)

Total Fertilizer in the Block (kg)

(N:46%) (P2O5:61%) (K2O:62%) Urea Monoammonium
Phosphate

Potassium
Chloride

1 N0P0K0 0 0 0 0.00 0.00 0.00
2 N0P2K2 0 519 0 0.00 1.05 0.00
3 N1P2K2 374 443 242 0.75 0.89 0.49
4 N2P0K2 978 0 242 1.97 0.00 0.49
5 N2P1K2 921 221 242 1.86 0.45 0.49
6 N2P2K2 863 443 242 1.74 0.89 0.49
7 N2P3K2 805 664 242 1.62 1.34 0.49
8 N2P2K0 863 443 0 1.74 0.89 0.00
9 N2P2K1 863 443 121 1.74 0.89 0.24

10 N3P2K2 1352 443 242 2.73 0.89 0.49
11 N1P1K2 431 221 242 0.87 0.45 0.49
12 N1P2K1 374 443 121 0.75 0.89 0.24
13 N2P1K1 921 221 121 1.86 0.45 0.24
14 N2P2K3 863 443 363 1.74 0.89 0.73

The fertilizers, used for the “3414” experiment, were applied as follows: N fertilizer
(urea containing 46% N and diammonium phosphate containing 12% N), P fertilizer
(diammonium phosphate containing 61% P2O5 and monopotassium phosphate containing
52% P2O5), and K fertilizer (potassium chloride containing 62% K2O and monopotassium
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phosphate containing 34% K2O). To avoid excessive K fertilizer, monopotassium phosphate
was used to meet the requirement for P and K fertilizer in N0P2K2 treatment. Detailed
fertilization information is presented in Tables S2 and S3.

2.3. Field Management and Cultivation Conditions

The experiment was managed by water-saving drip irrigation under a plastic mulching
film. The total irrigation water was 6750 m3 per ha. Each irrigation pipe was set up between
every two soybean rows under the plastic film to facilitate mechanical harvesting. Before
planting, the seeds were treated with the appropriate strains of bacteria, plant density was
designed with 180,000 seedlings per ha. The sowing date was 14 April in 2014 and 25 April
in 2015. The sowing rate was 65 kg ha−1, the depth of sowing was 3 cm and the average of
emergence was 80% for all treatments. Independent fertilizer sources were used to apply
each treatment to exactly control fertilizer amount. According to the soybean growth stages,
fertilizer was applied six times in 2014, including once in June, twice in July, once in August,
and twice in September. In 2015, fertilizer was applied seven times, that is once in May,
once in June, thrice in July, and twice in August. Detailed information is shown in Table S4.

2.4. Data Observations

The plants were harvested on 14 September 2014 and 13 September 2015. Thirty-one
(31) traits relating to grain yield, biomass, and nutrition were measured (Table S5). The iden-
tification of 12 yield-related traits, that is from T1 to T12, were measured in the laboratory
after harvesting. The biological-related traits (T13 to T16) which include biomass per pod,
leaf, stem, and plant were measured as dry matter weight. The nutritional traits (T17 to T31)
comprised of N, P, K content in different tissues (seed, pod, leaf, and stem), H2SO4–H2O2
was used for the combined digestion, N content was determined using standard Kjeldahl
by an automatic nitrogen analyzer (ZDDN-III-A, Zhejiang Top Cloud-Agri Technology Co.,
Zhejiang, China) [24], P content was determined by ultraviolet spectrophotometer (SHI-
MADZU UV-1800, Shimadzu Corporation, Kyoto, Japan) [24], K content was measured by
a flame atomic absorption spectrometer (Model GGX-6, Beijing Haiguang Instrument Co.,
Beijing, China) after microwave digestion (Discover SP-D Gold, CEM, KampLintfort) using
a contrAA 700 high-resolution continuum source atomic absorption spectrometer (Analytik
Jena, Jena, Germany)) [24]. In addition, protein, oil, and moisture contents in seeds were
determined on 20−30 g seed samples using Fourier-transform near-infrared spectrometry
(Bruker Optik GmbH, Ettlingen, Germany) based on a method published previously [25].
The samples were stored at 4 ◦C in plastic bags in a fridge until measurement. In every
case, three replicates were measured.

2.5. Data Analysis

To investigate the relationships among the 31 traits, heatmap for normalized data
was conducted using the “pheatmap” package [26], correlation analysis was carried out
using the “corrplot” package [27], and principal component analysis using the “cluster”
package [28]. To select the optimal model, we compared the adjusted r2 for the different
combinations of the quadratic polynomial regression models using the “leaps” package [29]
and the models were fitted by using the “lm” function. All the analyses were conducted
using R software. The optimal fertilizer amount and corresponding value were calculated
by Matlab software (Mathworks, Inc., Natick, MA, USA) [30].

3. Results
3.1. Principal Component and Correlation Analyses

The PCA result shows that the first two components accounted for 50.5% of the
variance; PC1 and PC2 accounted for 29 and 20.6% phenotypic variation, respectively. The
yield component traits such as seed number per plant and pod number as well as biomass
traits are loaded more in PC1, while nutritional traits especially N and P were loaded more
in PC2 (Figure 2A,D). In general, all the traits clustered together as per their grouping into
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yield, biological, and nutritional traits (Figure 2B). Among the 14 treatments, 11 treatments
clustered together while N0P2K2 and N1P2K2 were grouped together and N2P2K3 was
alone. This indicated that moderate P and K fertilization is necessary for plant growth and
excessive K fertilization affects yield and nutritional traits (Figure 2C,D).

Figure 2. The principal component analysis of 31 traits. (A) The heatmap of 31 traits on the first five
principal components, the depth of color indicates the level of trait contribution on the corresponding
PC, (B) PCA plot for 31 traits, ellipses and shapes show clustering of traits, (C) principal component
analysis for 14 treatments, circle size means the square cosine, (D) the contribution for 31 traits on
PC1 and PC2, the length indicates the quality of trait. Yield, Grain yield; PH, Plant height; FPH, First
pod height; SD, Stem diameter; NN, Number of nodes on main stem; BN, Branch number; PN, Pod
number; SNPT, Seed number per plant; SWP, Seed weight per plant; HSW, 100-seed weight; SNPD,
Seed number per pod; HI, Harvest index; PDB, Biomass per pod; LB, Biomass per leaf; SB, Biomass
per stem; PTB, Biomass per plant; Nseed, N content in seed; Npod, N content in pod; Nleaf, N content
in leaf; Nstem, N content in stem; Pseed, P content in seed; Ppod, P content in pod; Pleaf, P content in
leaf; Pstem, P content in stem; Kseed, K content in seed; Kpod, K content in pod; Kleaf, K content in
leaf; Kstem, K content in stem; Protein, Protein content; Oil, Oil content; Water, Water content.

The correlation analysis showed that biomass per plant was significantly and positively
associated with yield component traits such as stem diameter (r = 0.87, p < 0.001), pod
number (r = 0.86, p < 0.001), seed number per plant (r = 0.86, p < 0.001), and seed weight
per plant (r = 0.86, p < 0.001), while significantly and negatively associated with hundred
seed weight (HSW, r = −0.72, p < 0.01). There was a negative correlation between protein
and oil contents (r = −0.78, p < 0.001). The K in the seeds was positively correlated with
pod number (r = 0.84, p < 0.001), seed number per plant (r = 0.91, p < 0.001), seed weight
per plant (r = 0.83, p < 0.01), and biomass per pod (r = 0.45, p < 0.01). Furthermore, the K
in the seeds was positively associated with K in the leaf (r = 0.73, p < 0.01), stem (r = 0.67,
p < 0.01), and plant (r = 0.74, p < 0.01). The N in the pod was significantly and negatively
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associated with harvest index (r = −0.69, p < 0.01), the N in leaf was significantly and
negatively associated with number of branches (r = −0.72, p < 0.01), while the N in stem
was significantly and negatively associated with biomass per leaf (r = −0.79, p < 0.001)
(Figure 3).

Figure 3. The pairwise correlations (Pearson’s r) among 31 traits based on the averaged values.
The lower diagonal plots show the correlation coefficient, significant differences are indicated by
* p < 0.05, ** p < 0.01, *** p < 0.001, values without asterisks were not significant at p < 0.05. The
upper diagonal only shows the significant correlations which are represented as colored circles, blue
indicating negative correlation, and red indicating positive correlation. Yield, Grain yield; PH, Plant
height; FPH, First pod height; SD, Stem diameter; NN, Number of nodes on main stem; BN, Branch
number; PN, Pod number; SNPT, Seed number per plant; SWP, Seed weight per plant; HSW, 100-seed
weight; SNPD, Seed number per pod; HI, Harvest index; PDB, Biomass per pod; LB, Biomass per leaf;
SB, Biomass per stem; PTB, Biomass per plant; Nseed, N content in seed; Npod, N content in pod;
Nleaf, N content in leaf; Nstem, N content in stem; Pseed, P content in seed; Ppod, P content in pod;
Pleaf, P content in leaf; Pstem, P content in stem; Kseed, K content in seed; Kpod, K content in pod;
Kleaf, K content in leaf; Kstem, K content in stem; Protein, Protein content; Oil, Oil content; Water,
Water content.

3.2. Effects of Different Fertilization Interactions on Grain Yield

Increasing soybean yield is always the core of soybean breeding. To determine the
optimal fertilization for grain yield, the 14 treatments were separated into three groups
(Table 2) based on grain yield parameters. The first group with a grain yield higher than
4483.75 kg ha−1 has harmonious fertilizer and adequate nitrogen, the second group has a
grain yield higher than 4112.5 kg ha−1, while the third group consisting of the control has
the lowest grain yield of 3726.5 kg ha−1. The percentage grain yield increase of N0P2K2,
N2P0K2, N2P2K0, and N2P2K2 over N0P0K0 was 13, 22, 23, and 20%, respectively, and the
percentage grain yield difference of N2P2K2 over the other treatments (N0P0K0, N0P2K2,
N2P0K2, and N2P2K0) was 19, 9, 1, and 2%, respectively (Figure S1 and Table 3).
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Table 3. Fertilizer interaction effect and abundance or shortage status of nutrients.

Number Fertilizer Type Treatment Grain Yield
(kg ha−1)

Percentage Higher
than CK

Percentage of N2P2K2
Compared to

Other Treatments

1 CK N0P0K0 3726.50 19
2 P, K N0P2K2 4195.88 13 9
4 N, K N2P0K2 4543.75 22 1
6 N, P, K N2P2K2 4590.75 23
8 N, P N2P2K0 4484.00 20 2

From the heatmap, there are wider variations for biological traits and pod/leaf-related
nutritional traits than other traits (Figure 4). The N2P2K2 fertilizer treatment ranks second
in grain yield (4590.75 kg ha−1) but resulted in the highest nitrogen (49.13 g kg−1) and oil
content (22.33%) in the seed. The grain yield of N-deficient treatment (N0P2K2) declined
(4195.88 kg ha−1). The N-abundant treatment, N3P2K2, resulted in the highest grain yield
(4654.5 kg ha−1) but low biomass per plant (49.81 g), plant height (82.09 cm), and protein
content (39.85 %). The grain yield of the P-deficient treatment (N2P0K2) decreased slightly
but resulted in increased biomass per pod (12.95 g), N-stem (11.3 g kg−1), and N-leaf
(15.46 g kg−1), while the P-abundant treatment, N2P3K2, resulted in the highest HI (0.57).
The K-deficient treatment, N2P2K0, resulted in low biomass per plant (46.8 g), while for
the K-abundant treatment (N2P2K3), the grain yield decreased (4112.5 kg ha−1), but with
increased biomass per plant (64.77 g) and seed nutrients.

Figure 4. The heatmap of 31 traits for the 3414-experiment design. The color indicates the correlation
between treatment and trait.
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3.3. Optimal Fertilization Model Development

Based on the adjusted r2 for the polynomial regression model, the optimal model
(r2 = 0.89) for grain yield was selected (Figure S2A). Thus, the polynomial regression
equation that governs the effect of grain yield by N, P, and K fertilizers is expressed as
y1 = 3724.326 + 1.504x1 − 1.357x2 + 6.097x3 + 0.001x2

1 + 0.004x2
2 − 0.017x2

3 − 0.008x1x3
(Table 4). The regression was significant (p < 0.01) with N and K fertilizers having significant
effects (p < 0.01) on grain yield. From the regression coefficient, the effect of different
fertilizers on grain yield was in the order K > N > P (Table 4). Grain yield gradually
increased with an increase in N and P, while with increasing K fertilizer, grain yield slowly
increased and then rapidly decreased (Figure 5A).

Figure 5. Effect of N, P, and K fertilizer rates on the grain yield (A) and biomass per plant (B) of soybean.

Table 4. Analysis of variance of the effects of N, P, and K fertilizers on grain yield.

Source of Variation Estimate Standard Error t-Value p-Value

Intercept 3724.32 82.66 45.06 0.00 ***
N 1.50 0.40 3.72 0.01 **
P −1.36 0.75 −1.80 0.12
K 6.10 1.21 5.03 0.00 **

N2 0.00 0.00 1.17 0.29
P2 0.00 0.00 2.00 0.09
K2 −0.02 0.01 −2.94 0.03 *

N:K −0.01 0.00 −2.97 0.03 *
Significant differences are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001.

Besides, there was a significant interaction (p < 0.05) between N and K fertilizer in
terms of grain yield while no significant interaction between N and P (Table 4, Figure 6A,B).
Grain yield slowly increased with the increase in N and K fertilizers (Figure 6B), and the
maximum grain yield of 5202.3 kg ha−1 was observed at 675 kg ha−1 N and 20.5 kg ha−1

K2O (Figure 6B).
For biomass per plant, the best fitting model was y1 = 54.575 + 0.032x1 + 0.071x2 −

0.234x3 + 0.0003x2
3 − 0.0008x1x2 + 0.0002x1x3 + 0.0005x2x3 (Table 5). The regression was

significant (p < 0.05) and the adjusted r2 was 0.66 (Figure S2B). The regression result shows
that K fertilizer largely affects biomass per plant (p < 0.05). The effect of fertilizer on biomass
per plant was in the order K > P > N (Table 5). Biomass per plant gradually increased with
an increase in N and P fertilizers, while the effect of the increased rate of P on biomass
per plant was higher than N. However, with increasing K fertilizer, the biomass per plant
sharply declined (Figure 5B).
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Figure 6. Effects and response surface of interaction among N, P, and K fertilizers on the grain yield
(A–C) and biomass per plant (D–F) of soybean. (A) effects and response surface of N fertilizers and P
fertilizer on grain yield (fixed factor = 0); (B) effects of N fertilizers and K fertilizer on grain yield
(fixed factor = 0); (C) effects of P fertilizers and K fertilizer on grain yield (fixed factor = 0); (D) effects
of N fertilizers and P fertilizer on biomass per plant (fixed factor = 0); (E) effects of N fertilizers and K
fertilizer on biomass per plant (fixed factor = 0); (F) effects of P fertilizers and K fertilizer on biomass
per plant (fixed factor = 0).

Table 5. Analysis of variance of the effects of N, P, and K fertilizers on biomass per plant.

Source of Variation Estimate Standard Error t-Value p-Value

Intercept 54.56 3.18 17.18 0.00 ***
N 0.03 0.03 1.30 0.24
P 0.07 0.04 1.73 0.14
K −0.23 0.09 −2.74 0.04 *
K2 0.00 0.00 1.51 0.18
N:P 0.00 0.00 −3.46 0.01 *
N:K 0.00 0.00 1.38 0.22
P:K 0.00 0.00 1.62 0.16

Significant differences are indicated by * p < 0.05, *** p < 0.001

For biomass per plant, a significant interaction between N and P fertilizer (p < 0.05)
was observed while no interaction effects between P and K (Table 5, Figure 6E,F). Biomass
per plant gradually increased and then rapidly decreased with the increase in N and P
(Figure 6D). The maximum biomass per plant was 83.33 g with 405 kg ha−1 P2O5 and
0 kg ha−1 N (Figure 6D).

3.4. Optimal Fertilizer Application

To obtain the optimal fertilizer amount for grain yield, we conducted frequency
analysis for the eight treatments with grain yields higher than 4480 kg ha−1. The 95%
confidence intervals for N, P2O5, and K2O were 1.83–2.42, 0.86–2.39, and 0.87–2.13, respec-
tively. Thus, the optimal fertilizer amount for high grain yield was 411.62–544.63 kg ha−1 N,
115.98–322.77 kg ha−1 P2O5, and 65.10−159.90 kg ha−1 K2O (Table 6).

Similarly, nine treatments with biomass per plant higher than 54 g were used for the
fertilizer frequency analysis. The 95% confidence intervals for N and P2O5 fertilizer were
1.14−1.86 for each and 1.57−1.93 for K2O. Thus, the optimal fertilization requirement for
high biomass per plant (>54 g) was 256.61–418.39 kg ha−1 N, 153.97–251.03 kg ha−1 P2O5,
and 117.77−144.73 kg ha−1 K2O (Table 7).
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Table 6. The frequency distribution and fertilization measures for grain yield greater than 4480 kg ha−1.

Levels
N P2O5 K2O

Times Frequency Times Frequency Times Frequency

0 0 0 1 0.125 1 0.125
1 0 0 2 0.25 2 0.25
2 7 0.875 4 0.50 5 0.625
3 1 0.125 1 0.125 0 0

Weight mean 2.13 1.63 1.50
Standard error 0.35 0.92 0.76

95% confidence interval 1.83 2.42 0.86 2.39 0.87 2.13
Fertilization measures (kg ha−1) 411.62 544.63 115.98 322.77 65.10 159.90

Table 7. The frequency distribution and fertilization measures for biomass per plant > 54 g.

Levels
N P2O5 K2O

Times Frequency Times Frequency Times Frequency

0 2.00 0.25 2.00 0.25 1.00 0.13
1 2.00 0.25 2.00 0.25 3.00 0.38
2 5.00 0.625 5.00 0.63 4.00 0.5
3 0.00 0.00 0.00 0.00 1.00 0.13

Weight mean 1.50 1.50 1.75
Standard error 0.47 0.47 0.23

95% confidence interval 1.14 1.860 1.14 1.86 1.57 1.93
Fertilization measures (kg ha−1) 256.61 418.39 153.97 251.03 117.77 144.73

The average plant density was 178,440 plants per hectare and ranged from 132,270 to
240,195 plants per hectare for plots. The analysis of the relationship between plant number
and grain yield in 2014 and 2015 revealed that the best fitting models were yi = 440.2033 +
0.022571xi and yi = 111.5964 − 0.00019xi, respectively, where yi is the grain yield and
biomass per plant for treatment i; and xi is the plant density for each treatment i. The result
shows that the regression was significant for grain yield (p < 0.001) and biomass per plant
(p < 0.05) and the adjusted r2 is 0.43 for grain yield and 0.13 for biomass per plant. Thus, a
plant density of 300,000 plants per hectare gave a grain yield of 7211.5 kg ha−1 and plant
biomass of 16378.9 kg ha−1.

To determine the optimal fertilizer amount for high grain yield (>7.21 tons ha−1) and
high plant biomass (>16.38 tons ha−1), we compared the optimal range for grain yield and
plant biomass. The result shows that 411.62–418.39 kg ha−1 N, 153.97–251.03 kg ha−1 P2O5,
and 117.77–144.73 kg ha−1 K2O is the optimal combination.

4. Discussion

Mulched drip irrigation is regarded as an effective water-saving irrigation technique
that is adopted widely in the arid and semi-arid environments, which can effectively
maintain and improve soil health and functionality [31–33]. The combination of film
mulching and drip irrigation has been applied to vegetable, corn, and cotton cultivations
in Northwest China and provides a potential solution to balance the needs of the rising
agricultural production and the sustainability of the oasis agroecosystem [34]. However,
little attention has been paid to the optimal fertilization combination for soybean in the agro-
ecosystem where mulching is implemented with drip irrigation. There is little potential
to further increase current levels of soybean grain yields (2800 up to 4500 kg ha−1) with
the exception when plants are grown under some favorable conditions (day length, water
availability, etc.) prevailing in the arid and semiarid areas where appropriate irrigation
systems have been practiced. Given the unique climate in Xinjiang which is beneficial for
nutrient transportation, photosynthetic accumulation, and seed development using drip
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irrigation [35], it is worth improving the grain yield and plant biomass simultaneously to
maintain the high-yield record. Thus, we selected Zhonghuang 35 with different fertilizer
treatments in a typical agro-ecosystem to shed new insights into the fertilization effects on
soybean grain yield and plant biomass under constant film mulching and drip irrigation.

Nitrogen (N), Phosphorus (P), and potassium (K) are essential to ensure adequate
nutrient supply and maximum grain yield, comprising a significant proportion of total
fertilizer expenditures, and can be yield limiting in soybean. Determining optimum ap-
plication of these fertilizers effects has been an ongoing research focus for decades and
efforts are continuing to refine recommendations. Studies have shown that excessive or
insufficient N, P, and K application suppresses plant growth and dry matter accumulation,
as well as the allocation and utilization ratio of nitrogen and phosphate fertilizer [36]. In
the present study, fertilization at different degrees promoted the growth of agronomic
characters such as plant height and stem number. High variability for grain yield was
observed with N fertilization rather than P and K fertilization, thus, nitrogen has a big
impact on soybean grain yield. Increasing the nitrogen amount will result in an increase in
grain yield, while decreasing the nitrogen amount will promote fertilizer absorption by the
nutritious organ. P fertilizer improved the harvest index while K fertilizer largely affected
the biomass. Therefore, the effect of K fertilizer on biomass was more as compared to N
and P. The result of the findings revealed that soybean performance was largely affected
by fertilizer, and it also provides effective fertilization measures for the cultivation and
production of soybean.

The “3414” fertilizer experiment design was recommended for the national soil testing
and fertilization work to fast build a formula fertilization system and guide farmers in
applying fertilizer due to less processing and higher efficiency. The main analysis methods
include the fertilizer effect function method, the nutrient balance method, and the soil
nutrient abundance index method [37], while the fertilizer effect function method is the
most commonly used method in soil measurement. To the best of our knowledge, this
is the first time that the recommended fertilizer Zhonghuang 35 in Xinjiang under drip
irrigation has been characterized in any research.

For the fertilizer effect function method, the unary quadratic function, binary quadratic
function, and quadratic polynomial regression function [38,39] have been used to fit the
model and obtain the optimal fertilization application. Studies show that the quadratic
polynomial regression function is the best model for the “3414” fertilizer experiment
design [40], while there still exists a lot of statistical problems. For instance, there is shown
to be a typical fertilizer effect function, the maximum fertilizer for the highest yield loses
touch with reality, the optimal fertilizer amount with a detailed number on solving the
function is not available for control. Thus, an effective and practical analytical method
for the “3414” experimental design needs to be determined. Due to multicollinearity, the
quadratic polynomial regression equation is difficult to put into practice and cannot account
for the diminishing effects of fertilizer. To overcome this, we set a maximum grain yield
target, then obtained a set of fertilization combinations within the 95% confidence interval.

Previous research on fertilizers applied to leguminous species have limited their
investigations to short-term data collection with few treatments setting for establishing
fertilizer combinations, while little data exploration has occurred [41]. Hence, research
on the relationship among a wide range of agronomic, quality, and biomass traits under
various fertilizer treatments is necessary. Studies have shown that a decrease in grain
yield will also result in a decrease in biomass [19]. Inadequate biomass accumulation
caused by environmental changes can lead to grain yield reduction. The correlation
analysis in our experiment shows that there is a positive correlation between grain yield
components and plant biomass. This is evident from the highest grain yield observed by
the treatment N3P2K2 but with low plant biomass, which is consistent with the report of
Huang et al. [19]. The high-yielding soybean cultivar, Zhonghuang 35, won a high seed
yield record of 6.32 tons ha−1 in 2012 for this experiment. Although soybeans require
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higher nitrogen requirement (100 kg of soybeans require 8 to 9 kg of N), only about 1/3
comes from fertilizers.

To obtain the economically effective fertilizer combinations, the price of the fertilizer
was taken into consideration. As of January 2022, the price of urea per ton was $354,
monoammonium phosphate was $435, and potassium chloride was $455. The yield differ-
ence of 401kg between N2P2K2 (4591 kg) and N1P2K2 (4190 kg), at the latest soybean sales
price of $0.57 a kilogram, will give an increase of $228 revenue. In this way, $55 net income
per ha will be produced, which will totally cover the $173 cost of 489 kg urea. Taken to-
gether, we concluded that the optimal fertilizer needed to achieve a grain yield greater than
7.21 tons ha−1 and plant biomass greater than 16.38 tons ha−1 is 411.62–418.39 kg ha−1 N,
153.97−251.03 kg ha−1 P2O5, and 117.77−144.73 kg ha−1 K2O. The recommended fertilizer
application would be useful for production and serve as a guideline for efficient fertilization
of soybean. This economical fertilizer combination could promote the use of profitable
fertilizer in future production of soybean.

5. Conclusions

In this study, we conducted the “3414” experiment under drip irrigation in the arid
region of Northwest China based on a super-high yielding soybean cultivar Zhonghuang 35.
First, we confirmed that N fertilizer significantly affects grain yield, while P and K fertilizers
influence harvest index and biomass, respectively. Second, we clarified the relationship
among a wide range of agronomic, quality, and biomass traits under various fertilizer
treatments. Third, we offered the optimal fertilizer scheme to obtain a theoretical grain yield
and plant biomass of more than 7.21 tons ha−1 and 16.38 tons ha−1 with 300,000 plants ha−1,
respectively. This will serve as a guideline for effective fertilization measures in order
to achieve a balance between grain yield and plant biomass as well as to contribute to
the promotion of the large-scale cultivation of soybean under drip irrigation, which will
increase the efficiency and productivity of farmlands, thereby improving profitability and
also helping to minimize environmental risk.
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kozakova@fch.vutbr.cz

* Correspondence: jiri.antosovsky@mendelu.cz

Abstract: Winter wheat is a widely cultivated crop that requires high inputs of nitrogen (N) fertiliza-
tion, which is often connected with N losses. The application of fertilizers with nitrification (NI) and
urease inhibitors (UI) is an opportunity to eliminate the risk of N losses and improve N availability
to plants. The aim of this study is to compare the effect of conventional nitrogen fertilizers with
fertilizers containing nitrogen-transformation inhibitors as well as to evaluate the timing of their
application on the wheat-grain yield and quality under the conditions of a three-year field experiment.
The examined fertilizers with inhibitors were applied in a single dose or in a split application in
combination with conventional fertilizers. The single application of urea with NI and/or UI resulted
in a relatively average increase in the grain yield, while protein content and the Zeleny-test values
were significantly increased compared to the split N application. The more significant effect of urea
with NI and UI was found under the moisture-rich conditions compared to the drier conditions. A
significant increase in the grain yield (by 6.3%) and in the Zeleny-test value (by 16.5%) was observed
after inhibited urea application comparing to the control treatment (without inhibitors).

Keywords: wheat; nitrification and urease inhibitors; split and single application of fertilizer; grain
yield; quality of grain

1. Introduction

The efficient use of fertilizers is an important factor of sustainable agriculture. It not
only influences crop productivity, but it also reduces nutrients losses, which eliminates
the detrimental impact on the environment. Nitrogen (N) is an essential nutrient for plant
growth and development. Many authors have described its positive effect on the plant
biomass production, the grain yield, and the grain protein content [1–3]. The average N
efficiency in the field conditions is 32%, and no more than 40% [4]. The efficiency can reach
50−70% in the case of a synchronic effect of N supply and crop demand [5]. Low efficiency
of nitrogen fertilizers not only causes economical losses, but it is also environmentally
unsafe (it represents leaching losses of NO3

−, volatilization losses of NH3, and emission
of other N-containing gases) [6]. These losses decrease soil fertility, but also represent
a risk to the atmosphere, hydrosphere and human health [7,8]. NH3 volatilization is
mainly involved in surface-applied fertilizers without incorporation into the soil [9]. N
losses through NH3 volatilization can reach up to 60 % of the nitrogen applied by the
fertilization [10], and they are responsible for the generation of condensation nuclei, which
contribute to the greenhouse effect [11,12].

Wheat is among the most globally cultivated cereal crops [13]. Under conditions
of intensive agriculture systems, the traditional wheat cultivation requires high inputs
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of N fertilizers which is related to the risk of N losses [14]. The nitrogen fertilization is
considered crucial for an optimal crop yield. The split application of nitrogen is a common
strategy for the optimization of the plants’ nutrient uptake and for the reduction of the
risk of N losses in conventional agriculture [15]. Positive effects of the split application on
the wheat-grain yield, flour quality, and proportions of gliadin and glutenin have been
described by several authors [16–18]. Another opportunity to reduce N losses and improve
N efficiency is in the use of fertilizers with inhibitors. These effective and environmentally
friendly fertilizers contain inhibitors that temporary restrict N changes in the soil (urea
hydrolysis or nitrification). The most widely used N fertilizers in the world for the winter
wheat production are ureic fertilizers. Urea that is applied to the soil surface is hydrolyzed
very quickly, thereby generating CO2 and high amounts of NH3 [11]. The urea hydrolysis
requires a urease enzyme, the activity of which could be reduced by a urease inhibitor
(UI). The application of a UI with the urea helps to delay the conversion of urea into NH4

+

in the soil [19,20] due to the partial inhibition of the urease activity [21]. The principle
of most nitrification inhibitors (NIs) is the influence of the ammonia mono-oxygenase
enzyme, which is responsible for the oxidation of ammonium into nitrite in the first
step of nitrification (conversion of NH4

+ into NO2). NI temporarily binds ammonia mono-
oxygenase, which leads to the conservation of immobile NH4

+ in the soil for a longer period
(4−10 weeks). Subsequently, it reduces the amount of NO3

−, which is very mobile in the
soil and is involved in leaching and denitrification [22,23]. Denitrification is also a source of
NO and N2O emissions [24]. NIs are also recommended by The Intergovernmental Panel on
Climate Change (IPCC) as an option to reduce N2O emissions in agriculture [25]. Stabilized
fertilizers seem to represent a good opportunity to minimalize the negative impact of N
losses on the environment and to improve the agronomic benefits of fertilization since their
positive environmental aspects have been reviewed by many authors [4,26–30].

The amount of available N in the soil is influenced not only by fertilization but also
by the level of mineralization. Mineralization of N is assumed to supply random and
unpredictable amounts of inorganic N from one year to the next [31]. The fluctuation of
residual soil N is unpredictable [32] and it is affected by random environmental effects [33].
The mineralization of organic soil N is often accelerated by the application of N fertilizers,
which results in interactions of the added N or in a priming effect [34]. N supplied by
fertilization can be conserved through its immobilization by micro-organisms (a biotic
process) and fixation by soil-clay minerals (an abiotic process). Subsequently, it can be
remineralized and further released in order to cover crop demands, thus reducing the
N losses [35]. The application of N-transformation inhibitors significantly affects these
processes [36].

Another essential nutrient for optimal wheat development is sulfur (S), which plays
an important role in the yield formation and protein constitution [37,38]. The interaction
between nitrogen and sulfur has an impact not only on the uptake and assimilation of
NO3

− and SO4
2–, but also on N and S metabolism [8]. Sulfur also positively influences

the quality of protein in baking [39]. In wheat with S deficiency, asparagine amino acid is
accumulated in the grain, which contributes to a higher risk of an unhealthy acrylamide
formation during the baking of flour products [40].

This work should contribute to the description of the effect of nitrogen and sulfur
fertilizers with inhibitors in combination with single and split applications and emphasize
their effect on the winter wheat-grain yield and quality parameters. Based on previous
research, the positive effect of NI and UI on the prolongation of nitrogen availability in
the soil is expected. Therefore, the basic aim of this work is to confirm if the single or split
application of nitrogen fertilizers with inhibitors provides similar or better results in terms
of the grain yield and qualitative parameters of winter wheat in comparison with common
technology (fertilization without inhibitors split into three doses).
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2. Materials and Methods
2.1. Experimental Site and Field Treatments

The 4-year field experiment (2018–2021) was established as a small-plot field ob-
servation at the experimental station Žabčice in southern Moravia, the Czech Republic
(49◦1′18.658” N and 16◦36′56.003” E). The region is characterized by warm and dry condi-
tions; the annual precipitation ranges from 380−550 mm and the average annual tempera-
ture is 10.1 ◦C. The experiment was established on a silty clay loam soil (clay 38.0%; silt
46.3%; sand 15.7%); the soil type was stagnic fluvisols (FL-st). Each year, the experiment
was based on a new plot within the experimental station. The basic physical–chemical
parameters of the soil that were determined before the sowing are given in Table 1. The
soil nutrient content characterizes the whole area used for the experiment in each growing
season. The effect of the soil parameters, including N released by mineralization, was
assumed to be the same throughout the experimental area.

Table 1. The physical–chemical properties of the soil.

Soil
Parameter

Growing Season
Refs.

2017/2018 2018/2019 2019/2020 2020/2021 Average

Cox (%) 1.32 1.43 1.33 1.36 1.36 [41]

CEC
(mmol/kg) 219 257 208 234 230 [42]

pH/CaCl2 6.8 6.6 6.4 5.9 6.4 [42]

P (mg/kg) 148 134 152 92 132 [42]

K (mg/kg) 276 247 283 184 248 [42]

Ca (mg/kg) 3644 3321 3641 3934 3635 [42]

Mg (mg/kg) 384 397 411 355 387 [42]

SO4
2−(mg/kg) 14.5 11.3 11.1 10.4 12 [42]

NH4
+

(mg/kg) 1.84 2.69 1.49 9.73 4 [42]

NO3
−

(mg/kg) 3.86 14.00 4.62 14.30 9 [42]

CEC—Cation exchange capacity; Cox—Soil oxidizable carbon.

The model crop used in this experiment was winter wheat of the Julie variety (Selgen,
Prague, Czech Republic). This variety is characterized by a high yield potential and good
disease resistance. It belongs to the quality class E, its stated protein content is 13.8%, the
density of its grain is 80.4 kg/hL, and its Zeleny-test value is 60 mL [43].

Wheat crops were damaged by pests (voles) in the 2019/2020 growing season. The
damage was so severe that it was impossible to assess the impact of the fertilizers’ ap-
plication. Therefore, the results of this season were not included in the evaluation of the
4-year experiment. The experiment was set up using a randomized complete-block design
with nine treatments (Table 2); each treatment was repeated four times. The size of each
experimental plot for the fertilization was 15 m2. All fertilizers were spread by hand
separately on each block. The examined fertilizers used in the experiments and their basic
characteristics are listed in Table 3.
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Table 2. Treatments and doses of fertilizers.

Treatments
Term (T) of Fertilization (Dose of N, S kg/ha) Total Dose of N, S

(kg/ha)T1 (BBCH 25) T2 (BBCH 32) T3 (BBCH 50)

control CAN (55, 0) CAN (65, 0) UAN (40, 0) 160, 0

N1 ALZON neo-N
(160, 0) 160, 0

N2 CAN (55, 0) ALZON neo-N
(105, 0) 160, 0

N3 UREAstabil (160, 0) 160, 0

N4 CAN (55, 0) UREAstabil (105, 0) 160, 0

NS1 CAN (55, 0) ASN (105, 52) 160, 52

NS2 ASN (120, 60) UAN (40, 0) 160, 60

NS3 ENSIN (160, 80) 160, 80

NS4 ENSIN (120, 60) UAN (40, 0) 160, 60
BBCH−phase of growing according to Lancashire [44], BBCH 25–tillering; BBCH 32−stem elongation,
BBCH 50–beginning of heading. UAN—Urea ammonium nitrate; CAN—Calcium ammonium nitrate;
ASN—Ammonium sulphate nitrate; ENSIN—Ammonium sulphate nitrate with NIs; UREAstabil—urea with
UI; ALZON neo-N−urea with UI and NI.

Table 3. Type of used fertilizers.

Fertilizers
Nutrients

Content (%) Inhibitors Producer
N S

ALZON neo-N 46 0 nitrification (NI)
and urease (UI)

(SKW Piesteritz,
Wittenberg, Germany)

UREAstabil 46 0 urease (UI)
(AGRA GROUP a.s.,
Střelské Hoštice, the

Czech Republic)

ENSIN 26 13 nitrification (NI) (Duslo, a.s., Šal’a, the
Slovak Republic)

UAN 30 0 none
(ADW AGRO, a.s.,

Okříšky, the
Czech Republic)

CAN 27 0 none (Duslo, a.s., Šal’a, the
Slovak Republic)

ASN 26 13 none (Duslo, a.s., Šal’a, the
Slovak Republic)

UAN—Urea ammonium nitrate; CAN—Calcium ammonium nitrate; ASN—Ammonium sulphate nitrate;
ENSIN—Ammonium sulphate nitrate with NIs; UREAstabil—urea with UI; ALZON neo-N—urea with UI and NI.
ALZON neo-N contains NI: (MPA−N-[3(5)-methyl-1H-pyrazol-1-yl) methyl] acetamide) and UI: (2-NPT−N-(2-
nitrophenyl) Phosphoric Triamide); UREAstabil contains UI: NBPT−N-(butyl) Thiophosphoric Triamide; ENSIN
contains NIs: DCD—dicyandiamide, TZ—triazol.

Table 4 presents the terms of sowing, fertilizer applications and the date of the harvest.
In all experimental years, winter wheat was grown after winter wheat (a pre-crop). Winter
wheat, grown as the pre-crop, was cultivated identically throughout the experimental area
in each year. It was fertilized with a N fertilizer at the same rate (120 kg/ha N). The harvest
was performed at the stage of fully ripe (BBCH 89). The winter wheat was harvested by the
harvester Sampo Rosenlew 2035 (Sampo Rosenlew Ltd., Pori, Finland).
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Table 4. Terms of sowing, fertilization, and harvest.

Growing
Season (GS) Sowing T1 (BBCH

25)
T2 (BBCH

32)
T3 (BBCH

50)
Harvest

(BBCH 89)

GS1:
2017–2018

6 October
2017 5 March 2018 9 April 2018 2 May 2018 4 July 2018

GS2:
2018–2019

9 October
2018

28 February
2019 29 April 2019 10 May 2019 11 July 2019

GS3:
2020–2021

8 October
2020 3 March 2021 20 April 2021 29 May 2021 24 July 2021

BBCH−phase of growing according to Lancashire [44], BBCH 25–tillering; BBCH 32−stem elongation, BBCH
50–beginning of heading, BBCH 89–fully ripe.

The distribution of precipitation was not regular during the experimental years, as
presented in Figure 1. The highest amount of precipitation was noticed in the GS3 (total
precipitation of 377.20 mm/GS3). The GS1 and GS2 both had less rainfall and almost
the same amount of precipitation (the total precipitation of 286.06 mm/GS1 and 282.40
mm/GS2). In the GS2, the lowest temperature was recorded in January while the other
terms had their minimum temperatures in February. The GS2 and GS3 showed a similar
temperature and precipitation development in the periods of May and June. The May
period was colder and rainier while the temperature sharply rose in June. May in the GS3
was a little bit richer in precipitation than May in the GS2.

2.2. Yield and Grain Quality Measurement

The parameters observed over all experimental years were the grain yield and qualita-
tive parameters such as the hectoliter weight of the grain, the content of protein and gluten
in the grain, and the Zeleny-test (ZT) value. Four repetitions from all variants were analyzed.
The weight of the harvested grain was determined using the digital scale Kern ECE 20K-2N
(KERN and Sohn GmbH, Balingen, Germany). The test weight scale Wile 241 (Farmcomp
OY, Tuusula, Finland) was used for determination of the hectoliter weight. The content of
protein in the grain was determined by the Kjeltec 2300 device (Foss, Hillerød, Denmark)
followed by the multiplication by a 6.25 coefficient (the Kjeldal method). The gluten content
and the Zeleny-test value were estimated by the NIR (Near Infrared Spectroscopy) method
on the Inframatic 9500 NIR grain analyzer (Perten Instruments, Hägersten, Sweden). The
principle of the NIR method is the transmittance or reflectance measurement of radiation
within the wavelength range of 800 to 2500 nm (12,500–4000 cm−1) which is related to the
different chemical groups contained in the sample [45,46].

2.3. Statistical Analysis

The program Statistica 12 CZ [47] was used for the statistical evaluation of monitored
parameters. The Shapiro–Wilk and the Levene tests (at p ≤ 0.05) were performed for the
verification of normality and homogeneity of variances. The values of these parameters
were subsequently evaluated by the analysis of variance (ANOVA) and by the follow-up
tests according to Fisher (LSD test) at the 95% level (p ≤ 0.05) of significance. The results
were expressed as the arithmetical mean ± standard error (SE).
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Figure 1. Weather conditions of the field experiments. (a) growing season 1 (2017−2018), (b) growing
season 2 (2018−2019), (c) growing season 3 (2020−2021).

3. Results
3.1. The Grain Yield

The average grain yields over three growing seasons as well as the average grain
yields in each year of the experiment are given in Figure 2. Almost no differences between
the grain yield in the GS1 and GS2 were found. The yield of the N1−N4 treatments and
the NS1−NS4 treatments were slightly increased in comparison to the control treatment,
but the differences were statistically insignificant. The statistical differences were observed
in the GS3. The significantly highest yield was observed in the N1 treatment fertilized by
ALZON neo-N (urea with NI and UI), which was 6.3% higher than the control without
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the application of inhibitors. The N1 treatment was also significantly higher than the NS1
treatment in the GS3.

Figure 2. The effect of fertilizer treatments on grain yield (t/ha), (a) growing season 1 (2017−2018),
(b) growing season 2 (2018−2019), (c) growing season 3 (2020−2021), (d) average yield. The same
letters above the columns describe no statistically significant differences between treatments (LSD
test). Each growing season was evaluated separately. Standard error (SE) is expressed by error bars.

According to the average values, the split fertilization did not result in an increased
yield or a yield reduction. The treatments with the single application of N fertilizers with
inhibitors provided a slightly increased yield in comparison to the treatments with the split
application of N. The combination of nitrogen and sulfur fertilization showed a similar
trend with the average increase of 2.1% in the NS3 treatment (the single application) in
comparison with the NS4 (the split application).

3.2. Qualitative Parameters of Wheat

According to the standard of the Commission Regulation (EC) No. 824/2000, the
required minimum value of the hectoliter weight of the wheat grain is 73 kg/hL. All of
the treatments complied with this standard. The differences among the hectoliter weights
of the individual fertilizer treatments were minimal in the GS1 and the GS2. Significant
differences were observed in the GS3 (Table 5). On average, the hectoliter weight on the
N2 treatment (the split application of CAN and ALZON neo-N) was significantly higher
compared to the NS3 and NS4 treatments (with the sulfur application).
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Table 5. The effect of fertilizer treatments on the hectoliter weight of the wheat grain (kg/hL).

Treatments GS1 GS2 GS3 Average

control 80.43 a ± 0.09 80.85 a ± 0.26 80.50 abc ± 0.11 80.59 ab ± 0.11

N1 80.68 a ± 0.22 80.93 a ± 0.22 80.58 ab ± 0.23 80.73 ab ± 0.12

N2 80.98 a ± 0.37 81.03 a ± 0.45 80.83 a ± 0.15 80.94 a ± 0.18

N3 80.33 a ± 0.49 81.20 a ± 0.07 80.20 bc ± 0.07 80.58 ab ± 0.20

N4 80.73 a ± 0.18 80.95 a ± 0.19 80.50 abc ± 0.22 80.73 ab ± 0.12

NS1 80.88 a ± 0.11 81.13 a ± 0.16 80.30 bc ± 0.15 80.77 ab ± 0.13

NS2 80.43 a ± 0.19 80.95 a ± 0.27 80.33 bc ± 0.21 80.57 ab ± 0.14

NS3 80.45 a ± 0.17 81.05 a ± 0.31 80.08 c ± 0.10 80.53 b ± 0.16

NS4 80.60 a ± 0.16 80.65 a ± 0.33 80.23 bc ± 0.17 80.59 b ± 0.13
Results are expressed as the mean ± standard error. The mean values with different letters are significantly
different (p < 0.05) according to the LSD test (each growing season was evaluated separately). GS1—growing
season 1 (2017–2018), GS2—growing season 2 (2018−2019), GS3—growing season 3 (2020−2021).

The results presented in Figure 3 clearly demonstrate an inconsistent protein content
in the individual growing seasons. All treatments accomplished the minimal 10.5% value
of the protein content set by the standard of the Commission Regulation (EC) No. 824/2000.
The protein contents from the GS2 were higher compared to other growing seasons. Further,
they were very uniform with no significant differences among the observed fertilization
treatments. The protein contents observed in the GS1 and the GS3 showed more inconsistent
values. In the GS1, the protein content in the N1 treatment was significantly lower compared
with the N4 and NS2 treatments. These treatments were also significantly increased
compared to the control; both were higher by 1.8%. The opposite trend was observed in the
GS3. The protein content in the wheat grain of the N1 treatment was higher compared with
the N4 and NS2 treatments. A significant difference was observed only in comparison with
the NS2 treatment, which was lower by than N1 10.5%. The N1 treatment was distinguished
by the highest protein content in the GS3 and in the average values. The protein content of
the N1 treatment was higher by 5.4% than the control in the GS3 and higher by 2.3% than
the control in the total average values.

The single application (N1, N3, and NS3 treatments) of fertilizers proved to have a
significant effect on the protein content, which was increased in comparison with the split
application (N2, N4, NS1, NS2, and NS4 treatments) in the GS3.

The gluten content is not commonly used in the EU countries as a technological quality
criterion for the wheat grain exported to the food industry. Nevertheless, the gluten content
is an important indicator of baking quality, which influences the properties of dough and
bakery products. It is obvious from Figure 4 that the N2, N4, NS1, NS2, and NS4 treatments
had a significantly higher gluten content compared to the control treatment in the GS1.
The highest increase in the gluten content was found in the N4 treatment (higher by 3.4%
than the control). The GS2 did not induce any significant differences in the gluten content
among the treatments. Such results are in contrast with the GS3, which showed a slight
decrease in the gluten content in comparison with the other terms. A significant difference
was observed between the N1 treatment (the single application) and the N4, NS2, and
NS4 treatments (with two applications). The N4 treatment was lower by 9.5%, the NS2
treatment by 10.1% and the NS4 treatment by 8.9% than the N1 treatment. The average
values indicated the enhancement in the N1 (by 3.6%), N2 (by 2.5%), NS1 (by 1.9%), and
NS3 treatments (by 1.8%) compared to the control.
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Figure 3. The effect of fertilizer treatments on protein content (%) in the grain, (a) growing season 1
(2017–2018), (b) growing season 2 (2018–2019), (c) growing season 3 (2020–2021), (d) average yield.
The same letters above the columns describe no statistically significant differences between treatments
(LSD test). Each growing season was evaluated separately. Standard error (SE) is expressed by error
bars.

Figure 4. The effect of fertilizer treatments on gluten content (%) in the grain, (a) growing season 1
(2017–2018), (b) growing season 2 (2018–2019), (c) growing season 3 (2020–2021), (d) average yield.
The same letters above the columns describe no statistically significant differences between treatments
(LSD test). Each growing season was evaluated separately. Standard error (SE) is expressed by error
bars.
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The gluten content was significantly influenced by the application of two doses of
fertilizer in the GS1 when it was higher than the gluten content in the control treatment
(the application of three doses). A significant increase in the gluten content was observed
in the treatments with the single application compared to the treatments with the split
fertilization in the GS3 (two and three applications).

The values of the Zeleny test, which are displayed in Table 6, showed significant
differences between the treatments in the GS1 and the GS3. The minimal value of ZT is
22 mL, according to the standard of the Commission Regulation (EC) No. 824/2000, and
all the determined values were above this standard. Significant differences were observed
in the N2, N4, NS1, and NS2 treatments in comparison with the control treatment in the
GS1. The treatments without the sulfur fertilization (N2 and N4) were increased by 8%,
the treatments fertilized with S (NS1 and NS2) showed ZT values that were higher by 7.3%
compared to the control in the GS1. The highest ZT value was found in the N1 treatment in
the GS3, which was significantly higher than the control (by 16.5%). In the N3, N4, and NS2
treatments, the ZT values were even higher by 17.1%, and by 14.1% in the NS4 treatment. A
significant difference was also found between the NS3 (the single application) and the NS4
treatments (two applications of fertilizer) whereas the NS3 had a higher ZT value by 8.9%.

Table 6. The effect of fertilizer treatments on the Zeleny-test values (mL).

Treatments GS1 GS2 GS3 Average

control 37.8 c ± 0.3 44.0 a ± 1.8 44.1 de ± 1.6 41.9 b ± 1.2

N1 39.0 bc ± 0.6 47.0 a ± 1.2 51.3 a ± 0.6 45.8 a ± 1.6

N2 40.8 a ± 0.3 46.5 a ± 1.7 50.0 ab ± 0.7 45.8 a ± 1.3

N3 39.0 bc ± 0.4 45.8 a ± 1.0 47.3 bcd ± 1.3 44.0 ab ± 1.2

N4 40.8 a ± 0.3 46.8 a ± 1.3 47.7 bc ± 1.3 45.1 ab ± 1.1

NS1 40.5 a ± 0.5 46.5 a ± 1.3 48.1 abc ± 0.9 45.0 ab ± 1.1

NS2 40.5 a ± 0.5 44.0 a ± 2.2 43.9 e ± 0.5 42.8 ab ± 0.9

NS3 39.0 bc ± 0.4 45.8 a ± 1.7 49.0 ab ± 1.9 44.6 ab ± 1.5

NS4 40.0 ab ± 0.7 47.0 a ± 1.8 45.0 cde ± 0.7 44.0 ab ± 1.0
Results are expressed as the mean ± standard error. The mean values with different letters are significantly
different (p < 0.05) according to the LSD test (each growing season was evaluated separately). GS1−growing
season 1 (2017−2018), GS2−growing season 2 (2018−2019), GS3−growing season 3 (2020−2021).

Significant differences were observed between each type of fertilization (single, split
and control) in the GS1. The highest values of ZT were observed in the treatments with the
split application of fertilizers. Differences between effects of three and one or two applica-
tions on the ZT values were significant in the GS3. The average values showed a significant
difference between the control (three applications of fertilizers) and the treatments with
one application (N1, N3, and NS3).

4. Discussions

The application of fertilizers with the NIs leads to partial ammonium nutrition in
plants which could affect the crop yield and quality. Many studies have observed this effect,
but the results diverge. Some studies have not found any changes in the wheat yield after
the use of NI [48–50]. On the other hand, other studies describe a slight increase in the
wheat yield after the NI application [51,52]. Our examined treatment that was fertilized by
ammonium sulphate nitrate (ASN) with the NIs of dicyandiamide (DCD) in combination
with triazole (TZ) (the NS3 treatment, fertilizer ENSIN) did not provide any significant
increase in the grain yield, although the yield was slightly higher compared to the control
treatment. A significant increase in the grain yield was observed after the fertilization with
ALZON neo-N (the N1 treatment, urea with NI and UI) compared to the control and the
NS1 treatment in the moisture-certain GS3. Other studies in the literature [53–55] report
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that many environmental factors including rainfalls and soil moisture have an effect on NIs
as reducers of N2O emissions, which subsequently influences the amount of N available
to plants. The increase in the wheat yield after the split application of conventional N
fertilizers was described in [16], which is contrary to our results in the N1 treatment with
the single application in the GS3. A relative yield increase in the N1 treatment was observed
in the GS1 and the GS2. The other treatments with the single application of fertilizers with
NI and/or UI (N3 and NS3) also showed a relative increase in the yield compared to the
treatments with the split application in each growing season. The simplification of the split
application from two or three doses into a single application is an evident benefit of the use
of NI and UI [56].

Grain quality is assessed by physical and chemical characteristics, which are influenced
by genetic potential and environmental conditions [57]. The hectoliter weight of the wheat
grain is a parameter of milling quality, and it is also connected with the wheat milling
yield. It depends on agricultural inputs, variety, and weather conditions [58]. The average
hectoliter weights of the wheat grain were slightly above 80.4 kg/hL in our experiment,
which was the value declared by the plant breeder [43]. According to the average values,
the S application did not result in an increase in this parameter. In the N2 treatment
(without sulfur application), the value was significantly higher than in the NS2 and NS4
treatments (with the sulfur application). This result is similar to that reported by Hoel [59],
who found a significant decrease in the hectoliter weight of the wheat grain after the S
fertilization.

A study by Abalos et al. [60] explained that the application of NIs could positively
affect the grain quality due to the inhibitors’ induction followed by a subsequent increase
in the NH4

+ nutrition and a decrease in the N losses by the leaching of N2O emissions.
Some studies [48,51,61] have not found any changes in the grain quality after different NI
applications, while Guardia et al. [62] observed slight differences after the application of
the DMPSA (3,4-Dimethylpyrazole-succinic acid) inhibitor. Regarding the protein content,
the N1 treatment (urea with NI and UI) showed a relative enhancement of this parameter.
The increase in the grain protein content after the fertilization by the ammonium-nitrate
fertilizer with NI dicyandiamide (DCD) was reported by Peltonen and Virtanen [63]. Our
results are in contrast with this study because a relatively slight increase in the grain
protein content was observed in the NS3 and NS4 treatments with DCD and TZ inhibitors
(fertilizer ENSIN). The references on the impact of the sulfur fertilization on the grain
protein content are inconsistent. Some studies [64–66] described no effect of S on the protein
content, while another [67] reported the increase in grain protein after the S application. A
significant increase in the protein content was observed in the NS2 treatment compared
with the control and the N1, N3, NS3, and NS4 treatments, but the average values showed
neither a decrease nor an increase in the protein content after the S fertilization. Järvan
et al. [68] claimed that weather conditions as well as the sulfur application affect whether
the correlation between the grain yield and the protein content is positive or negative.
Other studies [69,70] suggested that the grain protein content is influenced by the late N
fertilization. The significant effect of the split application on the increased protein content
in the grain was observed in the N4 and NS2 treatments (the split application) compared to
the treatments with the single application in the GS1 (the season with the lower level of
precipitation). On the contrary, a stronger impact of the single application on the level of
grain protein was observed in the more moisture-certain GS3.

The gluten content in the grain is affected by the amount of N supplied [71]. When
comparing the gluten content of the N1 treatment (urea with MPA and 2-NPT inhibitors)
and the NS4 treatment (ASN with DCD and TZ inhibitors) in the rainfall-rich GS3, we
noticed a significantly higher gluten content in the N1 treatment. The studies conducted by
Cahalan et al. [72] and by Shepherd et al. [73] found a correlation between the increased
levels of precipitation and the higher leaching of the DCD inhibitor. The leaching of DCD
can cause a lower amount of available N as well as a subsequent decrease in the gluten
content in the GS3, in contrast to the drier GS1 and GS2. McGeough et al. [74] even stated
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that DCD showed a higher inhibition effect on arable soils. It is known that sulfur plays an
important role in the amount of gluten [75] and in the composition of gluten proteins [65,76].
Nevertheless, the positive effect of the S fertilization on the gluten content was observed
only in the GS1, when the NS1, NS3, and NS4 treatments provided a significantly higher
content of gluten than the control. The significant impact of the split N application on the
increased gluten content was found in the N2, N4, NS1, NS2, and NS4 treatments in the
GS1, which is consistent with studies [18,77] describing the increase in gluten concentration
after the split N application. On the contrary, a significant difference was observed between
the N1 treatment with the single application and the treatments with two applications (N4,
NS2, and NS4) in the GS3.

The Zeleny test represents viscoelastic characteristics of gluten proteins, which deter-
mine baking quality [78]. Meteorological factors such as temperature and rainfall during
the wheat growth strongly influence this parameter [79]. The significantly highest values
of the ZT in the GS3 as well as on average were observed in the N1 treatment (compared
to the control). Further, the application of fertilizers with NI and UI positively influenced
this quality parameter under the conditions with higher precipitation. Although other
studies [66,80] reported that the S application could positively influence the value of ZT,
the effect of S fertilization on the ZT values was variable in this experiment. The NS1 and
NS2 treatments (fertilized with N and S) had significantly increased ZT values compared
to the control in the GS1. Nevertheless, the same effect of S was not found in the other
growing seasons. The single application of fertilizers brought a significant impact on the
ZT, whereas the values in these treatments (N1, N3, and NS3) were higher in comparison
with the control treatment (three doses of fertilizer).

Urease activity is dependent on soil moisture because the rate of urea hydrolysis is
low in dry conditions [81]. The response of wheat to the inhibited fertilizer UREAstabil (the
N3 treatment) was influenced by weather conditions in this experiment. The relatively
long period without rainfall, which was recorded after the first fertilization date (T1) in the
seasons GS1 (12 days) and GS2 (11 days), increased the effectiveness of the UI. Nitrogen
contained in this fertilizer (the N3 treatment) was largely retained in the soil for later use,
which had a positive effect on the grain quality (protein and gluten content). The GS3 was
characterized by different rain distribution. A rainfall of 12.4 mm occurred the second day
after the first term of the N application (T1), and the values of the protein and gluten content
in the N3 treatment (UREAstabil) were lower in comparison with the drier conditions of the
GS1 and the GS2. The conditions for the UI activity were not suitable in the GS3 because
the rain could mitigate the gaseous loss. It could also increase the risk of leaching, which
probably occurred in this case. Subsequently, the rain negatively influenced the protein and
gluten content in this treatment. A highly critical factor in the application of inhibitors is the
timing of their application. Their effect on the grain yield and the N efficiency is strongly
affected by environmental conditions during the period of their probable inhibition activity
(a period of 1−8 weeks) [82]. Chien et al. [56] stated that it is convenient if a rainfall comes
5−7 days after the fertilization by urea with inhibitors, i.e., at the time of a potentially high
inhibitor activity. It is also reported that UI is suitable for arable soils on which they are
capable of reducing NH3 emission, and thus they create a better opportunity for plants
to use N at later growth phases [83,84]. In contrast, the treatments with ALZON neo-N
fertilizer containing both types of inhibitors showed higher values of quality parameters in
the rainfall-rich GS3 compared to the treatments fertilized with the fertilizer containing
only UI. These results indicate a greater effect of fertilization with NI and UI on the better
N availability for plants in more humid areas.

5. Conclusions

The application of N fertilizers with NI and/or UI has great potential in today’s
agriculture. The cultivation of winter wheat requires high inputs of N fertilization and
the application of inhibited fertilizers can reduce the risk of N losses, which negatively
affect the environment as well as the efficiency of N fertilization. Neither the grain yield
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nor the wheat quality was reduced after the single application of fertilizers with inhibitors.
In addition, a relatively average increase in the observed parameters was noticed. The
protein content and ZT value were even significantly higher after the single application in
comparison with the split application. Differences in the effects of the applied fertilizers
with inhibitors on wheat in relation to the rainfall in each growing season were observed.
The fertilizer with NI and UI ALZON neo-N (the N1 treatment) seemed to be more effective
in the moisture-rich conditions of the GS3 due to the significant increase in the grain yield
and ZT value in the GS3 were observed, as well as to the other observed parameters that
were also relatively increased in contrast to the application under drier conditions. The use
of fertilizers containing N-transformation inhibitors in wheat nutrition provides the benefit
of the possibility of combining split N rates. Reducing the number of land entries has an
impact on the economics of wheat cultivation, reduces soil compaction and contributes to
environmental protection.
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Abstract: The objective of this study was to assess the yield efficiency of sulphur-enhanced fertilisers,
depending on the dose and application method, in a short-lived (three-year) monoculture of winter
oilseed rape under the climate and soil conditions of south-eastern Poland. The experiment was
carried out between 2010 and 2013 on winter oilseed rape (Brassica napus L. var. napus) of the
Orlando variety, fertilised with different sulphur doses—0, 20, 40 or 60 kg S ha−1 applied in different
method—soil application sowing, foliar application in the spring, and soil application sowing + foliar
application in the spring (combined application). Following the harvest, seed and straw yields and
the content of macroelements (N, S, P, K, Ca and Mg) in the seed and straw samples were determined.
The harvest indices were also established for each of these elements. The impact of sulphur on winter
oilseed rape yield depended significantly on both the dose and the application method. Even at
the lowest dose (20 kg·ha−1), sulphur materially increased seed yield, regardless of the application
method. With autumn soil application and foliar application, differences between the lowest dose
and the higher doses (40 and 60 kg·ha−1) were not significant. However, with combined application,
the highest dose (60 kg·ha−1) significantly increased yield compared to the lower doses. In general,
all the fertilisation approaches significantly increased the N, P, K, Ca and Mg contents compared
to the control sample, but the differences between them were not substantial. Each of the sulphur
application approaches decreased the harvest index for sulphur. The foliar application of each of the
doses decreased the harvest indices for N, P, K and Ca. The soil application of 20 kg·ha−1, and the
mixed application of 40 and 60 kg·ha−1, all increased the harvest indices for P, K and Ca.

Keywords: oilseed rape; short-lived monoculture; sulphur; yield; seeds; straw; macroelements;
harvest index

1. Introduction

In terms of cultivation area and production volume, oilseed rape is the second largest
oilseed crop in the world, after soybean. Like other species of the family Brassicaceae,
oilseed rape has a high demand for sulphur—twice as high as legumes and four times
as high as cereals, grasses, maize, or potatoes [1–3]. This is because sulphur performs
a number of important physiological functions and is essential for the normal growth
and development of these plants [4]. The first information about sulphur deficiencies on
oilseed rape plantations appeared in the late 1990s, and since that time, sulphur fertilisation
of crop plants, particularly oilseed rape and other species of the family Brassicaceae, has
been the subject of numerous studies [5–8]. Sulphur deficiency decreases yield, limits
nitrogen uptake, and reduces the content of sulphur-rich metabolites responsible for plants’
resistance to biotic and abiotic stress [9]. Many recent experiments have confirmed the
beneficial effect of sulphur not only on the yield of crops, but on their quality as well.
However, the effect of sulphur application on yield depends on a number of factors,
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including the amount applied and time of application, the form of sulphur used, the
sulphur content in the soil (which largely determines its availability for plants), and climate
conditions [10–18].

Fertilisation of crop fields with sulphur can raise its content in soil and increase
the accumulation of certain minerals in plants due to the acidifying effect of sulphur on
soil. Excessive content of these elements can be harmful both for the plant itself and for
consumers. According to Podleśna [19], sulphur used in fertilisers can upset the balance in
the rhizosphere and thereby have a strong effect on the uptake of other nutrients. Many
other authors point out that fertilisation with sulphur can modify pH and the microbial
activity of soil, thus increasing the concentrations of some elements in the plant tissue,
particularly heavy metals [20–22]. Furthermore, some elements increase the growth rate of
plant mass, causing a decrease or increase in the concentrations of other elements, and thus
in their total accumulation. This is important because the mineral concentrations in plant
tissues are associated not only with plant growth and development dynamics, but also with
resistance to disease, freezing, or other stress conditions during the growing period, and
therefore with crop quality [19]. According to Jankowski et al. [7,22], sulphur fertilisation of
oilseed rape, by modifying the content of minerals in the plants, can significantly influence
the fertiliser value of crop residues (roots or straw) and the quality of seeds used for oil
extraction.

The literature contains information confirming the effect of sulphur application on
the content and accumulation of minerals in crop plants. Podleśna [19] found that sulphur
application at a rate of 80–100 kg S·ha−1 increased the concentrations of sulphur and
nitrogen in the seeds and straw of oilseed rape and of calcium only in the straw. Changes in
the content of other macroelements, i.e., phosphorus, potassium and magnesium, were not
significant. The simultaneous increase in the dry matter of rape significantly increased the
total accumulation of the elements which tested relative to the control plants. Jankowski
et al. [7] reported that sulphur applied at a rate of 60 kg S·ha−1 (in the form of ammonium
sulphate) increased the content of potassium, calcium, magnesium and sulphur in winter
rapeseed cakes and in the straw (except for Mg). The nitrogen content decreased in both
the seed cakes and straw, while phosphorus remained unchanged. Lošák et al. [23] showed
that fertilisation with sulphur had no effect on nitrogen, phosphorus, or potassium concen-
trations, but significantly increased the content of sulphur and calcium. Similarly, McGrath
and Zhao [24] found that sulphur had no significant effect on the nitrogen concentration in
oilseed rape stems.

In the last two decades, sulphur fertilisation of crops, particularly oilseed rape and
other species of the family Brassicaceae, has been the subject of many studies. However,
there have been no field studies on sulphur fertilisation of winter oilseed rape grown in
monoculture. Due to the significant increase in winter oilseed rape production, it may
be grown on the same field more often. The aim of the study was to assess the effect
of fertilisation with sulphur (Na2SO4) on yield, depending on the rate and means of
application, in a short-term (three-year) monoculture of the Orlando cultivar of winter
oilseed rape in the climate and soil conditions of south-eastern Poland. A second objective
was to assess the effect of sulphur application on the content of macroelements in the seeds
and straw of rapeseed.

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

A field experiment was carried out in the years 2010–2013 in the village of Kolonia
Franusin (50◦32′40” N 23◦51′30” E) in Telatyn Commune, Tomaszów County, Lubelskie
Voivodeship. The experiment was set up on mineral brown soil of the group Cambisols
(WRB. IUSS Working Group 2014) rich in organic carbon, with the granulometric compo-
sition of clayey silt [25], and a slightly acidic reaction (pHKCl 6.2). The most important
physicochemical properties of the soil are presented in Table 1. The soil pH was determined
by potentiometric method (in the suspensions of soil and 1 M solution of KCl 1:2.5) accord-
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ing to PN-ISO 10390:1997 [26]; Corg. was determined by the Tiurin method (the oxidation
of organic carbon to CO2 using potassium dichromate K2Cr2O7, in the presence of concen-
trated sulphuric acid H2SO4 and the silver sulphate—Ag2SO4), according to KQ/PB-34 [27];
the content of available P and K was determined by the Egner–Riehm method, according
to PN-R-04023:1996 [28] and PN-R-04022:1996 [29], after extraction with calcium lactate;
the Mg content was determined by the Schachtschabel method after extracting from the
soil with CaCl2 solution, according to PN-R-04020:1996 + Az1:2004 [30]; sulphate sulphur
(S-SO4) content was determined by nephelometric method, according to KQ/PB-44 [27];
the granulometric composition was determined by Casagrande’s areometric method as
modified by Prószyński, according to KQ/PB-33 [27].

Table 1. Selected soil properties (0–30 cm depth) before setting up the experiment (2010).

Parameters Unit Value

Granulometric composition Clayey silt
Sand (2.0–0.05 mm)

%

12.0
Dust (0.05–0.02 mm) 39.0

(0.02–0.002 mm) 35.0
Loam (<0.002 mm) 14.0

pHKCl 6.2
Corg g kg−1 18.1
Ntot. 1.6

Content of available nutrients
P

mg kg−1

34.9
K 93.8

Mg 64.5
S-SO4 8.23

The subject of the study was the Orlando cultivar of winter oilseed rape fertilised with
varied amounts of sulphur, applied in different ways, for a total of 10 sulphur fertilisation
treatments. The experiment was set up in a single-factor, completely randomized design in
four replicates. The design of the field experiment is presented in Table 2. The phonological
stages (BBCH) of winter oilseed rape were encoding according to [31].

Table 2. Applied variants of sulphur fertilisation.

(I)
Sulphur Dose

(II)
Method of Sulphur Application

Pd
Soil Application Sowing

D PdD

Foliar Mixed = 1
2 Pd+ 1

2 D

S0 S0

S1
S1Pd

S1D S1PdD

20 kg S ha−1 One-time application—before budding
(BBCH 35)

Foliar application:
I. before budding (BBCH 35)—10 kg S ha−1.

S2
S2Pd

S2D (1/2 DI + 1/2 DII) S2PdD ( 1
2 Pd + 1

2 D)

40 kg S ha−1 I. before budding (BBCH 35),
II. beginning of flowering (BBCH 57)

Foliar application:
I. before budding (BBCH 35)—20 kg S ha−1

S3
S3Pd

S3D (1/3 DI + 1/3 DII + 1/3 DIII) S3PdD ( 1
2 Pd + 1

2 D)

60 kg S ha−1
I. before budding (BBCH 35),

II. beginning of flowering (BBCH 57),
III. full flowering (BBCH 65)

Foliar application:
I. before budding (BBCH 35)—15 kg S ha−1,

II. beginning of flowering (BBCH 57)—15 kg S ha−1

The area of a single plot was 100 m2. Winter oilseed rape was grown in a three-
year monoculture on a field where the previous crop had been ryegrass (Festuca perennis)
grown for seed. After harvesting the seeds, the straw of the forecrop was plowed in. The
cultivation technology was in accordance with current recommendations. After harvesting
the forecrop, a set of post-harvest crops was made with a cultivator (Konskilde Delta,
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depth 6–8 cm), and then, at seven-day intervals, harrowing was performed twice with
a heavy harrow. Then, plowing was carried out with a reversible plow to a depth of 22
cm. A pre-sowing cultivator was used to prepare the soil for sowing and to mix fertilisers.
Sowing was performed with a pneumatic seed drill. Prior to sowing, mineral fertiliser
was applied as follows (in kg·ha−1): P2O5—40 kg·ha−1 (Super Fos Dar), K2O—60 kg·ha−1

(potassium salt) and the first rate of nitrogen at N—31 kg·ha−1 (ammonium nitrate). The
second nitrogen rate of 96 kg ha−1 was applied in the spring before the start of growth
(BBCH 25), using ammonium nitrate. The third nitrogen rate of 48 kg ha−1 was applied at
the beginning of budding (BBCH 34) also using ammonium nitrate. Sulphur was applied
in the form of anhydrous sodium sulphate (Na2SO4). The rates, means, and times (BBCH
stages) of application are shown in Table 2. For foliar application, sodium sulphate was
dissolved in water in the amount of 200 dm3·ha−1.

Seeds of the Orlando cultivar of winter oilseed rape (F1 hybrid) were sown at a rate of
3.8 kg·ha−1, for a density of 50 plants per m2. Seeds were sown between 24 and 28 August,
depending on the year, so that during overwintering, rapeseed entered the rosette stage with
8 true leaves and a root neck 7 mm thick. Plant protection against pathogens, weeds and
pests was carried out according to the recommendations of the Institute of Plant Protection in
Poznań [32]. Rapeseed was harvested with a combine (Deyth Fahr 4554H) during the fully
ripe stage (BBCH 89). Each year of the experiment, the rape straw was plowed in.

2.2. Meteorological Conditions

The weather conditions during the experiment are presented in Figures 1 and 2 and
in Tables 3 and 4. Data pertaining to precipitation and air temperature were used to
calculate Selyaninov’s hydrothermal coefficient for the months in which the average daily
air temperature exceeded 8 ◦C, because in this case, reliable results are obtained [33]. The
scale developed by Skowera et al. [34] to define ranges of values for the coefficient was
adopted. Precipitation totals in the first season of 2010/2011 (August–July) amounted
to 791.7 mm, which was 82 mm higher than the long-term average. Particularly high
precipitation in this season was noted in August and September, substantially exceeding
the long-term averages for these months, by 80.8 and 39.5 mm, respectively. In the other
two seasons, the precipitation totals during the period from August to July were lower
than the long-term average (Figure 1). Particularly low precipitation was noted in the
second season of the study (2011/2012). Precipitation in the autumn growing period
(August–November) of 2011 was only 38% of the long-term average (Table 3). In all three
seasons of the experiment, precipitation during winter dormancy was much lower than the
long-term average (1996–2013). The average temperature during the spring growing season
(April–July) in all years of the study was higher than the long-term average (Figure 2).

Agronomy 2022, 12, x FOR PEER REVIEW 5 of 23 
 

 

 
Figure 1. Rainfall in months (according to the COBORU Meteorological Station in Ulhówek) as com-
pared to the long-term means (according to the meteorological station in Tomaszów Lubelski, Insti-
tute of Meteorology and Water Management—National Research Institute in Warsaw Meteorolog-
ical Station). 

 
Figure 2. Air temperature in months (according to the COBORU Meteorological Station in Ulhówek) 
as compared to the long-term means (according to the meteorological station in Tomaszów Lubel-
ski, Institute of Meteorology and Water Management—National Research Institute in Warsaw Me-
teorological Station). 

Based on Selyaninov’s hydrothermal coefficient, the periods from April to September 
1995–2013 can be described as optimal or fairly wet (Table 4). In contrast, during the ex-
periment, there were dry or very dry periods (April, May, August and September 2011 
and July and September 2012) as well as very wet periods (August and September 2010 
and June 2013). 

  

Figure 1. Rainfall in months (according to the COBORU Meteorological Station in Ulhówek) as compared
to the long-term means (according to the meteorological station in Tomaszów Lubelski, Institute of
Meteorology and Water Management—National Research Institute in Warsaw Meteorological Station).

278



Agronomy 2022, 12, 68

Agronomy 2022, 12, x FOR PEER REVIEW 5 of 23 
 

 

 
Figure 1. Rainfall in months (according to the COBORU Meteorological Station in Ulhówek) as com-
pared to the long-term means (according to the meteorological station in Tomaszów Lubelski, Insti-
tute of Meteorology and Water Management—National Research Institute in Warsaw Meteorolog-
ical Station). 

 
Figure 2. Air temperature in months (according to the COBORU Meteorological Station in Ulhówek) 
as compared to the long-term means (according to the meteorological station in Tomaszów Lubel-
ski, Institute of Meteorology and Water Management—National Research Institute in Warsaw Me-
teorological Station). 

Based on Selyaninov’s hydrothermal coefficient, the periods from April to September 
1995–2013 can be described as optimal or fairly wet (Table 4). In contrast, during the ex-
periment, there were dry or very dry periods (April, May, August and September 2011 
and July and September 2012) as well as very wet periods (August and September 2010 
and June 2013). 

  

Figure 2. Air temperature in months (according to the COBORU Meteorological Station in Ulhówek)
as compared to the long-term means (according to the meteorological station in Tomaszów Lubelski,
Institute of Meteorology and Water Management—National Research Institute in Warsaw Meteoro-
logical Station).

Table 3. Precipitation and air temperature in months (according to the COBORU Meteorological
Station in Ulhówek) compared to the long-term average (1996–2013 according to the meteorological
station in Tomaszów Lubelski, Institute of Meteorology and Water Management—National Research
Institute in Warsaw).

The
Growing
Season

Temperature (◦C) Rainfall

Deviation from the Long-term Average Long-Term
Average

% of the Long-Term Average Long-Term
Average

(mm)2010/2011 2011/2012 2012/2013 2010/2011 2011/2012 2012/2013

Autumn
August–

November
−0.4 +0.4 +1.7 10.3 146.7 38.2 82.2 230.8

Winter
dormancy
December–

March

−1.5 −0.2 −1.3 −1.6 83.6 52.7 55.8 157.4

Spring
April–July +1.1 +1.7 +1.3 14.3 100 67.9 106.3 321.5

Table 4. Selyaninov’s hydrothermal coefficient (K) in 2010–2013 compared to the long-term average
(1996–2013).

Year
Months

April May June July August September

2010 – – – – 2.72 3.12

2011 0.64 0.92 1.90 2.66 0.91 0.25

2012 2.01 0.99 1.55 0.47 1.30 0.64

2013 1.77 1.78 2.78 0.96 – –

The
long-term

average for
1996–2013

1.97 1.84 1.68 1.93 1.43 1.71

K—Selyaninov’s coefficient [k = (p × 10)/Σt], where: p—sum of monthly precipitation (mm), Σt—sum of average
daily air temperatures for a month (◦C).
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Based on Selyaninov’s hydrothermal coefficient, the periods from April to September
1995–2013 can be described as optimal or fairly wet (Table 4). In contrast, during the
experiment, there were dry or very dry periods (April, May, August and September 2011
and July and September 2012) as well as very wet periods (August and September 2010
and June 2013).

2.3. Measurements

Each year after harvest, the seed yield from each plot was determined and, follow-
ing correction to 13% moisture, calculated per ha. The straw yield from each plot was
determined as well.

After harvest, samples of plant material (seeds and straw) were taken from each plot
for chemical analysis. The following were determined in the seed and straw samples: total
sulphur by nephelometry (KQ/PB-31 version 04 of 02/07/12)—the method consists in the
oxidation of organic and inorganic sulphur to SO4 in an electric muffle furnace at 550 ◦C in
the presence of sodium bicarbonate and oxygen from the air, followed by nephelometric
determination in the form of BaSO4; total N by the Kjeldahl method (KQ/PB-70 version 02
of 01/12/10)—the method consists in converting the amide form of nitrogen into ammonia
by mineralisation with concentrated sulphuric acid, then distillation of ammonia and
absorption in a sulphuric acid solution and titration of the excess acid with a standard
sodium hydroxide solution; phosphorus by the vanadomolybdate method (KQ/PB-24
version 03 of 01/12/10)—the method consists in measuring by spectrophotometry the
intensity of the yellow color of the phosphor-vanadium-molybdic acid complex, which
is formed by orthophosphate and vanadium ions in the presence of molybdate in an
acidic environment, the measurement is made at a wavelength of 470 nm; potassium and
calcium (KQ/PB-25 version 03 of 01/12/10) by flame photometry—after mineralisation
in concentrated nitric acid, the nebulized solution is mixed with the flammable gas, and
next, the mixture burns at the exit of the burner. The burner flame, in which the elements
are excited, is a radiation source located in an optical system containing appropriate filters
and a detector. The K-77J filter is used to determine the potassium content, and the Ca-63J
filter for the determination of calcium; magnesium (KQ/PB-26 version 03 of 01/12/10)
by atomic absorption spectrometry—the method is based on measuring the absorption
of radiation emitted by magnesium atoms released when the solution is sprayed into an
acetylene-air flame.

The analyses of the content of N, S, P, K, Ca and Mg were performed in the accredited
laboratory of the Regional Chemical and Agricultural Testing Station in Lublin according
to the procedures developed on the basis of the methodology of Institute of Soil Science
and Plant Cultivation—State Research Institute in Puławy [27,35].

Then the harvest index for accumulation of N, S, P, K, Ca and Mg was calculated, i.e.,
the amount of the element accumulated in the seeds as a percentage of its total amount
accumulated in the plant.

2.4. Statistical Analysis

Statistical analysis of the results was performed using Excel 2016 and STATISTICA 13
PL software (Tulsa, USA). Two-way analysis of variance (ANOVA) was performed, and
Tukey’s test was used to verify the significance between means at α = 0.05.

3. Results and Discussion
3.1. Yield of Seeds and Straw

Oilseed rape yield depends on the genetically determined yield potential of a given cul-
tivar and its response to environmental and agrotechnical conditions. Weather conditions
were varied in the years of the study (2010–2013), and weather was found to significantly
influence both the seed yield and the straw yield of rapeseed. Extreme moisture conditions
were noted in the 2011/2012 season. In September 2011, only 2.5 mm of rain fell, and
Selyaninov’s hydrothermal coefficient (k = 0.25) confirms that this was a dry period. The
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precipitation total for the period from August 2011 to July 2012 was only 55% of the long-
term average for this period. Moreover, in that season, there were very low temperatures in
February—6.6 ◦C lower than the long-term average. The unfavourable weather conditions
clearly affected the seed and straw yield of rapeseed (Table 5). Many previous studies
confirm that weather conditions strongly affect seed yields of rape [36–39]. Wielebski [40]
obtained the highest rapeseed yield in the season when moderate temperatures in the
spring were accompanied by a beneficial rainfall distribution. These favourable moisture
and temperature parameters ensured good pod formation and seed formation in the pod.
In the present study, the rainfall and temperature distribution in the spring growing period
was favourable in 2011 and in 2013, when the highest yields were obtained. The autumn
growing period in 2010 (August–November) was distinguished by heavy rainfall, amount-
ing to 147% of the long-term average, and Selyaninov’s hydrothermal coefficient was 2.27
(very wet) for August and 3.12 (extremely wet) for September. The following April (2011)
was a very dry period (k = 0.64), and May was dry (k = 0.92) [27]. This may have been the
cause of the poorer yields obtained in 2011 in comparison to 2013.

Table 5. The influence of variants of sulphur fertilisation on the yield of seeds and straw of winter
rape.

Variants of
Sulphur

Fertilisation 1

Seeds Yield (dt ha−1) Straw Yield (dt ha−1)

2011 2012 2013 2011 2012 2013

S0 39.16 de ± 0.75 30.60 a ± 0.47 38.36 d ± 1.30 83.10 cd ± 2.91 78.40 bc ± 1.21 94.00 fgh ± 3.18
S1Pd 39.79 def ± 0.42 32.88 ab ± 0.40 41.55 fg ± 1.20 94.78 ghi ± 0.90 74.20 ab ± 0.89 107.40 no ± 3.10
S2Pd 40.95 efg ± 0.73 33.12 bc ± 0.54 41.33 efg ± 0.77 106.5 lłm ± 2.54 69.50 a ± 1.13 115.60 pq ± 2.16
S3Pd 41.84 fgh ± 0.75 33.72 c ± 0.71 41.54 fg ± 0.95 90.2 efg ± 1.95 94.70 ghi ± 1.99 101.70 j–n ± 2.34
S1D 41.76 fg ± 0.74 30.96 abc ± 0.99 44.19 hij ± 0.79 117.8 n ± 2.07 100.70 i–l ± 3.22 108.60 o ± 1.94
S2D 40.76 efg ± 0.80 32.76 abc ± 0.71 42.74 g–j ± 0.88 104.6k lłm ± 2.06 102.10 klł ± 2.21 100.10 h–l ± 2.06
S3D 42.28 g–j ± 0.75 32.64 abc ± 1.03 44.42 j ± 0.53 100.2 h–l ± 1.78 96.00 g–j ± 3.02 101.80 j–n ± 1.21

S1PdD 40.76 efg ± 0.56 32.52 abc ± 0.71 41.29 efg ± 0.86 87.9 def ± 1.43 104.40 l–o ± 2.28 93.40 fg ± 1.94
S2PdD 41.64 fg ± 0.92 32.28 abc ± 0.86 41.20 efg ± 0.59 106.3 k–m ± 1.98 77.70 bc ± 2.06 109.70 op ± 1.58
S3PdD 42.10 f–i ± 0.80 33.60 c ± 0.59 44.50 j ± 0.89 86.80 de ± 1.66 71.30 a ± 1.25 109.40 op ± 2.20

Mean 41.10 B ± 1.21 32.51 A ± 1.21 42.11 C ± 1.97 97.91 B ± 10.69 86.88 A ± 13.34 104.17 C ± 7.10

1 See Table 2; Means followed by the same letter are not statistically different at the α = 0.05 level. Small letters
(a-p) for variants of sulphur fertilisation × years, capital letters (A, B, C) for years. ±—standard deviation.

For three seasons, oilseed rape was grown on the same site. The highest yield was
obtained in the third year, which indicates that cultivation of winter oilseed rape in a
short-term monoculture did not significantly affect yield (Table 5). According to many
authors, the yield of oilseed rape decreases when it is grown for a second consecutive
season on the same site [41]. An insufficient interval between oilseed rape crops on the
same site increases the occurrence of pathogens, pests, and weeds, including pathogenic
fungi, which can pose a threat to yield and to crop quality [37,42]. Hegewald et al. [43]
also draw attention to the importance of crop rotation in maintaining seed and oil yield of
rape. According to many authors, however, oilseed rape occasionally grown for a second
consecutive season or in a short monoculture can produce similar yields to crops preceded
by cereals [44], or even slightly higher [45]. In a study by Jaskulska et al. [46], the yield of
rapeseed grown for a second consecutive season was 4.6% higher than when preceded by
winter wheat and 8.5%, significantly, higher than when preceded by spring barley.

Analysis of our results showed that sulphur application from 20 to 60 kg S·ha−1

significantly increased the seed and straw yield of rape, on average by 8.02% and 14.2%
(Figure 3a,b). Many studies in various parts of the world have confirmed the positive
effect of sulphur application on oilseed rape yield in conditions of sulphur deficiency in
the soil [13–15,17,19,47,48]. According to many authors [2,8,23,24], the effect of sulphur
on yield mainly results from its strong effect on nitrogen metabolism. Sulphur plays an
important role in nitrogen metabolism, increasing the rate at which nitrogen taken up by
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the plant is transformed into protein. Nitrogen is the nutrient with the greatest effect on
yield, and therefore by influencing nitrogen metabolism, sulphur directly affects seed yield.
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Figure 3. (a) Average yield of rape seeds for variants of sulphur fertilisation; (b) Average yield of
rape straw for variants of sulphur fertilisation. 1 See Table 2; Means followed by the same letter are
not statistically different at the α = 0.05 level. ±—standard deviation.

However, the effect of sulphur on yield is not always favourable. There is no question
that the positive effect of sulphur on yield is particularly pronounced in conditions of sul-
phur deficiency. This is confirmed by research by Wielebski and Wójtowicz [49], in which
sulphur application in conditions of optimal and very high sulphur did not significantly af-
fect seed yield. Similar findings were reported by Jakubus and Toboła [48] in an experiment
conducted on soil with average total sulphur content. The increase in seed yield observed
by the authors as a result of sulphur application proved to be statistically non-significant.
Many studies have shown no effect or a minor effect on sulphur fertilisation on yield even
in conditions of poor soil content of this element [10,19,50].

The effect of sulphur on yield depends on many factors, including the application
rate and when it is applied. The present study only partially confirmed this dependency.
On average in the experiment, even the lowest level of sulphur application (20 kg S·ha−1),
for each means of application, significantly increased seed yield. Increasing the amount
applied did not significantly affect seed yield in the case of application of the entire amount
of fertiliser to the soil before sowing or to the leaves. Significant differences in the effect
of application rates on yield were only observed when sulphur was applied in a mixed
manner, i.e., half to the soil before sowing and half to the leaves. In this case, application in
the amount of 60 kg S·ha−1 had the most beneficial effect on seed yield (Figure 3a).

Sienkiewicz-Cholewa and Kieloch [16] report that sulphur application before sowing
in the amount of 20 kg S·ha−1 had no effect on rapeseed yield. Only higher application rates
(40 or 60 kg S·ha−1) significantly increased seed yield, by 11–12% relative to the control
(3.5–6.1 dt·ha−1). In a study by Wielebski [51], application of sulphur in early spring at
levels from 15 to 60 kg S·ha−1 increased seed yield by 4.6% on average. Application of
15 kg S·ha−1 was sufficient to achieve the highest yield, and higher application of sulphur
(30 and 60 kg S·ha−1) did not significantly differentiate yield compared to 15 kg S·ha−1.
Dash et al. [15], on the other hand, obtained the most beneficial effect on oilseed rape yield
by applying 40 kg S·ha−1. In the present study, fertilisation with 60 kg·ha−1 resulted in
the highest yield for every means of application. However, when the entire amount of
fertiliser was applied to the soil before sowing or to the leaves, the differences in yield (56–
102 kg·ha−1) between this level of sulphur and lower application rates were not significant
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(Figure 3a). In the case of mixed application of 60 kg, the second portion of sulphur for
foliar application (15 kg S·ha−1) was applied at the start of the flowering stage (BBCH
57). According to many authors, oilseed rape has high sulphur requirements, especially
from the budding stage to the pod forming stage [52,53]. Availability of sulphur during
this period ensures the proper growth and development of rape. Janzen and Bettany [54]
also claim that sulphur fertilisers fundamentally affect crop yield. The authors observed
particularly favourable effects of fertiliser applied at the budding stage. According to Grant
et al. [55], if sulphur deficiencies are observed during the growing season, application of
sulphate sulphur during the period from the start of flowering may be beneficial, although
yields will generally be lower than if sulphur is available from the start of plant growth.

On average in our experiment, the method of application did not significantly influence
the effect of individual levels of sulphur application on yield (Figure 3a). Contrasting results
were obtained in a pot experiment by Podleśna [56], in which foliar feeding of rape plants
with magnesium sulphate during flower bud formation resulted in a seed yield that was
only 73% of that obtained following soil application of sulphur. Oilseed rape with access
to mineral sulphur from the start of the growing period produced a significantly higher
seed yield and greater weight of stems, leaves, pods, and roots. The effect obtained from
soil application may be explained by the fact that the sulphur compounds contained in the
solution applied to the leaves may cause leaf burn, which interferes with photosynthesis
and transpiration and negatively affects crop yields [57]. Zhao et al. [58] observed that
sulphur was much less effective when applied in autumn than in spring, and that poor
utilisation of sulphur was due to losses via leaching. According to Podleśna [56], only
limited amounts of sulphur can be applied to the leaves, because it is not easily transported
from the leaves to other organs. Booth et al. [59] claim that sulphur uptake efficiency by
leaves is only 2%. The rest ends up in the soil, where it is gradually released and taken up
by the root system.

The statistical analysis confirmed a significant interaction of the sulphur fertilisation
treatments with the years of the study (Table 5). In the case of soil application in the
2010/2011 season, only the highest application rate of 60 kg S·ha−1 was effective, but
this means of application was more effective in the 2011/2012 season. Overall, sulphur
fertilisation was least effective in 2011/2012. In August and September 2012, precipitation
was very heavy, far exceeding the long-term average. According to Podleśna [19], high
levels of precipitation are conducive to leaching of sulphates supplied to the soil in autumn.
In our study, sulphur was applied in the form of sodium sulphate. SO4

2− ions are highly
mobile, and their retention in the upper layers of the soil in these conditions is very low.
According to Wielebski [40], in these conditions, the amount of sulphur introduced with
fertiliser before sowing significantly decreases, and in spring, when oilseed rape has the
greatest need for sulphur, the plants have a smaller pool of it at their disposal.

It should be noted that sulphur application was most effective in the third year of
cultivation (Table 5). All sulphur application rates (20, 40, 60 kg S·ha−1) significantly
increased seed yield in comparison to the control. In the case of soil or foliar application,
differences between application rates were not significant, but in conditions of mixed
application (half soil, half foliar), seed yield following application of 60 kg S·ha−1 was
significantly higher in comparison to the other levels.

This can be linked to the effect of sulphur in reducing the occurrence of pathogens.
Growing oilseed rape in a monoculture leads to accumulation of pests and pathogens,
which can negatively affect the development and yield of the plants [42]. According to
Heneklaus et al. [60], the plant’s natural resistance to stress caused by diseases and pests
decreases in conditions of sulphur deficiency. Increased natural resistance to infections by
pathogenic fungi is an effect of greater sulphur availability for plants. The high toxicity
of glucosinolate breakdown products for fungal pathogens is significant here. Numerous
literature sources confirm that sulphur fertilisation increases the content of glucosinolates
in plants [1,61]. The beneficial effect of sulphur application in reducing fungal diseases in
rape plants has been confirmed by many authors [62,63].
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3.2. The Macronutrient Content and the Harvest Index of the Accumulation of Elements
3.2.1. Nitrogen and Sulphur

The content of macroelements in the rape seeds and straw as well as their accumula-
tion were significantly influenced by the years of the study and the sulphur fertilisation
treatments, i.e., the amount and time of application. On average for the experiment, the
nitrogen content in the seeds was highest following application of 60 kg S·ha−1 entirely
to the leaves or in a mixed manner (Figure 4a). The nitrogen content in the straw also
increased in conditions of sulphur fertilisation (Figure 4b), but the extent of these changes
was highly varied in different years of the study. A significant increase in nitrogen in the
straw under the influence of various sulphur application rates and times was observed
in the third year of the study (Table S1). Plants well supplied with sulphur take up more
nitrogen and utilise it better from fertilisers, especially from large amounts of the nutrient.
According to many authors, the use of sulphur in fertiliser influences the nitrogen balance
of winter oilseed rape, primarily biosynthesis of protein nitrogen compounds [64–66]. This
explains the higher nitrogen content in rape following inclusion of sulphur in fertilisation
in other studies as well [17]. The effect of sulphur fertilisation on nitrogen accumulation in
plants of the family Brassicaceae, in both the vegetative parts and the seeds, is confirmed by
Jan et al. [67] and Barczak et al. [68].
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Figure 4. (a) Nitrogen content in the rape seeds on average for variants of sulphur fertilisation; (b)
Nitrogen content in the rape straw on average for variants of sulphur fertilisation. 1 See Table 2;
Means followed by the same letter are not statistically different at the α = 0.05 level. ±—standard
deviation.

Sulphur content in the seeds ranged from 2.31 to 3.14 g·kg−1 (Table S2) and was much
lower than that reported by Jakubus and Toboła [48] and by Podleśna [19], but similar to
the content determined by Stępień et al. [69] The sulphur content in plants is determined
by a genetic factor, but also by the content of its available forms in the soil, moisture,
temperature, and the vicinity of industrial areas [70]. Sulphur fertilisation significantly
increased the sulphur content in the rapeseeds, on average by 0.18–0.29 g relative to the
control (Figure 5a). In the case of soil application, the rate of 20 kg S·ha−1 was the most
effective. In the case of foliar or mixed application (half soil + half foliar), higher application
rates had significantly better effects. The sulphur content in the straw ranged from 1.71
to 4.35 g·kg−1. Even the lowest level (20 kg S·ha−1) was effective, and as the level of
application increased, there was a further increase in the content of sulphur (Figure 5b).
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Figure 5. (a) Sulphur content in the rape seeds on average for variants of sulphur fertilisation; (b)
Sulphur content in the rape straw on average for variants of sulphur fertilisation. 1 See Table 2; Means
followed by the same letter are not statistically different at the α = 0.05 level. ±—standard deviation.

Podleśna [19] reported that autumn sulphur fertilisation of oilseed rape at 80–100 kg·ha−1

significantly increased the content of this macroelement in both the seeds and the vegetative
parts. Higher sulphur content in oilseed rape following sulphur fertilisation was also noted by
McGrath and Zhao [24], Lošák i in. [23] and Podleśna [56]. In contrast, Jakubus and Toboła [48]
did not observe an increase in either the content or the uptake of sulphur in seeds following
sulphur application; its content in the seeds showed little variation, ranging from 4.2 to 4.7
g·kg−1, depending on the time and form of fertilisation. A favourable effect was obtained
following soil application of ammonium sulphate in autumn and soil and foliar application
in spring. Janzen and Bettany [54] report that the time of application of sulphur fertilisers
fundamentally affects uptake of sulphur and crop yield. The authors found that fertilisation
during the budding stage had a particularly beneficial effect on both parameters.
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The nitrogen harvest index, i.e., the amount of the nitrogen accumulated in the seeds
as a percentage of its total accumulation in the plant canopy, was 58.4% for rape that was
not fertilised with sulphur. Sulphur application had varied effects. Foliar application
decreased the harvest index. An increase in the index was noted following soil application
or mixed application of 60 kg S·ha−1 (Figure 6a, Table S3). In a study by Podleśna [19],
more than 70% of the nitrogen taken up by mature oilseed rape was found in the seeds, and
applied sulphur did not affect its distribution among individual organs. According to the
author, the high value of the harvest index confirms reports of intensive redistribution of
this element from the vegetative organs to the reproductive organs [71]. In another study,
Podleśna [55] reported that the amount of nitrogen accumulated in seeds relative to the
whole pool of accumulated nitrogen was 66% and did not differ significantly between crops
with soil application vs. foliar spraying of sulphur fertiliser. Grzebisz [71], on the other
hand, reported a nitrogen harvest index for winter oilseed rape in a wide range from 45%
to even 70%.
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Figure 6. (a) Nitrogen harvest index on average for variants of sulphur fertilisation; (b) Sulphur
harvest index on average for variants of sulphur fertilisation. 1 See Table 2; Means followed by the
same letter are not statistically different at the α = 0.05 level. ±—standard deviation.

In the present study, the sulphur harvest index was 36.3% for the control treatment. It
was significantly decreased by sulphur application, especially foliar application of 40 kg
S·ha−1 and mixed application of 60 kg S·ha−1; for these treatments, it ranged from 24.9% to
25.3% (Figure 6b). According to Grzebisz [71], in currently cultivated oilseed rape cultivars,
i.e., 00 varieties, sulphur accumulates mainly in the vegetative organs—slightly more in
the pods than in the shoots. On the other hand, a study by Podleśna [19] found a sulphur
harvest index of about 50%, and it did not depend on sulphur fertilisation.

3.2.2. Phosphorus and Potassium

According to Skwierawska et al. [70], the sulphur content in the soil can indirectly
affect the rate and level of uptake of other nutrients. This is an important problem in
agriculture because it ultimately affects crop quality. The phosphorus content in the seeds
in the experiment showed little variation, amounting to 5.87 g P·kg−1 in the control and
ranging from 6.21 to 6.55 g P·kg−1 in the sulphur fertilisation treatments (Table S4). Sulphur
fertilisation significantly increased the phosphorus content in the seeds, with a better effect
obtained in the case of foliar application. Application of 60 kg S·ha−1 reduced the content
of phosphorus in comparison to 40 kg S·ha−1 (Figure 7a). A similar reaction to fertilisation
with various amounts of sulphur was observed by Barczak et al. [72] in an experiment on
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lupine. According to the authors, the decrease in the phosphorus content following higher
application of sulphur may be due to dilution of phosphorus as a result of the increased
yield caused by sulphur fertilisation, and not to an antagonistic effect of phosphate ions (V)
and sulphate ions (VI). The phosphorus content in the straw was much lower; it was 1.45 g
P·kg−1 for the crop that was not fertilised with sulphur (Figure 7b). Skwierawska et al. [73]
showed that the phosphorus content in plants was not significantly correlated with the
amount and form of sulphur applied. Sulphur application generally increased the amount
of phosphorus in the straw, especially foliar application. For this means of application, the
phosphorus content increased to 1.96–2.5 g P·kg−1, depending on the amount of sulphur
applied.
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Figure 7. (a) Phosphorus content in the rape seeds on average for variants of sulphur fertilisation; (b)
Phosphorus content in the rape straw on average for variants of sulphur fertilisation. 1 See Table 2;
Means followed by the same letter are not statistically different at the α = 0.05 level. ±—standard
deviation.

Sulphur application increased the content of potassium in the seeds, from 6.28 g
K·kg−1 in unfertilised plants to 6.45–6.68 g K·kg−1 for various sulphur fertilisation treat-
ments. Changes in potassium content in the straw were more pronounced, and substantial
differences were noted between sulphur fertilisation treatments (Figure 8a, Table S5). As in
the case of phosphorus, foliar application in each amount was effective (Figure 8b). In a
study by Majmuder et al. [74], sulphur fertilisation (20 and 40 kg) significantly increased
the potassium content in the seeds, from 5.1 g K·kg−1 to 6.6–7.5 g K·kg−1, and in the straw.
Sulphur application also increased the content of available forms of potassium in the soil in
the period from flowering to harvest. Szczepanek and Siwik-Ziomek [75] also observed
an increase in potassium accumulation in the stems of oilseed rape following the use of
sulphur fertiliser.
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Figure 8. (a) Potassium content in the rape seeds on average for variants of sulphur fertilisation; (b)
Potassium content in the rape straw on average for variants of sulphur fertilisation. 1 See Table 2;
Means followed by the same letter are not statistically different at the α = 0.05 level. ±—standard
deviation.

In the present study, the harvest index for phosphorus accumulation ranged from
42.1% to 71.3% (Table S6). Sulphur fertilisation increased the phosphorus harvest index, but
only in the case of 20 kg S·ha−1 applied to the soil before sowing and mixed application of
40 and 60 kg S·ha−1. Foliar application decreased the phosphorus harvest index (Figure 9a).
According to Grzebisz [71], 45–55% of total phosphorus taken up by the rape canopy
accumulates in the seeds. In an experiment by Podleśna [19], over 80% of phosphorus taken
up was accumulated in the seeds, and sulphur fertilisation had no effect on the phosphorus
content in the seeds or in the vegetative parts.
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Figure 9. (a) Phosphorus harvest index on average for variants of sulphur fertilisation; (b) Potassium
harvest index on average for variants of sulphur fertilisation. 1 See Table 2; Means followed by the
same letter are not statistically different at the α = 0.05 level. ±—standard deviation.

The harvest index for potassium accumulation ranged from 13.26% to 30.36%. Soil
application of sulphur (40 kg S·ha−1) and mixed application (40 and 60 kg S·ha−1) signifi-
cantly increased the potassium harvest index from 25.8% to 26.5% (Figure 9b). These results
are similar to those obtained by Podleśna [19], who reported that more than 80% of potas-
sium remained in the straw of oilseed rape, due to its concentration in the stems and leaves
and physiological functions. According to Grzebisz [71], plants accumulate potassium
mainly in the vegetative organs, which is confirmed in research by other authors [48].

3.2.3. Calcium and Magnesium

The calcium content in the seeds during the study showed little variation, ranging from
3.44 to 4.56 g Ca·kg−1 (Table S7). On average in the experiment, all sulphur fertilisation
treatments increased calcium content in comparison with the control (from 3.51 g Ca·kg−1
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to 3.64–3.88 g Ca·kg−1) (Figure 10a). Its content in the straw was much higher and varied
during the study period, from 10.43 to 32.09 g Ca·kg−1 (Figure 10b). Skwierawska et al. [73]
and Brodowska and Kaczor [76] noted an increase in calcium content in the grain of
cereals following sulphur application. It should be noted that in 2013, the content of this
macroelement in the straw was nearly twice as high as in 2011 and markedly higher than
in 2012 (Table S7).
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Figure 10. (a) Calcium content in the rape seeds on average for variants of sulphur fertilisation; (b)
Calcium content in the rape straw on average for variants of sulphur fertilisation. 1 See Table 2;
Means followed by the same letter are not statistically different at the α = 0.05 level. ±—standard
deviation.

The magnesium content in the seeds was also varied (Table S8). Sulphur application
generally increased the content of this macroelement, but in a narrow range from 2.94
g kg−1 for the control to 3.04–3.17 g kg−1 for the sulphur fertilisation treatments (Figure 11a).
In a study by Stępień et al. [69], the magnesium content in rapeseeds ranged from 2.90 to
3.15 g kg−1, and differences in the intensity of cultivation technology, including sulphur
fertilisation, did not significantly affect magnesium content in the seeds. Jarecki [77] also
reported that foliar fertilisation of oilseed rape did not affect the magnesium content
in the seeds. Magnesium content in the straw was 1.42 g kg−1 and was significantly
increased only by foliar application of 60 kg S·ha−1 (Figure 11b). Podleśna [56] reported
that foliar feeding with magnesium sulphate resulted in higher content and uptake of
magnesium in comparison to soil fertilisation of oilseed rape. The highest magnesium
content, however, was noted in the plants that were not fertilised with sulphur, which had
very high concentrations of this macroelement in the leaves, stems, and roots. According to
the author, the excessive content of magnesium in conditions of sulphur deficiency indicates
that it was taken up from the environment but could not be transported or distributed in the
plants, because the lack of sulphur inhibited the growth and development of their organs.
Thus, a phenomenon opposite to ‘dilution’ occurred, i.e., the nutrients were ‘concentrated’
in the reduced mass of the plant. In an experiment by Brodowska and Kaczor [76], the most
pronounced increase in magnesium uptake was noted following application of sulphur in
the form of sodium sulphate, while elemental sulphur and sodium thiosulphate were not
effective. According to the authors, the presence of sulphate ions in the soil was probably
conducive to uptake of magnesium ions.
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Figure 11. (a) Magnesium content in the rape seeds on average for variants of sulphur fertilisation; (b)
Magnesium content in the rape straw on average for variants of sulphur fertilisation. 1 See Table 2; Means
followed by the same letter are not statistically different at the α = 0.05 level. ±—standard deviation.

The harvest index of calcium accumulation ranged from 4.07% to 13.40% (Table S9). Foliar
application of sulphur decreased the value of the index, while mixed application significantly
increased the share of calcium accumulated in the seeds in its total accumulation (Figure 12a).
According to Grzebisz [71], calcium accumulates mainly in the pods, and only marginally
in the seeds. In a study by Podleśna [19], sulphur fertilisation significantly increased the
content and accumulation of calcium in the straw of oilseed rape. The author suggests that this
may be linked to greater resistance to certain fungal diseases [78]. A higher concentration of
calcium in the cell walls increases the resistance of plants, preventing infection by pathogens
by making it more difficult for the enzymes they secrete to macerate the cell wall. It is possible
that the positive effect of sulphur fertiliser on the natural immunity of oilseed rape to stress
factors, including fungal diseases, may result not only from increased production of sulphur
compounds such as glucosinolates or glutathione, but also from morphological changes in the
cell wall of the leaves and stems [19].

The harvest index of magnesium accumulation ranged from 33.02% to 61.33% (Table S9).
Soil application or mixed application of sulphur generally increased its value (Figure 12b).
According to Grzebisz [71], distribution of magnesium in the organs of oilseed rape (shoots,
pods and seeds) is roughly balanced, with slightly greater accumulation in the seeds, and
the magnesium harvest index is 30–40%. Podleśna [19] reported that sulphur fertilisation
did not affect magnesium content in the seeds or straw of rape, but significantly increased
its uptake in the biomass of straw. According to the author, 55–57% of magnesium remained
in the straw of rape.
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Figure 12. (a) Calcium harvest index on average for variants of sulphur fertilisation; (b) Magnesium
harvest index on average for variants of sulphur fertilisation. 1 See Table 2; Means followed by the
same letter are not statistically different at the α = 0.05 level. ±—standard deviation.

4. Conclusions

The effect of sulphur on oilseed rape yield significantly depended on the amount
and means of sulphur application. Even the lowest level of 20 kg S·ha−1, irrespective of
the means of application, significantly increased the seed yield. In the case of autumn
soil application and foliar application alone, the differences between the lowest rate and
higher ones (40 and 60 kg S·ha−1) were not significant. In the case of mixed application,
60 kg S·ha−1 significantly increased yield in comparison with lower application. Sulphur
fertilisation also significantly increased the straw yield, with foliar application found to be
the most favourable to the development of the vegetative parts.

Sulphur fertilisation affected the mineral composition of rapeseeds. Overall, all sul-
phur application treatments significantly increased the content of N, P, K, Ca and Mg in the
seeds compared with the control treatment, but the differences were not great. The content
of macroelements in the straw was more varied than in the seeds. Sulphur fertilisation
increased the content of S, P and K in the vegetative parts, but in the case of nitrogen,
calcium, and magnesium, the effect of sulphur application was much smaller.
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Each of the sulphur fertilisation treatments reduced the harvest index of sulphur. Each
level of foliar application decreased the harvest index of nitrogen, phosphorus, potassium,
and calcium, whereas soil application of 20 kg·ha−1 and mixed application of 40 and
60 kg·ha−1 increased the harvest index of phosphorus, potassium and calcium.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12010068/s1, Table S1. Nitrogen content in rape seeds and straw, mean values
for interaction variants of sulphur fertilisation × years, Table S2. Sulphur content in rape seeds and
straw, mean values for interaction variants of sulphur fertilisation × years, Table S3. Nitrogen and
sulphur harvest index, mean values for interaction variants of sulphur fertilisation × years, Table
S4. Phosphorus content in rape seeds and straw, mean values for interaction variants of sulphur
fertilisation × years, Table S5. Potassium content in rape seeds and straw, mean values for interaction
variants of sulphur fertilisation × years, Table S6. Phosphorus and potassium harvest index, mean
values for interaction variants of sulphur fertilisation× years. Table S7. Calcium content in rape seeds
and straw, mean values for interaction variants of sulphur fertilisation × years, Table S8. Magnesium
content in rape seeds and straw, mean values for interaction variants of sulphur fertilisation × years,
Table S9. Calcium and magnesium harvest index, mean values for interaction variants of sulphur
fertilisation × years.
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Prague, Czech Republic; Brussels, Belgium, 2005; Volume 6, pp. 113–123.

7. Jankowski, K.J.; Kijewski, Ł.; Groth, D.; Skwierawska, M.; Budzyński, W.S. The effect of sulfur fertilization on macronutrient
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71. Grzebisz, W. Technologie nawożenia roślin uprawnych–fizjologia plonowania. In Tom 1. Oleiste, Okopowe i Strączkowe; PWRiL:
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Abstract: Malting barley requires sensitive methods for N status estimation during the vegetation
period, as inadequate N nutrition can significantly limit yield formation, while overfertilization
often leads to an increase in grain protein content above the limit for malting barley and also to
excessive lodging. We hypothesized that the use of N nutrition index and N uptake combined with
red-edge or green reflectance would provide extended linearity and higher accuracy in estimating
N status across different years, genotypes, and densities, and the accuracy of N status estimation
will be further improved by using artificial neural network based on multiple spectral reflectance
wavelengths. Multifactorial field experiments on interactive effects of N nutrition, sowing density,
and genotype were conducted in 2011–2013 to develop methods for estimation of N status and to
reduce dependency on changing environmental conditions, genotype, or barley management. N
nutrition index (NNI) and total N uptake were used to correct the effect of biomass accumulation and
N dilution during plant development. We employed an artificial neural network to integrate data
from multiple reflectance wavelengths and thereby eliminate the effects of such interfering factors
as genotype, sowing density, and year. NNI and N uptake significantly reduced the interannual
variation in relationships to vegetation indices documented for N content. The vegetation indices
showing the best performance across years were mainly based on red-edge and carotenoid absorption
bands. The use of an artificial neural network also significantly improved the estimation of all N
status indicators, including N content. The critical reflectance wavelengths for neural network
training were in spectral bands 400–490, 530–570, and 710–720 nm. In summary, combining NNI or
N uptake and neural network increased the accuracy of N status estimation to up 94%, compared to
less than 60% for N concentration.

Keywords: artificial neural network; grain yield; Hordeum vulgare; nitrogen status; hyperspectral
reflectance

1. Introduction

Malting barley ranks among the most challenging crops, concerning its nitrogen (N)
nutrition. This is mainly due to the very narrow N optima of barley, which is constrained
by grain yield on the one hand, and by grain protein content on the other, extensively
affecting malting quality [1,2]. Insufficient N nutrition, particularly at the beginning of
vegetation, leads to weak tillering, reduced grain size, and low grain yield [3]. Conversely,
excessive N nutrition and, in particular, greater N availability at later growth stages leads to
an immediate increase of protein content in grain, also negatively influencing other malting
quality parameters [4]. The grain protein content is closely related to canopy N due to its
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extensive translocation to grain and the transformation into grain protein during grain
filling. However, these processes are also significantly modulated by water availability
and temperatures, limiting the starch synthesis and accumulation in grain, resulting in an
altered relative proportion of protein and starch in grain [3,5].

Moreover, N overfertilization has adverse effects through increasing crop density
and subsequent lodging, which can lead to reduced yields and other indirect negative
impacts on grain quality, such as contamination by mycotoxins [6,7]. The difference
between suboptimal and excessive N nutrition status may, in malting barley, be less
than 30 kg N ha−1, and its demands change considerably through different stages of the
crop’s development. Precise optimization of N nutrition is thus essential to ensure high
production and top quality of malting barley in parallel.

Methods presently used for optimizing N status based on soil and plant analyses are
relatively expensive, labor-intensive, and scarcely allow for evaluating spatial and temporal
variability in N availability on large scales [8]. Therefore, the application of remote sensing,
and in particular of reflectance spectroscopy, has recently received considerable attention
for estimating N status [9,10]. Diagnostics of N status in plants using spectral reflectance is
usually based on a very close correlation between the concentrations of N and chlorophyll,
and thus on the absorption properties of chlorophyll a + b [11]. Although specific absorption
coefficients of chlorophylls are high for the critical absorption bands (red and blue), the
depth of light penetration into the leaf is low, and the changes of reflectance in these
bands with changing chlorophyll content are saturated already at medium chlorophyll
concentrations per area unit [12]. As a result, widely applied indices based on red and blue
reflectance have been found to be insufficiently sensitive to changes at medium and high
chlorophyll or N content [13]. One of the essential prospects for improving the estimation of
N status thus lies in using green and, particularly, red-edge reflectance regions [14], which
provide greater sensitivity to chlorophyll and N at higher contents with simultaneous
increase of linearity [15]. Despite these improvements in N status estimation, many authors
still indicate considerable effects of genotype, year, growth stage, and crop density on
estimation accuracy [16–19].

Besides the use of sensitive vegetation indices, the way to improve the estimation of
N status under such variable conditions leads through estimating indicators of N status,
which are less dependent on growth stage, biomass, variety, or density. The relative N
nutrition index (NNI) was introduced in order to allow expression of N status under the
rapid dilution of N content during growth [20]. NNI provides the opportunity to express
the relative N status independently of the growth stage based upon the so-called critical
or dilution N curve, which reflects the minimum N concentration required to achieve
maximum growth or yield [21]. NNI or integrated N uptake per area unit (N uptake) also
seem to be more easily estimated by remote sensing methods and are more stable in time
than the estimation of N content in plant biomass [10].

Neither the use of more sensitive reflectance indices based on green and red-edge
wavebands nor NNI or N uptake can provide complete decoupling of the relationship
between spectral reflectance and N status from the effects of such other factors as canopy
structure, genotype, or other environmental conditions. However, it is possible to eliminate
uncertainties given by the impact of different factors on spectral reflectance signature
by using sophisticated multifactorial methods such as PLS regression or artificial neural
networks if trained on sufficiently complex data [22].

We hypothesized that the combination of vegetation indices based on red-edge and
green reflectance with NNI and N uptake as indicators of N status in malting barley would
provide extended linearity and higher accuracy in estimating N status across different years,
genotypes, and densities, as compared to indices based on red or blue reflectance, and also
compared to N content in dry matter. We also assumed that an artificial neural network
based on multiple reflectance wavelengths would reduce the uncertainties of N status
estimation caused mainly by interannual variation, genotype, and canopy structure. The
main objective of this study was to improve prediction of N status in malting barley using
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spectral reflectance, and particularly to increase the versatility of its use across variable
years, genotypes, and management practices, by using three approaches: (i) selecting
vegetation indices providing improved linearity of response to N status and, at the same
time, low interannual variability of response; (ii) using the N status indicators which are
less sensitive to changing biomass, growth stage, and rapid dilution of N; (iii) employing
the artificial neural networks trained on a wide range of factors that may affect the direct
estimation of N status in malting barley by vegetation indices.

2. Materials and Methods

Evaluation of the N status, canopy reflectance, and yield of spring barley was per-
formed in small-plot field experiments established at the edge of the city of Kroměříž in
Central Moravia (Czech Republic) with coordinates 49◦17′5” N, 17◦21′35” E within the
period of three consecutive years (2011–2013). The location is characterized by a warm,
slightly humid climate with a mean annual temperature of 9.1 ◦C and precipitation of
567.7 mm. Weather data during the vegetation period in individual years were collected by
a permanent meteorological station located within 500 m of the experimental field (Table 1).
The soil type at the site is Luvi-Haplic Chernozem, and the texture is clay loam. The previ-
ous crop was maize for grain in all three years. Standard plant protection measures were
used during the growing season to avoid negative interactions with weeds, diseases, and
pests. Each experimental treatment represented a combination of three factors, ensuring
contrasting differences in the canopy density, structure, and nutritional status: (i) malt-
ing barley varieties with different tillering intensity (Bojos—middle, Prestige—low, and
Sebastian—high); (ii) sowing density (2.5, 4, and 5.5 million germinating seeds ha−1); (iii) N
nutrition (0, 45, and 90 kg N ha−1). N was applied before sowing in the form of ammonium
nitrate. Each treatment was established in five replications. The plot size was 10 m2,
and the five replications were arranged in randomized block design. Three replications
were harvested for grain yield, and two were used for sampling during vegetation, which
enabled the analyses of aboveground biomass and N content. In sampling plots, squares of
size 0.25 m2 (0.5× 0.5 m) were marked out to obtain plants for analyses of canopy structure
in two developmental stages: end of tillering to the beginning of stem elongation (DC
29–31) and end of stem elongation (DC 39). Measurements of canopy reflectance in the
range 350–2500 nm were made using a FieldSpec 4 HiRes spectroradiometer (ASD, Boulder,
CO, USA) and fiber optic cable fixed in pistol grip (25◦ field of view). The reflectance
measurements were conducted from a distance of ca. 0.8 m perpendicular to the canopy
surface, which ensured the collection of spectra from a circle with a diameter of about
0.36 m. Smooth movement during spectra collection in the distance ca. 2 m along the plot
allowed measurement of reflectance for an area of ca. 0.2 m2. Two reflectance spectra were
taken from each plot/replication. Before each new plot, the reference spectrum was mea-
sured using the reflectance standard (Spectralon; Labsphere, North Sutton, NH, USA). The
reflected radiances were directly converted to spectral reflectance within the RS3 Spectral
Acquisition Software (ASD). PCA analysis and preliminary correlation with N nutrition
indicators showed that outside the reflectance range 380–850 nm was the contribution to
the explanation of N status as marginal; therefore, only the average reflectance spectrum in
this range from all replications of each treatment was used to calculate vegetation indices
(Supplementary Table S1), perform correlation analysis for simple reflectance ratios and
normalized difference indices, and to train neural networks.

Analyses of canopy structure and biomass production were performed manually,
which involved assessing the numbers of plants and tillers (data not shown) and the
quantity of aboveground dry biomass. The aboveground biomass was dried in an oven at
80 ◦C until constant weight. The dried plant samples were then analyzed for N content
using a LECO elemental analyzer (LECO, St. Joseph, MI, USA). The harvest was carried
out using a Sampo 2010 small-plot harvester equipped with an automatic weighing and
sampling system (Sampo Rosenlew, Pori, Finland). The correlation analysis (coefficients
of determination, R2) and neural network training were performed using Statistica 12
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software (StatSoft Inc., Tulsa, USA). Prior to neural network training, the number of input
reflectance wavelengths was reduced on the basis of PCA analysis, when reflectance
wavelength with the highest PCA scores and lowest (or close to 180◦) angle in relation
to N status indicators were selected. For the neural network training, each dataset was
randomly divided into training (70%), test (15%), and validation (15%) sub-datasets. The
training was conducted on 10,000 networks with the maximum number of hidden units as
20 and identity, logistic, exponential, and hyperbolic tangents used for both hidden and
output neurons. This allowed achieving high diversity of neural networks from which a
set of 10 networks was chosen for each training set on the basis of the lowest training and
validation error and the highest R2 for the relationship between predicted and observed
values. These networks were subjected to another 50 training cycles with new random
dividing on training, test, and validation datasets for each. The network showing the lowest
variation between training cycles was then selected as the best network. If the variation
of performance during 50 training cycles was higher than 25%, the process was repeated.
The correlation matrix for normalized difference indices combining all wavelengths of the
selected range was analyzed in the software R 3.1.1 (R Foundation for Statistical Computing,
Vienna, Austria).

Table 1. Mean daily temperatures and monthly precipitation sums for vegetation period in 2011–2013
and comparison to long-term average values for the period 1971–2010.

Characteristic Year March April May June July

Mean temperature
(◦C)

2011 5.3 11.8 14.6 18.4 18.0
2012 6.6 10.6 16.3 19.1 20.8
2013 1.2 10.1 14.2 17.5 21.2

Long-term average
(1971–2010) 4.3 9.4 14.5 17.3 19.2

Precipitation sum
(mm)

2011 35.9 45.5 84.2 72.0 119.7
2012 3.1 29.2 23.8 137.2 35.3
2013 51.0 33.3 87.2 129.1 2.7

Long-term average
(1971–2010) 32.8 40.7 66.1 80.6 73.6

3. Results
3.1. Correlations between Spectral Reflectance and Indicators of N Status

Evaluation of the index of determination (R2) was made for the normalized difference
indices NDIxy = (Rx − Ry)/(Rx + Ry) at 1 nm step, wherein Rx and Ry represent reflectance
in wavelengths x and y. These normalized indices were correlated to the relative N content
in dry aboveground biomass (% mass), N nutrition index (NNI; dimensionless), and N
uptake by aboveground biomass per area unit (N uptake; kg ha−1) separately in the
growth stages DC 29–31 and DC 39. Correlations were made across all experimental
years, barley genotypes, sowing densities, and N doses. The results of the correlation
analysis are shown in Figure 1, in which the R2 are expressed using a color scale for each
combination of wavelengths. These results generally show low values of R2 for N content
in the aboveground biomass, while for NNI, and particularly for N uptake, R2 increased
significantly. This analysis identified several combinations of reflectance wavelengths with
the potential for evaluating N status. Higher R2 values were achieved for the combination
of reflectance wavelengths in the range of 400–500 nm with 650–690 nm. Another area
with relatively high R2 values is delineated on both axes by wavelengths in the range
450–490 nm. This narrowly defined area has a particularly closer correlation to the N
status in the growth stage DC 29–31. Similarly, a very narrowly delineated area exhibiting
high R2 in relation to N status is defined by reflectance wavelengths in the range 530–
550 nm on both axes. In this case, however, the higher R2 values were obtained only at
the later growth stage (DC 39). Similar results were obtained in the area delineated by
reflectance wavelengths 560–590 nm. Reliable estimation of N status was also provided
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by NDIxy when combining reflectance in the range 710–730 nm with band 730–800 nm.
The combination of these bands achieves similar results in both the DC 29–31 and DC
39 growth stages. Comparable results were also performed by a combination of bands
550–650 nm and 730–800 nm. Generally, although these areas overlap for the N content in
plants, NNI, and N uptake, the highest values of R2 were obtained for N uptake and the
lowest R2 for N content.
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evident that in both sampling dates, generally higher R2 values were achieved for estimat-
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relation to N status was demonstrated for indices based on a combination of reflectances 

in bands 430 and 680 nm (SRPI, NPCI) and also for indices based on reflectance in the red-

Figure 1. Matrix plots of coefficients of determination (R2) for the relation of all combinations of wavelengths in the range
380–820 nm used for a linear regression analysis of the normalized difference index NDIxy = (Rx − Ry)/(Rx + Ry), wherein
Rx and Ry represent reflectance in wavelengths x and y, against N content in dry matter (left), nitrogen nutrition index
(NNI, middle), and N uptake by aboveground biomass (right). The correlations were calculated separately at stage DC
29–31 (upper) and DC 39 (bottom).

3.2. Evaluation of N Status Using Vegetation Indices

From the results of correlation analysis across all experimental years (Table 2), it is evi-
dent that in both sampling dates, generally higher R2 values were achieved for estimating
NNI and N uptake than for the N content in plants. At the same time, the closest correlation
to N status was demonstrated for indices based on a combination of reflectances in bands
430 and 680 nm (SRPI, NPCI) and also for indices based on reflectance in the red-edge
region (700–730 nm), e.g., NRERI, ZM, or ANMB650–725. For such widely used vegetation
indices as NDVI, RDVI, and OSAVI, which exploit the differences in reflectance between
red and near-infrared bands, the increase of R2 with later growth stage was evident. Even
in the growth stage DC 39, however, these indices do not outperform the indices based
on reflectance in regions around 430 nm or red-edge band in estimating N status. As the
performances of indices within the abovementioned groups were very similar, we used for
further analyses the representatives showing the highest average performance across both

301



Agronomy 2021, 11, 2592

growth stages and all N status indicators: SRPI for the region around 430 nm and NRERI
for the red-edge region. The vegetation index NDVI was selected as representative of the
group of indices based on reflectance in the red region due to its common use. However,
its performance was slightly lower compared to some others within this group.

Table 2. Coefficients of determination (R2) and root mean square errors (RMSE) for linear relationships between reflectance
indices and nitrogen status parameters (N content in dry matter, NNI and N uptake by aboveground biomass) at individual
growth stages (DC 29–31 and DC 39). Coefficients of determination significant at p < 0.05 are indicated in bold.

Reflectance
Indices

N Content in Dry Matter (%) NNI N Uptake (kg ha−1)

DC 29–31 DC 39 DC 29–31 DC 39 DC 29–31 DC 39
R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE

ANMB650–750 0.19 0.437 0.21 0.378 0.61 0.137 0.52 0.126 0.68 17.00 0.60 19.68
NDVI 0.08 0.464 0.18 0.385 0.40 0.169 0.50 0.128 0.47 22.00 0.60 19.55
NDGI 0.13 0.452 0.16 0.390 0.47 0.159 0.51 0.128 0.54 20.54 0.64 18.70
NRERI 0.23 0.424 0.17 0.386 0.62 0.135 0.53 0.125 0.68 17.02 0.66 17.98
RDVI 0.09 0.461 0.23 0.372 0.42 0.167 0.58 0.119 0.50 21.38 0.65 18.43
MSR 0.11 0.457 0.13 0.397 0.37 0.174 0.47 0.133 0.44 22.63 0.62 19.20

MT VI1 0.08 0.463 0.25 0.368 0.39 0.171 0.56 0.121 0.47 21.97 0.60 19.52
TCARI 0.01 0.482 0.11 0.401 0.03 0.215 0.08 0.175 0.07 29.17 0.03 30.50
OSAVI 0.09 0.461 0.21 0.377 0.42 0.166 0.56 0.121 0.50 21.32 0.65 18.35

TCARI/OSAVI 0.32 0.399 0.01 0.422 0.44 0.164 0.15 0.169 0.41 23.18 0.26 26.70
G 0.07 0.468 0.18 0.385 0.29 0.184 0.48 0.139 0.36 24.08 0.56 20.68

TVI 0.08 0.465 0.25 0.367 0.38 0.172 0.56 0.121 0.47 22.07 0.60 19.75
ZM 0.17 0.440 0.13 0.397 0.50 0.155 0.47 0.133 0.57 19.85 0.63 18.98

SRPI 0.20 0.433 0.36 0.339 0.65 0.129 0.67 0.105 0.73 15.60 0.66 18.20
NPQI 0.11 0.457 0.26 0.365 0.04 0.215 0.36 0.146 0.01 29.98 0.31 25.74
PRI 0.18 0.439 0.25 0.368 0.61 0.136 0.29 0.154 0.66 17.61 0.23 27.23

NPCI 0.19 0.437 0.34 0.344 0.65 0.129 0.64 0.109 0.73 15.65 0.63 18.82
SIPI 0.09 0.461 0.15 0.391 0.40 0.169 0.48 0.131 0.47 22.06 0.60 19.68

VOG3 0.18 0.439 0.12 0.399 0.47 0.159 0.46 0.134 0.54 20.57 0.63 18.87
VOG2 0.18 0.439 0.12 0.398 0.48 0.158 0.47 0.133 0.54 20.36 0.64 18.67
GM1 0.15 0.447 0.08 0.408 0.42 0.167 0.40 0.141 0.48 21.81 0.59 19.93
GM2 0.16 0.443 0.14 0.394 0.47 0.159 0.48 0.131 0.54 20.40 0.63 18.85

Because the effect of year was the main source of variability in the relationships
between vegetation indices and indicators of N status, detailed regression analysis for
selected vegetation indices was carried out separately for individual years. The results are
summarized in Table 3 and Figures 2–4. It is evident from these analyses that splitting the
relationships by individual year led, in major cases, to higher R2 values and lower root
mean square errors (RMSE), and this was particularly true for indices NDVI and NRERI
and for N status indicators NNI and N uptake. If the relationships are analyzed separately
in each year, the R2 values are very similar for all three indices (NDVI, NRERI, and SRPI),
but especially for estimation of NNI and N uptake. This means that, in particular, the
index NDVI, and partly also NRERI, shows a significant effect of the experimental year on
relationships between vegetation index and N status indicators. In the case of NDVI, the
between-year variation is evident in both the intercept and slope of linear relationships. In
NDVI, moreover, an evident change of the index value range was observed for the later
growth stage. The NDVI values increased with the later growth stage while the range
simultaneously narrowed. This resulted in a rising slope with the later growth stage. In the
case of NRERI, a shift of intercept was particularly evident. The slope of linear relationships
varied far less, even when comparing the two growth stages. The smallest between-year
variation in relationships to N status was found for the index SRPI. Generally, the highest
between-year variation in relationships is evident for the N content in aboveground dry
matter. Similarly, the largest differences in relationships between growth stages were
observed for this indicator of N status. The smallest differences in the relationships among
growth stages were recorded for N uptake.
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Figure 2. Linear relationships between vegetation index NDVI and nitrogen content in aboveground dry mass (upper), 

nitrogen nutrition index (NNI, middle), and nitrogen uptake by aboveground biomass per area unit (lower), analyzed 

separately for growth stage beginning of stem elongation (DC 29–31, left) and end of stem elongation (DC 39, right), and 

for individual years (2011—white points and light grey line, 2012—grey points and dark grey line, and 2013—black points 

and black line). Coefficients of determination (R2), root mean square errors (RMSE), and significant correlations (* at p < 

0.05 and ** at p < 0.01) are indicated for each relationship. 
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Figure 2. Linear relationships between vegetation index NDVI and nitrogen content in aboveground dry mass (upper),
nitrogen nutrition index (NNI, middle), and nitrogen uptake by aboveground biomass per area unit (lower), analyzed
separately for growth stage beginning of stem elongation (DC 29–31, left) and end of stem elongation (DC 39, right), and for
individual years (2011—white points and light grey line, 2012—grey points and dark grey line, and 2013—black points and
black line). Coefficients of determination (R2), root mean square errors (RMSE), and significant correlations (* at p < 0.05
and ** at p < 0.01) are indicated for each relationship.
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0.05 and ** at p < 0.01) are indicated for each relationship. 
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Figure 3. Linear relationships between reflectance index NRERI and nitrogen content in aboveground dry mass (upper),
nitrogen nutrition index (NNI, middle), and nitrogen uptake by aboveground biomass per area unit (lower), analyzed
separately for growth stage beginning of stem elongation (DC 29–31, left) and end of stem elongation (DC 39, right), and for
individual years (2011—white points and light grey line, 2012—grey points and dark grey line, and 2013—black points and
black line). Coefficients of determination (R2), root mean square errors (RMSE), and significant correlations (* at p < 0.05
and ** at p < 0.01) are indicated for each relationship.
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Figure 4. Linear relationships between reflectance index SRPI and nitrogen content in aboveground dry mass (upper),
nitrogen nutrition index (NNI, middle), and nitrogen uptake by aboveground biomass per area unit (lower), analyzed
separately for growth stage beginning of stem elongation (DC 29–31, left) and end of stem elongation (DC 39, right), and for
individual years (2011—white points and light grey line, 2012—grey points and dark grey line, and 2013—black points and
black line). Coefficients of determination (R2), root mean square errors (RMSE), and significant correlations (* at p < 0.05
and ** at p < 0.01) are indicated for each relationship.
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3.3. Relationships between Indicators of N Status and Grain Yield

The relationships between indicators of nutritional status (i.e., N content in above-
ground dry matter, NNI index, and N uptake per area unit) and grain yield achieved were
evaluated separately for each year (Figure 5). Generally, these relationships exhibit a rectan-
gular hyperbola shape, although it is evident that in some cases, the upper asymptote was
not reached. The greatest variation in relationships was observed for the N content in dry
matter. While in 2013, there was almost no correlation between N content and yield, in 2011,
a very steep and significant relationship without reaching the upper asymptote was found.
In 2012, the typical rectangular hyperbola relationship was observed. Conversely, the
relationships between NNI and N uptake per area unit showed the rectangular hyperbola
course in virtually all combinations of year and growth stage. At the same time, the shape
of the relationship changed only a little, but the upper asymptote changed significantly
between years. This means that the maximum yield is generally obtained in all years at the
same level of nutritional status, whether it is defined as NNI or N uptake. For NNI, the
maximum yield was achieved at values just above 1.0 in both growth stages, whereas for
N uptake, a slight shift of the maximum was found. The yield maximum was reached at N
uptake of about 100 and 120 kg N ha−1 in growth stage DC 29–31 and DC 39, respectively.

3.4. Artificial Neural Networks Based on Hyperspectral Data for Estimating N Status

For purposes of training neural networks, it was first necessary to reduce the initial
reflectance dataset to optimize the range of the input variables. Reflectance data were first
reduced by using the 10 nm step and in the range 380–850 nm. Subsequently, principal
component analysis (PCA) was used to select only the reflectance wavelengths with major
explanatory importance for indicators of N status. In total, 17 reflectance wavelengths with
the highest PCA scores (components 1 and 2), and also minimum differential angle (or close
to 180◦ for negative association) to the PCA loadings for N status indicators, were selected
for subsequent neural network training. The set of 162 observations was randomly divided
into training (114 observations), test, and validation (each with 24 observations) datasets.
From 10,000 trained networks for each combination of N status indicator and growth
stage, a set of 10 networks was chosen for each training set (N status indicator and growth
stage combination), having the lowest training and validation error and highest R2 for the
relationship between predicted and observed values. These networks were subjected to
50 training cycles with new random dividing on training, test, and validation datasets for
each. The network showing the lowest variation between training cycles was then selected
as the best network. If the variation of performance during 50 training cycles was higher
than 25%, the process was repeated. The scatterplots of predicted and observed data for
best networks and their comparison with the 1:1 line are shown in Figure 6. It is evident
from these results that neural networks substantially enable elimination of interannual
variability, and therefore significantly improve the accuracy of N status estimation. This
is especially the case for N content in the dry aboveground biomass. While for the best
of vegetation indices—SRPI—R2 values of 0.2 and 0.36 had been achieved in the growth
stages DC 29–31 and 39, respectively, through the use of neural networks, R2 was increased
to 0.75 and 0.8, respectively. For NNI index and N uptake, the R2 value increased from the
range 0.58–0.73 for the best vegetation indices to 0.83–0.87 when using neural networks. An
overview of the best neural networks, their performance in the training, test, and validation
dataset, and also the activation functions used for each estimated parameter of N status and
growth stage are shown in Table 4. A sensitivity analysis describing the explanatory value
of reflectance in each individual wavelength for the neural network model is shown in
Supplementary Table S2. It is noteworthy that the reflectance wavelength with the highest
sensitivity ranking differs substantially between estimated N status parameters and also
between growth stages.
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Figure 5. Rectangular hyperbola relationships between nitrogen content in aboveground dry mass (upper), nitrogen
nutrition index (NNI, middle), nitrogen uptake by aboveground biomass per area unit (lower) and grain yield, analyzed
separately for growth stage beginning of stem elongation (DC 29–31, left) and end of stem elongation (DC 39, right), and
for individual years (2011—white points and light grey line, 2012—grey points and dark grey line, and 2013—black points
and black line). Coefficients of determination (R2), root mean square error (RMSE), and significant correlations (* at p < 0.05
and ** at p < 0.01) are indicated for each relationship.
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Table 4. Characteristics and performance of winning neural networks (MLP—multilayer perceptron) for estimation of
individual nitrogen status parameters at growth stage DC 29–31 and DC 39. Network performance is given separately for
training, test and validation datasets. Exponential, logistic, and hyperbolic tangent activation functions (TanH) are indicated
for the hidden and output layer of the neural network.

Network Performance Activation Function

Growth
Stage Estimated Parameter Network

Name Training Test Validation Hidden Output

DC 29–31
N content in dry matter (%) MLP 17-15-1 0.897 0.753 0.923 TanH TanH

NNI MLP 17-8-1 0.927 0.856 0.938 Exponential TanH
N uptake (kg ha−1) MLP 17-11-1 0.920 0.877 0.958 Exponential Logistic

DC 39
N content in dry matter (%) MLP 17-13-1 0.924 0.887 0.883 TanH Logistic

NNI MLP 17-6-1 0.955 0.950 0.950 TanH Exponential
N uptake (kg ha−1) MLP 17-12-1 0.922 0.975 0.965 TanH Exponential

4. Discussion

The N status of malting barley requires relatively precise optimization because nitro-
gen deficiency leads, in particular, to reduced tillering and impaired yield formation. On
the other hand, the N excess causes an increase in grain protein content, aggravating the
malting quality, but it also leads to increased lodging and associated adverse effects such
as yield reduction or mycotoxin contamination [6,7]. From the economic point of view, the
impact of N nutrition on grain protein content is crucial. Although it also depends on a
number of other factors, such as sufficient water availability and optimum temperature, it
significantly impacts the price and economics of malting barley production. Water stress
and excessive temperatures limit starch accumulation more than nitrogen translocation,
resulting in higher grain protein content, while under sufficient water availability is the
grain protein content, transformed from translocated N, diluted in higher starch accumula-
tion [23]. Although environmental conditions can significantly modulate the translation
of N status into grain protein content and should always be carefully considered when
making decisions about N nutrition in malting barley, N status is still one of the most critical
parameters for the final grain protein content that can be affected by agronomic practices.
Therefore, accurate and reliable methods of N status monitoring during vegetation are
required to achieve the malting quality of grain needed.

The main objective of this study was to improve the estimation of N status in malting
barley using hyperspectral data, and in particular, to eliminate the sources of variability
given by the effect of year, canopy structure, and genotype, doing so through the use
of more robust reflectance indices, N status indicators, and, finally, by using artificial
neural networks.

4.1. Hyperspectral Estimation of NNI

The N nutrition index (NNI) was introduced to assess the relative N status with
respect to rapidly changing N content in plant biomass during plant development, which
is characterized by the so-called critical or dilution curve [20]. N dilution is caused by a
gradual change in the ratio between metabolic and structural tissues in favor of structural
tissues, which contain much less N [24]. NNI represents the ratio between actual and
critical N content and indicates the relative value of actual N status compared to min-
imum N content for maximum biomass or yield production [20]. The main advantage
of using NNI to assess N nutrition status is that it provides an objective parameter that
is comparable throughout the entire vegetation season, irrespective of growth stage and
biomass accumulation. An NNI value greater than 1 indicates N surplus, and an NNI
value less than 1 points to N deficiency. Although NNI is an effective tool in terms of
increasing the accuracy and simplifying the assessment of N status, it has rarely been used
for estimating N status from hyperspectral data. One of the first studies within which
NNI was estimated in winter wheat using the red edge inflexion point (REIP) spectral
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reflectance index was published by Mistele and Schmidhalter [25]. They also showed the
effects of year and growth stage on the relationship between REIP and NNI. Especially
at early growth stages, the relationship differs from the typical relationship found after
canopy closure. Houles et al. [26] also showed that NNI corresponds to the N status of
the whole canopy rather than to actual N or chlorophyll content at the leaf level, which
can explain some differences due to canopy development. We achieved similar results
within the present study. While the relationships between vegetation indices and N content
in the aboveground dry matter were generally weak and highly variable between years,
for NNI, close relationships were found that varied only a little between years. The R2

values for relationships between NNI and vegetation indices were approximately three
times higher than those determined for relationships between the indices and N content
in the aboveground dry matter (Table 3, Figures 2–4). However, the relationships to NNI
showed an effect of growth stage on both intercept and slope of relationship, indicating
that NNI cannot completely decouple the effect of biomass and leaf area even for the best
vegetation indices.

Later, Erdle et al. [27] demonstrated that significantly more accurate estimation of
the N nutrition status by spectral reflectance is achieved using NNI in comparison with
the detection of N content in plants. Generally, the best estimate of NNI was achieved
using indices based on the red-edge band reflectance, and in particular, using the REIP
index. Chen et al. [28] introduced a new spectral index based on red-edge, known as the
double-peak canopy N index (DCNI), for improved estimation of N content as input for
NNI calculation. Such indirect estimation of NNI requires, however, the knowledge of
biomass that may increase the estimation error because it is necessary to estimate two
parameters showing interactions in their effects on spectral reflectance. Our results, too,
showed a reliable estimation of NNI using spectral indices based on the red-edge band
(NRERI, ANMB650–725, ZM; Table 2, Figure 3). Even better results, however, were achieved
for indices employing reflectance at 430 nm (R430; SRPI and NPCI; Table 2, Figure 4). These
indices are mostly related to the ratio between total carotenoids and chlorophylls [29].
Although the correlation matrix for NNI (Figure 1) shows that the sensitive area in the blue
reflectance region narrows with the growth stage, the correlation for reflectance indices
based on R430 is almost not changed with the growth stage (Table 1). The sensitivity to N
status of reflectance indices based on R430 had been shown already by Filella et al. [30].
N deficiency generally increases the total carotenoids and chlorophylls ratio because
carotenoids persist longer than do chlorophylls in senescing leaves [31], and N deficit
induces leaf senescence [32].

Based on our results, direct estimation of NNI using spectral reflectance appears to be
more accurate than the separate estimation of N content and plant biomass, even though
the relationship is slightly modified by the growth stage. On the contrary, the relationships
for N content in aboveground dry biomass show variation in slope and R2 between both
growth stages and years, probably due to the rapid dilution of N in biomass. This leads
to a significant decrease of R2 if the data are analyzed across years, and even more so if
performed across growth stages. Conversely, only small changes in R2 were observed when
such data were analyzed for NNI. The use of calibration, even in the case of NNI, however,
may be beneficial for improving estimation accuracy.

4.2. Hyperspectral Estimation of N Uptake by Aboveground Biomass

Optimization of N nutrition based upon total N uptake is, in principle, a simpler
method than evaluating NNI, and it also has some practical advantages. These lie particu-
larly in the possibility to optimize N nutrition on the basis of total N balance for expected
yield and grain protein content, the latter of which is one of the key grain quality pa-
rameters for malting barley. N uptake can also be relatively easily estimated by spectral
reflectance with the best estimation performance of the normalized red-edge index [33].
Similarly, Erdle et al. [27] demonstrated the best performance for the simple ratio index
based on red-edge reflectance for estimation of both NNI and N uptake. This is in line with
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our results showing a good estimation of N uptake by red-edge indices NRERI, ZM, or
ANMB650–725. On the other hand, N uptake does not enable direct estimation of relative
N status, which requires comparison with optimum N uptake for a given growth stage
or biomass. This can be derived from the critical N curve as a critical N uptake [34], but
it requires knowledge of biomass production. In our study, estimation of N uptake by
aboveground biomass using spectral reflectance generally had significantly higher accuracy
than did the estimation of N content, and it also slightly outperformed the estimation of
N status by NNI. This is due to the fact that N uptake per unit area integrates the effects
both of biomass and of N content in dry matter. Higher N uptake may be given by higher
biomass production at the same N content or by higher N content at the same biomass
production. However, actual N uptake at the given stage can be compared with optimum
uptake for required yield without any information about biomass production.

In earlier studies in winter wheat, it was demonstrated that N optimization could
be successfully carried out on the basis of remote sensing estimation of early-season N
uptake and estimation of grain yield potential [35,36]. These optimization algorithms
were based on NDVI estimation between the end of tillering and the beginning of stem
elongation, and the yield potential was estimated as NDVI divided by growing degree
days. Such estimation of yield potential can also be useful in spring barley, as the NDVI
show particularly higher values at the high yielding year 2011 when evaluated at the
early growth stage (DC 29–31) even for the same N uptake levels. On the other hand,
SRPI can be used to estimate the N uptake without the effect of yield potential. Optimum
N dose can thus be derived from yield potential (and optimal N uptake for such yield)
estimated from NDVI and actual N uptake estimated from SRPI. The maximum yield for
a given N response curve is limited mainly by genotype and environment/year [37]. As
demonstrated in our recent work [3], the yield potential of spring barley is determined in
the early growth stages up to the beginning of stem elongation (DC 31), which supports
the idea of early estimation of yield potential from NDVI for N dose optimization.

4.3. Artificial Neural Network for Estimating N Status Using Hyperspectral Data

The application of artificial neural networks has, in recent decades, become rather
popular in the analysis of remotely sensed data [38]. The most common applications are in
image processing, particularly as classification algorithms (e.g., for land-cover classifica-
tion). Artificial neural networks also have been applied to retrieve biophysical parameters
of vegetation. For example, Bacour et al. [39] developed neural network algorithms for
estimating leaf area index, canopy chlorophyll content, and absorbed photosynthetically
active radiation, Liu et al. [40] used neural networks to discriminate fungal infection in rice
panicles from hyperspectral reflectance, and Christensen et al. [41] adopted neural network
for classification of barley growth stage from hyperspectral data.

In our study, we demonstrated the considerable potential of artificial neural networks
for improving the direct estimation of N content in barley aboveground biomass from
hyperspectral data in comparison with best spectral reflectance indices. The neural network
model reduces not only the variability within one year given by genotype or sowing density
but also the interannual variation, which is a much more important source of inaccuracy.
The effect of year changes both intercepts and slopes of relationships between spectral
reflectance indices and N content. A similar improvement of N content estimation by the
artificial neural network, compared to the linear regression model, was reported for rice by
Yi et al. [42]. They also demonstrated that both multiple linear regression and principal
component analysis were suitable to select input variables for neural network training.
Wang et al. [43] demonstrated the strength of neural network predictions in comparison
with stepwise regression for N content in rape. Recently, Sun et al. [44] showed that the
neural network provided the best performance in estimating N content in rice from both
active and passive reflectance sensors.

The employment of artificial neural networks in remote sensing provides a number of
advantages in comparison to regression models [45]. First, the neural network allows the
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development of complex models with multiple input parameters and by employing diverse
nonlinear response functions. Secondly, neural networks allow combining different types
of input data, including categorical ones and thus improving the model by introducing the
data, e.g., regarding the preceding crop, soil, genotype, weather, etc. Finally, high adaptivity,
given by the possibility to retrain the model on the new dataset, is of significant advantage
if the model is used in new conditions. Neural networks also allow joint estimation of
multiple biophysical and biochemical variables [39].

5. Conclusions

We demonstrated that the use of indirect N status indicators, such as NNI or N
uptake per ground area unit, could significantly improve the estimation accuracy from
spectral reflectance data, compared to N content in dry aboveground biomass. From
spectral reflectance indices tested, the red-edge indices (NRERI, ZM, or ANMB650–725) and
carotenoid indices (SRPI and NPCI) showed the lowest interannual variability. Although
the maximum yield varied significantly between years, the NNI and N uptake estimated
by spectral reflectance may be used in both growth stages as accurate estimators of N
status in malting barley. The use of the artificial neural network for N status estimation
from hyperspectral data reduced both intra- and interannual variability significantly and
provided estimation accuracy above 90%. A more than the twofold increase of estimation
accuracy with the use of a neural network model was found for N content in aboveground
dry mass. Although the significance of individual wavelength varied with the N status
indicator and growth stage, the key reflectance bands for most neural network models
were around 430, 530, and 710 nm.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11122592/s1, Table S1: List of vegetation indices used in correlation analyses with
nitrogen status parameters, equations for their calculation from reflectances in given wavelength
(Rx is the reflectance in wavelength x nm), and the references for each index. Table S2: Sensitivity
analysis for individual input reflectance wavelength in winning neural networks for estimation of
nitrogen status parameters.
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Abstract: Hemp is a multipurpose crop that is cultivated worldwide for fiber, oil, and cannabinoids.
Nitrogen (N) is a key factor for getting a higher production of hemp, but its application is often
excessive and results in considerable losses in the soil–plant–water continuum. Therefore, a rational
N supply is important for increasing N efficiency and crop productivity. The main objective of this
paper was to determine the responses of four hemp cultivars to different levels of exogenous-N
supply as nutrient solution during the vegetative growing period. The experiment was conducted at
Yunnan University in Kunming, China. Yunma 1, Yunma 7, Bamahuoma, and Wanma 1 were used as
the experimental materials, and five N supplying levels (1.5, 3.0, 6.0, 12.0, and 24.0 mmol/L NO3-N
in the nutrient solution) were set by using pot culture and adding nutrient solution. The root, stem,
and leaf of the plant were sampled for the determination of growth indexes, dry matter and N
accumulation and distribution, and physiological indicators. The plant height, stem diameter, plant
dry weight, and plant N accumulation of four hemp cultivars were significantly increased with
the increase in exogenous-N supply. Root/shoot dry weight ratios, stem mass density, and N use
efficiency decreased significantly with the increase in exogenous-N supply. Nitrogen accumulation,
chlorophyll content, soluble protein content, and nitrate reductase activity in leaves were increased
with the increase in exogenous-N supply. Among the four indexes, the increase in N accumulation
was more than the increase in NR activity. The activities of superoxide dismutase and peroxidase
in leaves were increased first and then decreased with the increase in exogenous-N supply, with
the maximum value at N 6.0 mmol/L, while the content of malondialdehyde in leaves increased
significantly when the level of exogenous-N supply exceeded 6.0 mmol/L. These results revealed
that increasing the exogenous-N supply could improve the plant growth, dry matter accumulation,
and N accumulation in hemp during the vegetative growth period, but N supply should not exceed
6.0 mmol/L. Among four hemp cultivars, Wanma 1 performed well at 6.0 mmol/L N application.

Keywords: hemp (Cannabis sativa L.); nitrogen nutrition; nitrogen utilization efficiency; vegetative
growth

1. Introduction

As an important component of macromolecular substances such as proteins, nucleic
acids, phospholipids, hormones, and chlorophyll in plants, nitrogen (N) is one of the
essential macronutrients for plant growth and development. Sufficient N supply is an
important factor to improve crop yield and quality [1]; however, an overdose of N fertilizer
will lead to the decrease in fertilizer efficiency in the plant and cause a large amount of N
loss that gives rise to a series of environmental issues [2,3]. Therefore, the rational application
of N fertilizer is one of the key measures for the high yield and effective cultivation of crops.

Hemp (Cannabis sativa L.) is a multipurpose crop. Cannabinoids and other secondary
metabolites extracted from hemp inflorescence and leaves are widely used in medical treat-
ment, beauty, and health care. The multipurpose utilization of hemp significantly improves
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its economic value and planting [4–6]. The high-yield and high-efficiency cultivation mode
of hemp has also become one of the hot spots in hemp production [7–9]. N is the macronu-
trient absorbed by hemp, and sufficient N supply can greatly improve the stem weight
and leaf biomass in hemp [10,11]. Papastylianou et al. [12] reported that hemp biomass
yield, stem dry weight, and inflorescence weight increased by 37.3%, 48.2%, and 16%,
respectively, with the application of 240 kg N ha−1 when compared with the unfertilized
control. It is easy to diagnose and mitigate N deficiencies during the hemp-growing season,
while excessive N is difficult to diagnose. Therefore, farmers prefer to apply N fertilizer in
excess in attempts to increase the yield. Nevertheless, the excessive N fertilizer not only
impedes increase hemp productivity but also reduces hemp yield caused by plant lodging
and serious pests and diseases. According to studies conducted in the Latvia and Western
Canada, N fertilization rates ranged between 50 and 200 kg N ha−1, while the highest bast
fiber yields were obtained at N rates between 50 and 150 kg N ha−1 [13,14]. Amaducci
et al. [15] reported that 100 kg ha−1 of N was the natural availability in the soil, and each
additional kg of N supplied via fertilization increased hemp stem dry matter production
by 20 kg but increased plant mortality. Therefore, it is very important to understand the
utilization capacity of exogenous-N for carrying out the high-yield and high-efficiency
cultivation of hemp.

A plethora of research reported the utilization of exogenous-N supply in hemp under
field conditions. However, due to the difficulty of precise regulation of the N nutrient
status in the field, there is still a lack of deep understanding in this research area. Previous
work has shown that hemp is sensitive to N fertilizer during the vegetative phase by
absorbing 88.2% of the total amount N in the whole growth period, which directly affects
the accumulation of plant biomass [16]. Thus, the present study was conducted on hemp
using pot culture and irrigation of nutrient solution with two specific objectives i.e., (i) to
assess the utilization capacity of exogenous-N during the vegetative growing period in
hemp; and (ii) to investigate the effects of excessive N on the growth and physiological
attributes of hemp. The results will contribute to the understanding of hemp response to
an environment with excessive N supply.

2. Materials and Methods

In this study, four commercial domestic hemp cultivars were selected as the experi-
mental materials. Of them, Yunma 1 (YM1, fiber-type) and Yunma 7 (YM7, fiber-type) were
provided by the Yunnan Academy of Agricultural Sciences, Bamahuoma (BM, seed-type)
was provided by the Guangxi Academy of Agricultural Sciences, and Wanma 1 (WM1, fiber-
type) was provided by Lu’an Agricultural Science Research Institute of Anhui Province.

The pot experiment was conducted in a greenhouse of Yunnan University, Kunming,
China. The seeds were sown in 30 cm × 20 cm (diameter × depth) plastic pots filled with
1.2 kg peat (dry weight). In this kind of peat, total N, total P, total K, hydrolyzable N,
Olsen phosphorus, and available potassium were 5.46, 0.37, 1.04, 0.14, 0.14, and 0.42 g kg−1,
respectively, which were measured by using standard methods. Before sowing, peat was
irrigated to 30% peat water content. Three weeks after sowing, ten uniform hemp plants
were left per pot after thinning. A half liter of nutrient solution was applied every three
days in each pot and lasted seven weeks. In the nutrient solution, N concentration was
set at five levels as 1.5, 3.0, 6.0, 12.0, and 24.0 mmol/L NO3-N. The nutrient solution
was based on Hoagland formula with modifications as KCl replacing KNO3, and CaCl2
supplementing Ca2+ for the low N level solutions. Three replicates for each N level were
implemented in the experiment.

Seven weeks after treatment with different N levels, ten plants were sampled from each
pot. Five plants were used to determine the growth-related indexes and N accumulation
(NA), and the remaining five plants were used to measure the contents of chlorophyll (Chl),
soluble protein (SP), and malondialdehyde (MDA) as well as the activity of superoxide
dismutase (SOD), peroxidase (POD), and nitrate reductase (NR).
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After measuring plant height and stem diameter, plants were divided into root (flushed
and washed with running water), leaf, and stem; these parts were placed in an oven, first
at 108 ◦C for 20 min and then at 80 ◦C until drying out. The dry weights (DW) of the root,
leaf, and stem were recorded, and then, the average weight per plant was calculated. The
dried root, stem, and leaf were pulverized and sieved; then, they were digested with H2
O2-H2 SO4. The total nitrogen content (TN) was determined by the Kjeldahl method [17].
The indicators were calculated according to the formulas listed below:

Total plant DW (DWP, g/plant) = root DW + stem DW + leaf DW;
Ratio of root to shoot = root DW/(stem DW + leaf DW);
Stem mass density (SMD, g/cm3) = stem DW/stem volume;
NA of plant part (g/plant) = plant part DW × TN;
NA per plant (NAP, g/plant) = root NA + stem NA + leaf NA;
Nitrogen use efficiency (NUE, g/g) = DWP/NAP.

Fully expanded leaves were separated from the upper part of the other five plants.
Leaf laminae without midrib were mixed for determining physiological indexes (Chl, SP,
MDA, SOD, and POD) using the methods described by Wang et al. [18]. NR activity was
measured following the protocol described by Silveira et al. [19].

The data were handled fundamentally by Excel 2016 software. Standard deviation
was calculated for each treatment in each cultivar. Effects of N levels on the growth indexes,
N accumulation, and physiological indices were tested with one-way ANOVA followed by
Duncan’s test at p < 0.05 (SPSS 23.0).

The ‘R’ was used to determine the Pearson’s correlation coefficients (https://cran.
r-project.org/web/packages/Hmisc/index.html, 12 November 2021) and for a heatmap
(https://www.r-graph-gallery.com/heatmap/, 12 November 2021).

3. Results
3.1. Effect of N Supply on Plant Growth

The plant height and stem diameter of hemp cultivars were increased with the increase
in exogenous-N level, reaching the maximum value at 24.0 mmol/L, while the root/shoot
dry weight ratio and SMD showed a contrary pattern. Plant height and root/shoot weight
ratio did not change significantly when the N concentration was 12.0 mmol/L or more;
the plant height of YM1 and SMD of WM1 did not change significantly when the N
concentration was 6.0 mmol/L or more; the SMD of YM7 showed a significant difference
among N concentrations (Table 1).

Table 1. Effect of N treatments on the hemp growth parameters.

Cultivar Nitrogen (mmol/L) Plant Height (cm) Stem Diameter (mm) Root/Shoot Ratio Stem Mass Density
(g/cm3)

YM1

1.5 62 ± 8 c 3.3 ± 0.2 c 0.37 ± 0.03 a 0.90 ± 0.09 a
3.0 75 ± 5 b 3.5 ± 0.3 c 0.36 ± 0.03 ab 0.78 ± 0.09 b
6.0 89 ± 2 a 4.6 ± 0.4 b 0.33 ± 0.02 b 0.40 ± 0.01 c
12.0 94 ± 5 a 5.0 ± 0.5 b 0.28 ± 0.01 c 0.36 ± 0.02 cd
24.0 95 ± 1 a 6.1 ± 0.5 a 0.28 ± 0.02 c 0.29 ± 0.01 d

BM

1.5 45 ± 2 d 3.9 ± 0.2 b 0.43 ± 0.03 a 0.82 ± 0.04 a
3.0 54 ± 2 c 4.2 ± 0.5 b 0.39 ± 0.06 ab 0.73 ± 0.23 b
6.0 68 ± 1 b 4.7 ± 0.5 ab 0.35 ± 0.07 abc 0.50 ± 0.21 b

12.0 70 ± 4 ab 4.7 ± 0.5 ab 0.31 ± 0.02 bc 0.49 ± 0.16 b
24.0 72 ± 1 a 5.2 ± 0.7 a 0.30 ± 0.06 c 0.43 ± 0.18 b

YM7

1.5 58 ± 4 d 3.1 ± 0.4 d 0.36 ± 0.02 a 1.14 ± 0.09 a
3.0 71 ± 7 c 4.0 ± 0.5 c 0.32 ± 0.02 b 0.61 ± 0.05 b
6.0 81 ± 3 b 4.4 ± 0.4 c 0.29 ± 0.01 c 0.51 ± 0.04 c

12.0 87 ± 4 ab 5.2 ± 0.4 b 0.28 ± 0.01 c 0.40 ± 0.01 d
24.0 92 ± 1 a 6.1 ± 0.4 a 0.28 ± 0.01 c 0.30 ± 0.03 e

318



Agronomy 2021, 11, 2310

Table 1. Cont.

Cultivar Nitrogen (mmol/L) Plant Height (cm) Stem Diameter (mm) Root/Shoot Ratio Stem Mass Density
(g/cm3)

WM1

1.5 69 ± 6 c 3.2 ± 0.2 d 0.27 ± 0.02 a 1.42 ± 0.04 a
3.0 76 ± 2 c 3.5 ± 0.2 c 0.26 ± 0.01 ab 0.96 ± 0.17 b
6.0 90 ± 4 b 4.6 ± 0.2 b 0.24 ± 0.02 b 0.55 ± 0.05 c

12.0 98 ± 6 ab 4.8 ± 0.3 ab 0.21 ± 0.02 c 0.50 ± 0.06 c
24.0 104 ± 4 a 5.0 ± 0.1 a 0.21 ± 0.01 c 0.47 ± 0.02 c

YM1

1.5 62 ± 8 c 3.3 ± 0.2 c 0.37 ± 0.03 a 0.90 ± 0.09 a
3.0 75 ± 5 b 3.5 ± 0.3 c 0.36 ± 0.03 ab 0.78 ± 0.09 b
6.0 89 ± 2 a 4.6 ± 0.4 b 0.33 ± 0.02 b 0.40 ± 0.01 c
12.0 94 ± 5 a 5.0 ± 0.5 b 0.28 ± 0.01 c 0.36 ± 0.02 cd
24.0 95 ± 1 a 6.1 ± 0.5 a 0.28 ± 0.02 c 0.29 ± 0.01 d

Different letters following the numbers within columns represent significant difference at p = 0.05 within a cultivar. Hemp cultivars: Yunma
1 (YM1), Bamahuoma (BM), Yunma 7 (YM7), Wanma 1 (WM1).

3.2. Effect of N Supply on Hemp Biomass

The biomass (total plant dry weight) of YM7 was increased first and then decreased
with the increase in N concentration. A maximum value of dry weight was found at
12.0 mmol/L, while in other cultivars, it was increased along with the N supply levels,
reaching the maximum value at 24.0 mmol/L; the biomass of YM7 and BM did not change
significantly when the N concentration was 6.0 mmol/L or more. Among plant parts, with
the increase in N concentration, the dry weights of stem and leaf were increased greatly,
but this increase in root dry weight increased was very little, and the root/total plant
dry weight ratio decreased continuously (Figure 1). Among four hemp cultivars, WM1
performed well at 6.0 mmol/L N application.
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Figure 1. Effect of N treatments on hemp biomass weight. Different letters above the columns within
a cultivar represent significant differences in total biomass at p = 0.05. Numbers within a column
represent the percentage of root, stem, or leaf weight over the total biomass (%).

3.3. Effect of N Supply on NA and NUE in Hemp Plant

The nitrogen accumulation (NA) of hemp cultivars increased evidently with the
increase in exogenous-N supply, reaching the maximum value at 24.0 mmol/L N level,

319



Agronomy 2021, 11, 2310

which was about three times that at the 1.5 mmol/L N level. Under all the N concentrations,
NA in different plant parts was found as: leaf > stem > root, with the only exception for
hemp cultivar BM under 1.5 and 3.0 mmol/L N levels. The ratio of NA in the leaves of BM
and YM7 was increased with the increase in N concentration, while that of YM1 and WM1
increased first and then decreased, reaching the highest point at 12.0 mmol/L N level. The
ratio of NA in the roots decreased with the increase in N concentration, and the ratio was
reduced (about 50%) at 24.0 mmol/L N in comparison with that at 1.5 mmol/L N (Figure 2).
However, the NUE of hemp cultivars was decreased significantly with the increase in
exogenous-N supply and the lowest NUE value was observed at 24.0 mmol/L N that
was about half as that at 1.5 mmol/L N (Figure 3). Among four hemp cultivars, WM1
performed well at 6.0 mmol/L N application.

Figure 2. Effect of N treatments on N accumulation (NA) in hemp plant. Different letters above the columns within a
cultivar represent significant differences in total N accumulation at p = 0.05. Numbers within the column represent the
percentage of root, stem, or leaf N accumulation over the total N accumulation (%).

Figure 3. Effect of N treatments on N utilization efficiencies in hemp. Different letters above the
columns within a cultivar represent significant differences in N utilization efficiencies at p = 0.05.
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3.4. Effect of N Supply on Chl, SP, and NR in Hemp Leaf

Chlorophyll (Chl) content in hemp leaves were increased with the increase in exogenous-
N supply, reaching maximum value at 24.0 mmol/L N, although not showing a linear
correlation between Chl content and N level (Figure 4a).

Figure 4. Effect of N treatments on the physiological indicators of hemp leaf. Different letters above the columns within a
cultivar represent significant differences in physiological indicators of leaf at p = 0.05. (a) The content of Chl of four hemp
cultivars under different levels of N. (b) The content of SP of four hemp cultivars under different levels of N. (c) The activity
of NR of four hemp cultivars under different levels of N. (d) The activity of SOD of four hemp cultivars under different
levels of N. (e) The activity of POD of four hemp cultivars under different levels of N. (f) The content of MNA of four hemp
cultivars under different levels of N.

The soluble protein (SP) contents of YM1 and BM were increased with the increase
in exogenous-N supply, reaching a maximum value at 24.0 mmol/L N and significantly
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surpassing those under other N concentrations; while the SP contents of YM7 and WM1
were increased first and then decreased, reaching the maximum value at 12.0 mmol/L
(Figure 4b).

With the increase in exogenous-N supply, nitrate reductase (NR) activity in hemp
leaves showed an increasing trend. Among the cultivars, NR activity in BM and YM7 did
not change significantly under different N concentrations (Figure 4c).

3.5. Effect of N Supply on SOD, POD, and MDA in Hemp Leaf

According to the results presented in Figure 4d,e, the activities of SOD and POD
increased first and then decreased with the increase in exogenous-N supply, and they
reached maximum value at 6.0 mmol/L N, which was significantly higher than those
under other N concentrations (except for SOD in BM from 6.0 to 12.0 mmol/L N levels). In
contrast, the malondialdehyde (MDA) content in hemp cultivars increased significantly
with the increase in exogenous-N supply, while it showed a smaller increase from N levels
1.5 to 6.0 mmol/L and a larger increase from 6.0 to 24.0 mmol/L N level. From 1.5 to
6.0 mmol/L N level, the average MDA content of the four cultivars increased by 35% only,
but it increased by 127% from 6.0 to 24.0 mmol/L N level (Figure 4f).

3.6. Relationships

In order to study the relationship between the studies’ parameters, Pearson corre-
lation was carried out (Figure 5). The results showed a significant positive relationship
between plant height, stem diameter, leaf weight, stem weight, root weight, biomass weight,
chlorophyll content, and N accumulation. Inversely, these attributes showed a negative
relationship with SOD and POD activity. Furthermore, this relationship showed a close
link between N accumulation and the growth of hemp plants. In addition, hierarchical clus-
tering analysis showed a relation between interactive treatments and studied parameters
(Figure 6).

Figure 5. Correlation between studied parameters of growth, antioxidant capacity, and N accumula-
tion in hemp. PH, plant height; SD, stem diameter; LW, leaf weight; SW, stem weight; RW, root weight;
BW, biomass weight; R/S, root to shoot ratio; SMD, stem mass density; Chl, chlorophyll content; SP,
soluble protein; NR, nitrate reductase activity; SOD, superoxide dismutase; POD, peroxidase; MDA,
malondialdehyde; RN, root nitrogen; SN, stem nitrogen; LN, leaf nitrogen; N, total nitrogen; NUE,
nitrogen use efficiency.
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Figure 6. A heatmap showing the relationship of treatments with the studied parameters of growth,
antioxidant capacity, and N accumulation in hemp. The colors represent variations in the data.
PH, plant height; SD, stem diameter; LW, leaf weight; SW, stem weight; RW, root weight; BW,
biomass weight; R/S, root to shoot ratio; SMD, stem mass density; Chl, chlorophyll content; SP,
soluble protein; NR, nitrate reductase activity; SOD, superoxide dismutase; POD, peroxidase; MDA,
malondialdehyde; RN, root nitrogen; SN, stem nitrogen; LN, leaf nitrogen; N, total nitrogen; NUE,
nitrogen use efficiency. YM1.1.5, cultivar YN1 + 1.5 mmol/L N; YM1.3, cultivar YN1 + 3 mmol/L N;
YM1.6, cultivar YN1 + 6 mmol/L N; YM1.12, cultivar YN1 + 12 mmol/L N; YM1.24, cultivar YN1
+ 24 mmol/L N; BM.1.5, cultivar BM + 1.5 mmol/L N; BM.3, cultivar BM + 3 mmol/L N; BM.6,
cultivar BM + 6 mmol/L N; BM.12, cultivar BM + 12 mmol/L N; BM.24, cultivar BM + 24 mmol/L N;
YM7.1.5, cultivar YM7 + 1.5 mmol/L N; YM7.3, cultivar YM7 + 3 mmol/L N; YM7.6, cultivar YM7 +
6 mmol/L N; YM7.12, cultivar YM7 + 12 mmol/L N; YM7.24, cultivar YM7 + 24 mmol/L N; WM1.1.5,
cultivar WM1 + 1.5 mmol/L N; WM1.3, cultivar WM1 + 3 mmol/L N; WM1.6, cultivar WM1 +
6 mmol/L N; WM1.12, cultivar WM1 + 12 mmol/L N; WM1.24, cultivar WM1 + 24 mmol/L N.

4. Discussion

Hemp is a short-day plant with a stronger stem and well-developed root system
to avoid lodging and getting high yield [14,15]. Islam et al. [20] revealed that the dry
weight per unit length of basal internodes was the main factor determining the mechanical
strength of stems. However, Sperling et al. [21] found that high nitrogen (N) conditions
limit photosynthetic productivity in almond trees, which is not good for dry matter accu-
mulation. In the current study, the plant height and stem diameter of hemp were increased
significantly with the increase in exogenous-N supply, but SMD was decreased signifi-
cantly. Present results are consistent with the previous studies performed on rice [22,23].
There might be a reason that the plant height and stem diameter are sensitive to N, which
lead toward insufficient dry matter accumulation during the rapid growth of hemp. We
found that the average plant height and stem diameter of four cultivars were increased by
59.3% and 67.8% respectively, while the dry matter was increased by 32.8% only, when the
exogenous-N supply was increased from 1.5 to 24.0 mmol/L. Our results are consistent
with the previous study performed on wheat, where an excessive application of N fertilizer
did not significantly increase the rate of dry matter accumulation [24].

In response to N deficiency in crops, assimilates are preferentially used for root de-
velopment rather than shoot development [25]. Meanwhile, under a higher supply of
N, the development of the aerial parts increased and the development of the roots de-
creased [26,27]. In the present study, the root/shoot dry weight ratio in hemp decreased
significantly with the increase in exogenous-N supply, suggesting that excessive N applica-
tion maximized the shoot development and minimized the root growth. These results are
consistent with the previous studies on sweet pepper and maize crops [25,28]. Thus, we
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observed that the weak plant stem and underdeveloped root were caused by excessive N
application, which is prone to lodging and affects the yield in hemp.

Nitrogen application can improve the N content in soil, which is conducive to the
absorption by crops [29]. After uptake, a large quantity of N is transferred to leaves, where
it is assimilated into amino acids, proteins, and other nitrogenous compounds [30,31]. In the
present study, increasing the supply of exogenous-N greatly increases the N accumulation
in hemp plants. The accumulated N is mainly concentrated in leaves, and it corresponds
to the Chl and SP of leaves significantly increasing, which is consistent with the research
results of Li et al. on cotton [32]. Thus, a higher level of exogenous-N was beneficial to N
accumulation and the synthesis of nitrogenous compounds in hemp. However, we found
that the efficiency of accumulated N converted into dry matter in hemp was reduced at
a higher level of exogenous-N, suggesting that the accumulated N was not effectively
metabolized. Our results are consistent with a previous study on maize [33].

The activity of related metabolic enzymes is the key to improving the N utilization
capacity of plants, such as NR; its activity is affected by the nitrate concentration in
the plants [34,35]. The primary assimilation of N is accompanied by various enzymatic
activities in higher plants. Nitrate reductase plays a central role in the transformation of
NO3−; thus, it regulates the NO3− and amino acids level in the plant cells. However, some
investigations revealed that a small amount of nitrate is sufficient for enzymes induction;
namely, the activity of NR is not induced by nitrate, when nitrate concentration was
higher than a certain level [36]. The result of our experiment is consistent with the above
report, because when the level of exogenous-N supply was 1.5 mmol/L, the accumulation
of nitrate in leaves of hemp could induce NR to maintain a high activity, and further
increasing the level of N supply had little effect on it. Thus, that the NR activity did not
increase significantly is one of the major factors indicating that the accumulated N was not
effectively metabolized under a high level of exogenous-N in hemp.

Reactive oxygen species (ROS) was considered to be toxic by-products of normal
metabolism in plant, such as photosynthesis and respiration [37]. To control the level of
ROS in cells, plants developed numerous strategies for the detoxification of ROS. Among an-
tioxidative enzymes, SOD and POD play key roles in the ROS detoxification in cells [38,39].
In the present study, we observed that the levels of two antioxidant enzymes (SOD and
POD) were decreased in the leaves of hemp when the level of exogenous-N supply was
12.0 mmol/L or more. These results are consistent with a previous study on wheat [40].
The application of N fertilizer beyond a tolerable limit may have adverse effects on plant
growth; thus, it inhibited the activities of ROS scavenging enzymes, which resulted in
increased oxidative stress.

Some evidence suggests that the excessive accumulation of ROS can cause a series of
oxidative damages to proteins, lipids, and DNA, resulting in lipid peroxidation, cellular
damage, and cell death [41–43]. The level of MDA is used normally to indicate the extent
of lipid peroxidation in leaves. In the present study, the damage degree of membrane
lipid peroxidation was increased significantly, when the level of exogenous-N supply was
12.0 mmol/L or more. Thus, our results indicated that hemp plants suffered from a greater
degree of oxidative damage when the exogenous-N supply level exceeded 6.0 mmol/L,
which might affect the normal physiological metabolism in hemp. The SP content of YM7
and WM1 decreased at 24 mmol/L N supplying level. These results have also been found
in macrophytes, where excess N supply led to the reduction of osmotic regulation substance
content, such as SP, reducing its stress resistance [44]. This might be linked to the oxidative
stress in hemp, but further research is needed.

In addition, it is also worth paying attention to the accumulation of N far beyond its
utilization capacity during the vegetative growth period when N is sufficient. One of the
possible explanations might be that excess N is a reserve for later reproductive growth,
which is a peak period of nutrient consumption in hemp [10,12]. It is important for hemp to
adapt to a changeable variable environment. When N is sufficient, hemp can accumulate N
as much as possible, and the stored N can be used for reproductive growth to alleviate the
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adverse effects of late N deficiency in the environment. However, these contents need to be
further studied in hemp, especially the situation of N absorption and utilization during the
reproductive growth period.

5. Conclusions

In this study, an increase in the exogenous-N supplying level was good for hemp
growth, but it was not to exceed 6.0 mmol/L during vegetative growth periods. Under
excessive N supply, plants grow rapidly, but the dry matter accumulation was evidently in-
sufficient, which weakened the hemp plants. Moreover, the large amount of N accumulated
in plants could not be effectively assimilated and utilized, and it caused oxidative stress
to hemp plants. Thus, the present study suggests that N application up to 6.0 mmol/L
is sufficient to regulate the morpho-physiological attributes, antioxidant capacity, and
N accumulation to achieve the optimal growth of hemp. Among four hemp cultivars,
“Wanma 1” performed well at 6.0 mmol/L N application.
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