friried applied
e sciences

Article

Using an Uptake Enhancer to Mitigate Nitrogen Leaching While
Enhancing Uptake Efficiency

Zoyolo Somi

check for
updates

Citation: Somi, Z.; Kotzé, E.; Van der
Watt, E. Using an Uptake Enhancer to
Mitigate Nitrogen Leaching While
Enhancing Uptake Efficiency. Appl.
Sci. 2024, 14, 5271. https:/ /doi.org/
10.3390/app14125271

Academic Editor: Jingguang Chen

Received: 21 May 2024
Revised: 15 June 2024
Accepted: 17 June 2024
Published: 18 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Elmarie Kotzé *

and Elmarie Van der Watt

Faculty of Natural Sciences, Department of Soil, Crop and Climate Sciences, University of the Free State,
Bloemfontein 9301, South Africa; 2017124302@ufs4life.ac.za (Z.S.); vdwatte@ufs.ac.za (E.V.d.W.)
* Correspondence: kotzee@ufs.ac.za; Tel.: +27-832575381

Abstract: Nitrogen (N) has the most crucial influence on raising agricultural productivity of all other
plant nutrients given to crops. However, 50% of the N given to crops is dissipated to the environment
globally, resulting in environmental concerns due to leaching. Current research shows that intensive
agricultural production systems, which are still used in a large proportion around the world, are
prone to N loss. This study aimed to investigate the effect of uptake enhancer applications on N
movement in the soil profile based on 10 cm depth intervals, as well as its effects on N uptake and
vegetative growth of oats at 4-week intervals over a 16-week period, using sandy soil as a growing
medium. Oats were cultivated in a glasshouse setting in polyvinyl chloride (PVC) columns of 60 cm in
height. Six treatments were employed at the 3rd leaf growth stage, and each was replicated four times.
The experiment had a constructive and a destructive part, which was employed to monitor crop N
uptake at four growth stages. Analyses of soil and plant samples were carried out in all the growth
stages. The treatments containing the uptake enhancer prevented N from leaching, particularly at the
top 20 cm soil depth, with impressive reductions of 194% at 0-10 cm depth and 186% at 10-20 cm
depth, during the first 4 weeks after planting. The uptake enhancer also promoted early vegetative
growth and crop performance with 15%. In conclusion, the study revealed that employing the uptake
enhancer can improve the efficacy of N fertilizer, thereby reducing the application rate of the fertilizer
in agroecosystems.

Keywords: agricultural uptake enhancer; crop productivity; leaching potential; nitrogen uptake; soil
nutrient retention

1. Introduction

Nitrogen is a critical element for plant growth and plays a pivotal role in various
physiological processes. As a result, its availability often limits plant productivity. Conse-
quently, mechanisms of N uptake and acquisition have garnered a lot of research interest.
The plant’s ability to absorb and assimilate N can have a profound influence on a range of
growth and development traits. For example, N application substantially affects agronomic
traits in oats, such as plant height, grain yield, and milling quality [1]. Nitrogen is crucial
for plant growth and development as it is a key component of amino acids, proteins, cell
walls, membranes, and nucleic acids [2,3]. Moreover, N is linked to chlorophyll formation,
the green pigment responsible for photosynthesis, which enables plants to harness sun-
light and convert it into energy-rich compounds. Its deficiency leads to stunted growth,
reduced photosynthesis and leaf area, accelerated senescence, and decreased productivity.
As an essential nutrient, N is central to plant metabolism, being present in vital organic
compounds, including amino acids, proteins, nucleic acids, and phytohormones.

Despite N being one of the most abundant elements on Earth (especially as atmo-
spheric N gas (N) in the atmosphere), N deficiency is the most prevalent nutritional
problem affecting crops worldwide [4]. One of the causes of limitations in N is the re-
markably high nutritional requirements by plants, as N is the most abundant nutrient in
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most plant tissues [5]. Plants absorb N in the inorganic form either as nitrate (NO3; ™) or
ammonium (NH4*) [6]. However, there are low inorganic N levels in the soil and a high
fraction of soil N in organic form, which is inaccessible to plants and thus contributes to
N deficiency [7]. In fact, only 0.00024% of N on Earth is considered accessible for plant
usage [5].

Plants often face challenges due to living in dynamic and complex ecosystems [8],
which in turn impact their N uptake. Several environmental factors, such as precipitation,
temperature, wind, soil type, and pH, affect N uptake. These stressors have a negative
impact on N assimilation in the plant tissues, lower N uptake, and greatly decreased crop
yields. For assimilation, nitrate needs to be reduced into ammonium ions, followed by its
assimilation into amino acids. This reduction occurs in roots as well as shoots. In contrast,
ammonium is less mobile in the soil and can be directly absorbed into amino acids [9]. The
ratio of these two types of N and how readily they are absorbed by the soil have a big
impact on N uptake efficiency.

To achieve adequate crop production levels and meet global food demands,
85-90 million metric tons of N fertilizers are added annually to the soil [10]; con-
sequently, the global demand for agricultural N fertilizer continues to escalate [11].
On the other hand, plants have poor N absorption, absorbing only 40-50% of a given
amount or even less [12-14]. The remainder is dissipated into the wider environment,
contributing to a range of ecological and human health effects [15-17]. Nitrogen trans-
ported to freshwater from agricultural soils is estimated to be 39-95 Tg yearly [18].
Furthermore, N-based fertilizers are thought to be the worst polluters of water.

Excessive N fertilizer application has economic and ecological expenses in addition
to the tremendous environmental consequences of fertilizer production. The sources of N
used in fertilizers are linked to oil prices, and the more volatile the oil market is, the more
the fertilizer price fluctuates [19]. As a result, N fertilizer is costly to produce and is the
second most expensive input for farmers after fuel, resulting in significant economic losses.
Thus, it is evident that crop uptake must be enhanced to ensure long-term agricultural
production. Less fertilizer N may be required if fertilization is carefully managed, yet grain
yields and protein may be maintained or improved [20].

A study conducted by Ferndndez and Eichert [21] suggested that improved wetting of
foliar fertilizer on the leaves increases the probability of foliar fertilizer uptake. They added
that lower wetting leads to lower absorption rates of the fertilizer formulation. To improve
the effectiveness of foliar absorption, adding adjuvants to the fertilizer formulation is often
necessary [21]. Adjuvants are defined as any material added to a spray solution to enhance
the absorption of the spray’s active ingredient, whether the spray is a fertilizer, herbicide,
or pesticide or to alter the properties of the spray [22]. When dealing with adjuvants,
identifying the specific products available and their primary function is key. Adjuvants can
be broadly categorized into several types based on their use, including wetter-spreaders,
stickers, emulsifiable oils, foliar nutrients, and compatibility agents. Among these, nearly
half of the available products are wetter-spreaders or stickers, with emulsifiable oils, foliar
nutrients, and compatibility agents accounting for another third of the registrations.

Consequently, even though there are 17 categories of adjuvants, 80% of the array of
products available are in only five categories. Seven of the categories comprise trivial uses
with minor purposes. Of the major uses, all but foliar nutrients, buffers, drift retardants,
and possibly oils usually depend on surfactants to perform their major function. It is,
therefore, important to understand the role of the surfactant chemical or principal active
ingredients in performing the functions expected of an adjuvant and to be able to read the
active ingredient statement on the label when comparing adjuvants and selecting the one
most appropriate for your specific situation. This research focused on a product that is
classified as a penetrant/uptake enhancer because it is categorized as a compound that
penetrates the skin of a plant. By examining the efficacy and mechanisms of this uptake
enhancer, the study aimed to evaluate the performance of the uptake enhancer added to
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(NHj) (NO3) fertilizer in increasing N uptake and preventing N losses in the soil profile
during and after the vegetative period.

In this study, we hypothesized that using an uptake enhancer can significantly increase
N uptake while reducing N leaching in the soil profile. By improving the mechanisms of N
absorption and assimilation in the plant root system, this uptake enhancer will thus lead to
better N retention in the soil and more efficient utilization by the plant, which will then
result in increased crop yields and reduced environmental impact.

2. Materials and Methods
2.1. Experimental Site and Materials

The study was conducted in the laboratories and glasshouses of the Department of
Soil, Crop, and Climate Sciences at the University of the Free State in Bloemfontein (29°07'S,
26°11" E), South Africa. The greenhouse temperature was maintained at 23/15 + 2 °C
during the day and nighttime, respectively. The study was carried out in August 2022 over
a period of 16 weeks using a sandy loam soil type as a growing medium to investigate
the effect of soil on the movement of N in combination with the uptake enhancer. PVC
columns of 60 cm in height (made up of six 10 cm rings taped on top of each other) were
used to conduct the experiment. The PVC columns were then closed at the bottom using
2 um netting to prevent the soil from passing through the bottom during the duration of
the experiment. Four replicated PVC columns of each treatment were placed together in a
container to collect leachate during the experiment. Each PVC column was packed with
5 kg of sandy soil to obtain a bulk density of 1000 kg m 3. For irrigation purposes, field
water capacity was maintained by applying gravimetric methods until harvest. To do this,
the columns were irrigated with distilled water until saturation to ensure maximum water-
holding capacity and then weighed. Following a 48 h drying period, the columns were
reweighed to determine water loss due to evaporation and transpiration. This weighing
process was repeated every two days to ensure that the soil remained at field water capacity.
The calculated differences in weight from one period to the next allowed us to precisely
monitor water loss and maintain optimal soil moisture levels by refilling the lost water.
Three oats seeds (cultivar SSH4817—with a medium to long growth season, suited for
grazing and hay production, high biomass, and good regrowth) were planted per column,
spaced about 3 cm apart, whereafter thinning was carried out at the two-leaf growth stage
and only one plant was left to grow in each PVC column. Early thinning was carried out to
avoid the possible future complication during root mass measurement. The experiment
was subjected to a complete randomized block design, with six different treatments and
four replicates per treatment. One part of the experiment was constructive to enable
measurements of leaching at five depth intervals. Another part of the experiment was
employed for destructive purposes, entailing the monitoring of crop N uptake at four
growth stages. For this purpose, additional PVC columns were added to include sampling
at four growth stages. PVC columns were moved around randomly within the blocks every
4 to 5 days to expose the crops to the same conditions that could apply to different areas in
the glasshouse and to prevent possible issues like shading or ventilation.

2.2. Pre-Planting Soil Sampling and Analysis

The topsoil of a fine sandy loam, originating from a plinthic Luvisol [23] was used in
these pot trials. The fertility status of the soil was, in general, excellent, according to local
guidelines [24] with a pH (H,0) of 7.2, total N of 0.06%, extractable P of 9 mg kg~ ! and
exchangeable K of 165 mg kg~ !. No additional fertilizer was thus needed other than the
treatments described below.

2.3. Treatment

The influence of uptake enhancer on the uptake of N by oats was investigated using
different treatment combinations: crop vs. no crop, fertilizer vs. no fertilizer, and uptake
enhancer vs. no uptake enhancer. A summary of the six treatment combinations used is
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given in Table 1. Ammonium nitrate fertilizer was used with a N content of 21% [ANO
21% (268.8 g L~! of N)].

Table 1. Treatment layout.

Fertilizer Uptake Enhancer
Treatment CroporNoCrop | \NO21% (Lha-1)] (1 mL L1 Fertilizer)
CNTRL No crop
C Crop

F No crop 50
CF Crop 50

FA No crop 50 1

CFA Crop 50 1

Treatments: CNTRL: control; C: crop only; F: fertilizer only; CF: crop with fertilizer; FA: fertilizer and uptake
enhancer; and CFA: crop with fertilizer and uptake enhancer.

Since the potential of the uptake enhancer to increase the uptake of N was studied,
only a quarter of the optimal dosage of the fertilizer per hectare was applied to measure the
uptake enhancer’s effectiveness on N uptake. The required volume of liquid fertilizer and
uptake enhancer was applied as soon as there was enough plant material to use for mea-
surements (3—4 weeks after emergence—growth stage 13) [25]. The different applications
were carried out by pipetting the required volume of both fertilizer and uptake enhancer
close to the stem of the crop at the soil surface, then adding 50 mL of water to wash the
product to the root area where nutrient uptake could take place. This method ensures the
treatments are applied more accurately and with each column receiving the same amount
of fertilizer.

2.4. Experimental Procedure

The experiment investigated the effect of uptake enhancer application on N leaching,
based on 10 cm soil depth intervals, and vegetative growth of oats over a 16-week period.
The study used a fine sandy loam soil, originating from a plinthic Luvisol [23]. To protect
germinating seed roots and avoid fertilizer damage, the soil columns were initially filled
up to a depth of 50 cm. Subsequently, the fertilizer was diluted in 50,000 L ha—! of distilled
water and precisely applied directly into the soil at planting. Following the fertilizer
application, a 7 cm layer of soil was added over the fertilized layer, leaving a 3 cm gap for
water application. To monitor the uptake of N by oats as influenced by different uptake
enhancer treatments, destructive harvesting was carried out three times before maturity, at
growth stage 13, 33, and 55, and lastly at harvest, which occurred at growth stage 97 [26].
The different sets of data were thus collected at 4-week intervals (weeks 4, 8, 12, and
16), respectively.

2.5. Sampling and Analyses
2.5.1. Sampling and Analyses of Soil

The soil samples from the PVC columns were collected to analyze possible N leaching
through a profile. This was carried out by separating the columns at 0-10, 10-20, 20-30,
3040, and 40-50 cm to quantify possible N leaching at these respective soil depths. The
samples were then air-dried and sieved for further analysis. Total N was determined for
each dried sample by a dry combustion method adapted from Nelson and Sommers [27]
with a TruSpec Leco CN analyzer (LECO Corp., St. Joseph, MI, USA).

2.5.2. Sampling and Analyses of Plant Samples

Plant data were collected every four weeks after treatment application up to harvest,
encompassing morphological parameters (plant height, above-ground plant measurements,
root measurements, and leaf area), physiological parameters (leaf chlorophyll content), and
yield component measurements (number of panicles per plant, number of seeds per panicle,
number of seeds per plant, total yield, and plant analysis for N). Plant height was measured
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during the vegetative growth phase and after anthesis using a measuring tape. At harvest,
all fresh and dry mass (FM and DM) of above-ground parts and roots were measured
using a weighing balance (Multitech, GF-3000, Osaka, Japan). Root volume was measured
using the water displacement method [28]. Total leaf area per plant was measured using an
LI-3100 Area meter (LI-COR, Lincoln, NE, USA). Leaf chlorophyll content was determined
non-destructively using a portable CCM-200 plus (Opti-Science, Inc., Hudson, NH, USA)
by taking three measurements from the leaf tip to base and averaging them. The uppermost
and fully expanded leaves were selected for measurement to determine the optimum
chlorophyll content. All readings were completed within 1 h to minimize errors caused by
the diurnal pattern of photosynthesis [29]. The number of panicles per plant were counted
twice, at week 12 and 16, while the number of seeds per panicle as well as seeds per plant
were counted at the maturity stage. Dried seeds’ mass was determined using a digital
scale, and the yield was expressed as yield per plant. Plant N content was assayed using a
TruSpec Leco CN Analyzer (LECO Corp., St. Joseph, MI, USA), every 4 weeks.

2.6. Statistical Analysis of Data

Analysis of variance (ANOVA) was performed on all data using the IBM SPSS Statistics
version 29 software package (SPSS Inc. IBM Corp., Armonk, NY, USA). All measured
parameters were subjected to a two-way ANOVA to determine significant differences
between the two main effects (treatment and soil depth) and their interaction at 95%
confidence level (p < 0.05). All data were tested for normality (Shapiro-Wilk test) and
homogeneity of variance (Levene’s test) before carrying out the ANOVAs.

2.7. Ethical Approval

The study was approved by the Environment and Biosafety Research Ethics Committee
(EBREC) No. UFS-ESD2023/0092.

3. Results
3.1. Effect of Uptake Enhancer Application on N Distribution
3.1.1. Effect of Uptake Enhancer Application on N Distribution through a Soil Profile

The effect of uptake enhancer application on N distribution through the soil profile
at all four growth stages is presented in Table 2. Significant differences in N content
between the treatments were found in all the respective soil layers for sampling time 1. The
CFA treatment had the most N in the upper soil layers compared to the other treatments,
followed by treatment FA. Except for the CFA treatment, all the treatments showed slightly
increased N content with soil depth, especially below the 10-20 cm soil layer. As expected,
the lowest N content was found in the control treatment (CNTRL), which also showed no
significant differences in N content across the soil depths.

For sampling time 2 at 8 weeks, the only soil layers not showing significant differences
between the treatments were the bottom soil layers (30-40 cm and 40-50 cm). Treatment
CFA showed the most stable N content at the 0-20 cm soil layer. All other treatments
showed an increase in N content with soil depth, except for treatments FA and CNTRL,
which demonstrated a straight-line trend, which shows that the soil could not retain the N.

Almost all treatments exhibited significant differences within their soil depths for
sampling time 3 at 12 weeks, except for the CNTRL treatment, which did not show any
significant differences throughout the soil profile. For the two upper soil layers (0-10 cm
and 10-20 cm), the CFA treatment, as well as treatment FA, had significantly higher N values
than the other treatments without the uptake enhancer. In fact, the reference treatments
(CNTRL and C) showed a free flow of N through the soil profile.
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Table 2. Statistical analyses showing differences found in N content (standard error) within each soil

layer for all four sampling times for treatments: CNTRL: control; C: crop only; F: fertilizer only; CF:

crop with fertilizer; FA: fertilizer and uptake enhancer; CFA: crop with fertilizer and uptake enhancer.

Sampling Time 1 (4 Weeks)

Treatments
Depth (em)  CNTRL C F CF FA CFA p-Value
010 0.0102 0.0142 0.0152 0.018 2 0.025° 0.053 € <0.001
(£0.0012) (£0.0014) (40.0035) (£0.0034) (40.0046) (40.0051) :
10290 0.0112 0.0152 0.0132 0.0142 0.0192 0.040 <0.001
(£0.0009) (£0.0027) (£0.0030) (£0.0025) (£0.0061) (40.0056) :
20.30 0.01172 0.017 3 0.018 @ 0.018 3 0.018 @ 0.025P° 0.005
(£0.0014) (£0.0035) (£0.0012) (£0.0034) (40.0083) (£0.0018) :
30.40 0.0112 0.0162 0.019° 0.019° 0.019° 0.021° 0.001
(£0.0086) (£0.0025) (£0.0019) (£0.0015) (40.0036) (40.0041) :
140-50 0.0132 0.017 @ 0.019 0.02° 0.020 @ 0.017 0.042
(£0.0015) (40.0031) (40.0031) (£0.0031) (40.0044) (40.0035) :
Sampling Time 2 (8 Weeks)
Treatments
Depth (em)  CNTRL C F CF FA CFA p-Value
0-10 0.031° 0.025° 0.023" 0.01423 0.029° 0.030° <0.001
(£0.0037) (£0.0036) (£0.0024) (£0.0021) (40.0043) (£0.0014) :
10220 0.027 € 0.024 be 0.020° 0.0122 0.028 0.029 © <0.001
(£0.0049) (0.0040) (£0.0013) (£0.0018) (£0.0032) (£0.0019) :
290-30 0.029 P 0.033° 0.023 @ 0.020° 0.028 P 0.025 b 0.009
(40.0056) (£0.0042) (40.0061) (£0.0026) (40.0045) (£0.0017) :
30.40 0.0302 0.0252 0.0332 0.0272 0.029 2 0.0242 0132
(£0.0055) (£0.0054) (£0.0067) (£0.0033) (£0.0059) (£0.0012) '
10-50 0.027 2 0.029 2 0.0312 0.028 2 0.030 2 0.0222 0.129
(£0.0084) (£0.0025) (£0.0052) (£0.0038) (£0.0043) (£0.0013) '
Sampling Time 3 (12 Weeks)
Treatments
Depth (cm)  CNTRL C F CF FA CFA p-Value
0-10 0.0122 0.0122 0.0112 0.0122 0.025° 0.022° <0.001
(£0.0005) (0.0006) (£0.0005) (£0.0010) (40.0039) (£0.0011) :
10220 0.0122 0.0132 0.0112 0.0112 0.023° 0.023° <0.001
(£0.0007) (£0.0007) (£0.0005) (£0.0015) (£0.0054) (£0.0012) :
20-30 0.0132 0.0142 0.021 0.0122 0.026° 0.020 @ 0.002
(£0.0013) (£0.0004) (40.0013) (£0.0009) (£0.0110) (£0.0013) :
30.40 0.0132 0.015 b 0.019 2 0.018 2b 0.020° 0.018 2b 0.018
(£0.0017) (£0.0010) (£0.0044) (£0.0013) (£0.0037) (£0.0023) :
4050 0.0142 0.016 2 0.022° 0.018 2 0.0162 0.0132 <0.001
(40.0031) (£0.0012) (40.0024) (£0.0016) (40.0044) (40.0016) :
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Sampling Time 4 (16 Weeks)

Treatments

Depth (cm) CNTRL C F CF FA CFA p-Value

0-10 0.008 2 0.007 2 0.006 2 0.008 @ 0.014° 0.013b <0.001
(£0.0081) (£0.0018) (£0.0032) (£0.0014) (£0.0025) (£0.0013) )

. 0.010b¢ 0.007 ab 0.004 7 0.010 b¢ 0.010 b€ 0.012°¢ <0.001
(£0.0008) (£0.0021) (£0.0009) (£0.0020) (£0.0015) (£0.0016) :

20-30 0.0102 0.007 2 0.018° 0.0112 0.0082 0.0102 <0.001
(£0.0053) (£0.0018) (£0.0017) (£0.0006) (£0.0019) (£0.0012) )

ab b c b a ab

3040 0.009 0.012 0.028 0.013 0.002 0.009 <0.001
(£0.0063) (£0.0024) (£0.0040) (£0.0014) (£0.0008) (£0.0013)
0.012 @b 0.015b 0.033 ¢ 0.014b 0.003 2 0.007 ab

40-50 <0.001
(£0.0060) (£00026) (£0.0072) (£0.0017) (£0.0027) (£0.0009)

Superscripts (2, ?, €) indicate significant differences between means within the same row based on Tukey’s HSD test
(p < 0.05). p-values in bold indicate statistical significance of mean differences; p < 0.05 is considered significant.
The bottom row in each depth represents standard errors.

For the final sampling time at 16 weeks, significant differences between treatments
were found in all soil layers. The CFA treatment, as well as treatment FA, again had more N
in the upper soil layers compared to the other treatments without the uptake enhancer and
showed a declining trend for N with soil depth. All other treatments showed an increase
in N content with soil depth. The F treatment stood out, showing a sharp increase in N
beyond the 10-20 cm soil layer, indicating N leaching.

3.1.2. Effect of Uptake Enhancer Application on N Distribution Patterns

The effect of uptake enhancer application on N distribution patterns at all four growth
stages is presented in Figure la—d. The first sampling time (week 4) in Figure 1a, showed a
high N level, which subsequently declined over time, as seen by the declining trend from
the first to the fourth sampling time. Treatments with the uptake enhancer (FA and CFA)
exhibited the highest N content in the upper soil layers and the lowest in the deeper soil
layers for all four sampling periods. Conversely, the N concentration increased with a soil
depth in treatments that had no uptake enhancer (F and CF).

—e—CNTRL C —e—F CF - FA —e—CFA —e—CNTRL C —e—F CF —e—FA —e—CFA
~ 0-10 y _ 0-10
5 5
< 1020 < 10-2
% é 0-20 (b)
g 2030 3 2040
3 3040 8 3040
40-60 40-60
0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06
0-10 —o—CNTRL C —e—F CF —e—FA —e—CFA —&—CNTRL C —o—F CF —®—FA —®—CFA
2 £ 0-10 )
3
g o ©) S 1020 @
g £
3 20-30 g 5000
2 3
@ 3040 3 3040
40-60 40-60

0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06

N content (%)

Figure 1. Nitrogen content distribution through the soil profile in different treatments, CNTRL:
control; C: crop only; F: fertilizer only, CF: crop with fertilizer; FA: fertilizer and uptake enhancer;
and CFA: crop with fertilizer and uptake enhancer, across 4 different sampling times: (a) week 4,
(b) week 8, (c) week 12, and (d) week 16.
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In week 4, the CFA treatment showed the highest N content (0.053%) in the upper soil
layer, 3-fold more compared to the N content in the deeper soil layer (0.017%), indicating
an effective start in N uptake (Figure 1a). Conversely, the F treatment showed minimal
retention in the upper soil layer. By week 8, the CFA treatment maintained stable N content
in the upper soil layer, whereas other treatments began to show increased N leaching with
soil depth (Figure 1b). By week 16, at harvest, the CFA treatment maintained N levels
in the upper soil layer (Figure 1d). Conversely, the F treatment displayed extensive N
leaching beyond the 10-20 cm soil depth, and the CNTRL and C treatments exhibited poor
N retention, with N freely flowing through the soil profile. At 40-50 cm, the CFA and CF
treatments had the lowest N content indicating almost no leaching to these deeper soil
layers. Conversely, the F treatment showed the highest N content at the deeper soil layers,
indicating that extensive N leaching took place.

3.2. Effect of Uptake Enhancer Application on Vegetative Growth of Oats

The effect of uptake enhancer application on oats morphological parameters is pre-
sented in Table 3.

Table 3. Morphological parameters (£standard errors) in oats measured for all sampling times with
the following treatments: C: crop only; CF: crop with fertilizer; and CFA: crop with fertilizer and
uptake enhancer.

S?mplmg 4 Weeks 8 Weeks 12 Weeks 16 Weeks

Time

Treatment C CF CFA C CF CFA C CF CFA C CF CFA
izr‘;t 3992 38.22 40.12 48.32 54.4° 55.4P 7244 7592 7532 79.02 80.42 83.02
(Cmg) (£5.7) (£6.6) (+4.9) (£19.4) (£259) (£7.9) (£11.1)  (+84) (£5.9) (+7.8) (£6.8) (£5.1)
‘?0‘1’1‘;3 0.852 0.582 0.7842 19.1° 1813 1752 1422 16.82 18.12 1452 1632 1494
§M © (£0.52)  (£0.48) (£0.12) (+3.6) (£3.6) (£1.45) (£1.5) (£4.1) (£3.5) (+1.5) (£1.6) (£1.5)
ﬁ’)‘l’l‘;z 0392 0222 0272 6.09 b 5623 5542 5.652 6942 6.962 5.132 7192 6.922
Ig)M ©@ (£0.18)  (£0.17)  (£0.04) (£1.01) (£0.93) (+£0.84) (£2.15) (£141) (£121) (£035) (£059) (+1.12)
‘Ifglolfme 0.09° 0.042 0.08° 0202 0.182 0.252 1.602 1.98 2P 3.34P 2252 3.05 b 4.53"°
(ml) (£0.01)  (£0.01)  (£0.01)  (£0.14)  (£0.09) (£0.11) (£0.58) (£1.11) (£1.31) (£058) (£1.11) (£1.31)
Root FM 1942 1272 1.812 7512 7.862 8.092 2.552 5.95 2 9.94 " 3.332 4.04° 3.45 b
(®) (£0.79)  (£0.72)  (£0.45)  (£2.35)  (£2.09) (£2.67) (£045) (£225) (£4.17) (£0.74) (£1.13)  (+0.41)
Root DM 1.07 " 0.55 2 1.06 P 2.852 3.162 3452 1122 2.39 ab 2.72b 1.713b 2.07° 1.612
(g) (£059)  (£0.21)  (£0.19)  (£0.63)  (£0.93)  (£147) (£0.33) (£0.86) (£0.97) (£0.36) (£0.37)  (£0.11)
Leaf area 1522 972 1762 2414 2244 2224 672 802 1012 632 752 832
(cm?) (£87) (£14) (+91) (£80) (££60) (£27) (£11) (£26) (£22) (+14) (£21) (£14)

Treatments with superscripts (%, ?, ©) indicate significant difference based on Tukey’s HSD test (p < 0.05). Signifi-

cance indicated in bold. The bottom row in each depth represents standard errors.

3.2.1. Morphological Parameters
Plant Height

No significant differences were found when comparing the treatments within each
harvesting time except for week eight, which showed that the control (treatment C) differed
significantly from the CF and F treatments. As expected, oats showed an increasing trend
in plant height with time, with the control treatment being constantly the shortest in height.
In all four sampling times, CFA treatments consistently were the tallest in plant height
compared to other treatments. Week 8 showed the most significant impact of the uptake
enhancer with a 15% increase compared to treatment C, followed by week 16, which also
increased by another 5%.
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Above-Ground FM and DM

Surprisingly, week 8 showed a significant decline in above-ground FM and DM
in the CFA treatment. However, by weeks 12 and 16, an increase in plant available N
and a subsequent absorption led to an increasing trend in the above-ground FM and
DM of the oats in the CFA treatment when compared to the C treatment, although not
statistically significant. At week 12, the FM in the CFA treatment exhibited an increase of
23% compared to the CNTRL treatment. By week 16, this increasing trend rose to 35% in
dry mass compared to the control. Notably, the CF treatment had the highest DM, which is
slightly higher than the CFA treatment by 4%.

Root Measurements

The root volume of oats exhibited consistent and statistically significant increases each
week where N was applied, particularly in the CFA treatment, except for the first 8 weeks,
which did not show any statistical significance. The uptake enhancer’s impact on the root
volume of oats was highest at week 12, with a remarkable 108% increase compared to
treatment C. This significant effect persisted in week 16, with a substantial 101% increase.
The root mass of oats also showed a noticeable increase, particularly from the 8th week,
even though week 8 was not statistically significant. The DM of oats increased significantly
by 144% in the CFA treatment at 12 weeks when compared to all other sampling times.

Leaf Area

As expected, there was a declining trend in the leaf area of oats with time, starting
from the 8th week; although, none of the sampling times were statistically significant. The
leaf area showed a discernible increase when N was applied with treatment CF and CFA,
except for week 8, which showed an opposite trend, with C having the highest increase in
leaf area.

3.2.2. Physiological Parameters and Yield Component Measurements

The effect of uptake enhancer application on oats physiological and yield parameters
is presented in Table 4.

Table 4. Physiological and yield component parameters (+standard errors) in oats measured for all
sampling times with the following treatments: C: crop only; CF: crop with fertilizer; and CFA: crop
with fertilizer and uptake enhancer.

Sampling Time 4 Weeks 8 Weeks 12 Weeks 16 Weeks
Treatment C CF CFA C CF CFA C CF CFA C CF CFA
Chlorophyll content ~ 15.8 2 18.02 17.6 1032 162° 141 342 512 5.62 1.32 14° 132
(CUL) (£8.3)  (£72)  (£108) (+6.4) (+88)  (£7.1)  (£2.8) (£3.1)  (£25) (£0.6) (£05)  (£0.6)
Panicle FM (g) 3822 5.66 2 5.732 5.522 7.32b 6.48 ab
& - - - - - - (£1.04) (£093) (£096) (£144) (£1.67) (£1.85)
Panicle DM (g) 1.342 2432 2422 3.012 419  4.24Pb
& - - - - - - (£0.76) (£0.83) (£124) (£1.68) (£1.23) (£1.78)
Nr of seeds per 542 752 732 68 2 92 ab 100 b
plant - - - - - - (£8) (£16)  (£12)  (£19)  (x22)  (+24)
Total yield—seed 1.343 2543 2433 3197  443b  451P
mass (g) - - - - - - (£123) (£1.67) (£1.87) (£133) (£2.11) (£1.98)
N content in plants ~ 1.63 2 1.692 1.954 0.592 0.652 0.682 02742 0262 0332 0324 0302 0.332
(%) (£0.18)  (£0.13) (£051) (£0.06) (£0.12) (+0.11) (£0.04) (£0.06) (+0.06) (+0.04) (£0.03) (+0.04)

Treatments with superscripts (%, b <) indicate significant difference based on Tukey’s HSD test (p < 0.05). Signifi-

cance indicated in bold. The bottom row in each depth represents standard errors.

While oats displayed a declining trend in leaf chlorophyll content over time, a signifi-
cant boost attributed to the uptake enhancer emerged at week 8, yet consistently higher
chlorophyll content resulted from fertilizer application with the enhancer across all sam-
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pling times. Additionally, the application of fertilizer and uptake enhancer at weeks 12
and 16 generally increased both panicle fresh weight (FM) and dry matter (DM), with
significance observed only at week 16. Notably, the DM of panicles in the CFA treatment
surpassed that of treatment C by 81% and 41% at weeks 12 and 16, respectively.

Number of Seeds per Plant

While statistical significance was observed for seed numbers among treatments at
week 16, indicating a difference between treatment groups, week 12 showed no statistically
significant differences; however, there was still a notable difference between treatment C
and CFA. Adding the uptake enhancer increased the seed numbers of oats in weeks 12
and 16, with week 12 showing a 36% increase and week 16 demonstrating a 47% increase
compared to treatment C.

Total Yield

Even though the influence of the fertilizer and uptake enhancer was notable at both
sampling times, it was only significant at week 16. Adding the uptake enhancer increased
the seed mass of oats in both weeks 12 and 16. Week 12 had a 41% increase in seed mass,
with treatment CF displaying the highest increase of 89%. On the other hand, the CFA
treatment had a slightly lower increase of 81% in week 12. Week 16 demonstrated the
highest increase in seed mass, with a 41% increase in the CFA treatment.

Plant Analysis for N

Although not statistically significant, there was a trend of decreasing N content in oats
over time. Notably, the uptake enhancer had a substantial and consistent impact in all the
sampling times, demonstrating its impact on N uptake by the plant.

4. Discussion
4.1. Effect of Uptake Enhancer on N Distribution through a Soil Profile

The application of the uptake enhancer in sandy soil profiles has provided significant
insight into the N distribution in nutrient management. At the initial sampling time
(4 weeks), the CFA treatment demonstrated the highest significant increases in N content in
the upper soil layers where crops mainly acquire nutrients, preventing N leaching by 194%
at 0-10 cm soil depth and 186% at 10-20 cm soil depth. Conversely, the lowest N content
was found in the CNTRL treatment across all depths, with no significant variations across
depths due to the nature of the soil. Nitrogen availability in the early stages of growth
is greatly influenced by soil structure and texture. Sandy soil profiles frequently show
rapid drainage, which may cause nutrients to leach more quickly. Additionally, N is mobile
and tends to disperse relatively evenly across the soil profile in well-drained soils, which
reduces the variation in its availability across soil depths [30]. These findings demonstrate
how well the uptake enhancer can retain N in the upper soil layers and prevent it from
leaching. The results are in line with the study conducted by Baratella et al. [31], which
showed the positive impact of an uptake enhancer on nutrient distribution and retention in
various soil types.

At week 8, significant differences between treatments were observed across the upper
soil layers (0-20 cm), particularly treatment CFA, which maintained stable N content
in the upper soil layers. In contrast, the other treatments exhibited higher leaching of
N at deeper soil depths (mainly below 20 cm). The FA treatment proved less effective
without a crop, while the CFA treatment significantly reduced leaching. According to Smith
et al. [32], uptake enhancers are crop-dependent, so crops should be added to enhance
their effectiveness.

The impact of uptake enhancer treatment was further observed at weeks 12 and 16,
with significant differences across soil depths of most treatments, except for the CNTRL
treatment. These findings collectively highlight the importance of uptake enhancer applica-
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tion in improving N retention, particularly in the upper soil layers, which are crucial for
crop nutrient uptake.

When comparing N distribution at different sampling times, the CFA treatment con-
sistently surpassed other treatments in retaining N in the upper soil across all growth
stages, minimizing leaching and facilitating better N uptake by oats. Though less than the
CFA treatment, the FA treatment also had excellent results, demonstrating the adjuvant’s
beneficial effects when combined with fertilizer. Treatments with the uptake enhancer
exhibited the highest N content in the upper soil layers and the lowest in the deeper soil
layers. Conversely, the N concentration increased with soil depth in treatments that had no
uptake enhancer. These findings are supported by observed variations in N content across
sampling times, which reflect the complex interactions between soil characteristics, nutrient
availability, and plant physiology [33]. The use of the uptake enhancer can greatly improve
N retention in the root zone, thereby reducing leaching and promoting more efficient use
of N by crops.

4.2. Effect of Uptake Enhancer Application on Vegetative Growth

The results at week 8 exhibited a significant impact of the uptake enhancer application,
with the CFA treatment showing a remarkable 15% increase in plant height compared to
the C treatment (Table 3). This significant increase in oat height is due to the essential role
of N for plant biological processes, significantly impacting cell division and meristematic
activity. Nitrogen fertilizer enhances cell size and division speed, leading to increased
amino acids, including tryptophan, which are precursors for auxin, promoting cell division
and height growth. The present findings align with those of Midha et al. [34], who observed
that oat plants grew 41% taller, upon applying N at a rate of 120 kg ha~!. This highlights
the advantageous effect of N on plant height and growth as a whole. The overall results
showed how the uptake enhancer may help to stimulate early vegetative growth. The
first eight weeks showed no significant increase in above-ground mass; in fact, the CFA
showed a negative response, with controls recording the highest mass. This correlates
with the typical early vegetative phase of oats, which favors root growth. Conversely,
although insignificant, the subsequent weeks showed a notable increasing trend, indicating
the uptake enhancer’s impact on biomass production.

The application of fertilizer and uptake enhancer improved leaf area and chlorophyll
content, enhancing photosynthetic potential despite a decline observed in both parameters
over time, which is consistent with natural aging processes (Table 4). The outcomes
correspond with the research by Singh et al. [35], who also observed a decline in chlorophyll
content and leaf area in roots as oat plants age. The rise in the leaf-to-stem ratio can also be
attributed to the role of N in biological processes, boosting cell division and meristematic
activity, thereby expanding leaf surface area. Moreover, increased N enhances chlorophyll
pigment, improving photosynthesis efficiency and leaf area. This extensive improvement
in plant physiology brought about by increased absorption of N emphasizes the possible
advantages of employing uptake boosters to maximize nutrient usage and encourage
quicker plant growth.

The high growth in root volume, root FM, and DM in the CFA treatment proves the
uptake enhancer’s beneficial effects on root growth and nutrient absorption. Improved root
development enhances root surface area, which greatly improves the capacity of a plant to
filter through the soil and absorb water and nutrients. The results are consistent with the
study by Baratella et al. [31], who reported that applying an uptake enhancer onto a crop
can promote root water uptake and, in turn, nutrient integration. The 144% increase in DM
in the CFA treatment at week 12 suggests that the uptake enhancer significantly affected
root biomass accumulation, which is crucial for nutrient uptake (Table 3). However, it is
important to note that the use of PVC columns for growing plants has some constraints
on root development and nutrient uptake due to the confined space. This might have
potentially influenced nutrient acquisition patterns, especially in the treatments without
the uptake enhancer. Improved panicle FM and DM after uptake enhancer applications
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imply that the uptake enhancer has the potential to improve grain output, an essential
component of agricultural yield.

The increase in the number of seeds per plant, particularly at week 16, indicates the
favorable impact of the uptake enhancer on the plant’s reproductive cells, potentially en-
hancing the yield potential (Table 4). The increase in seed number in inflorescences is likely
due to higher N levels, which enhance photosynthesis efficiency and chlorophyll content,
resulting in more spikelets and reduced flower cluster abortion due to less competition for
nutrients. This aligns with previous research that was conducted by Wei et al. [36], who
found that adequate N supply is crucial for maximizing reproductive success and yield
in crops. Although statistical significance was only observed in week 16, the noticeable
difference in week 12 suggests that uptake enhancers positively impacted seed output. The
significant impact of the uptake enhancer application on total yield at week 16 underscores
its practical significance, as a higher yield is often the primary goal of agriculture. The
significant yield increase can be attributed to the role of N in boosting the number of
flowering buds and grains per inflorescence, thus improving the grain yield. This increase
in grain and straw components enhances biological yield, corroborating earlier studies
on the positive impact of N on yield [37]. These findings underscore the importance of
N management in maximizing crop productivity and overall agricultural sustainability.
Additionally, the considerable increase in grain yield is consistent with the study by Singh
et al. [38], who discovered improved crop yields with uptake enhancer application. Despite
not being statistically significant, the consistent effect of the uptake enhancer on the N
content in the crop throughout the sampling time is noteworthy and suggests improved
nutrient uptake. The findings strongly suggest that the uptake enhancer plays a crucial
role in enhancing crop uptake of nutrients.

5. Conclusions

This study concludes that the uptake enhancer effectively improved crop performance
and soil nutrient distribution by retaining nitrogen in upper soil layers, enhancing plant-
available pools, and significantly increasing nitrogen content and distribution compared to
control profiles. Enhanced vegetative parameters, including leaf area, plant height, and
chlorophyll content, suggest a physiological response to increased nitrogen. Moreover, the
uptake enhancer influenced root system development, enhancing root volume and biomass
and improving nutrient absorption efficiency. While this method shows promise for
enhancing agricultural productivity and nutrient management efficiency, further research,
including field trials considering different climates, soil types, application methods, and
crops, is crucial to assess its long-term impact and ensure sustainable agricultural practices.
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