agronomy

Article

Remote Sensing Meets Agronomy: A Three-Year Field Study of
Tritordeum’s Response to Enhanced Efficiency Fertilisers

George Papadopoulos

1,2,*(2 Toannis Zafeiriou

4

3 , Antonia Oikonomou 4,

, Evgenia Georgiou 3

Antonios Mavroeidis !, Panteleimon Stavropoulos 17, Ioanna Kakabouki (¥, Spyros Fountas 2

and Dimitrios Bilalis !

check for
updates

Academic Editor: Xiongkui He

Received: 10 August 2025
Revised: 11 September 2025
Accepted: 18 September 2025
Published: 22 September 2025

Citation: Papadopoulos, G.;
Zafeiriou, I.; Georgiou, E.; Oikonomou,
A.; Mavroeidis, A.; Stavropoulos, P.;
Kakabouki, I.; Fountas, S.; Bilalis, D.
Remote Sensing Meets Agronomy: A
Three-Year Field Study of
Tritordeum’s Response to Enhanced
Efficiency Fertilisers. Agronomy 2025,
15,2244. https://doi.org/10.3390/
agronomy15092244

Copyright: © 2025 by the authors.
Licensee MDP], 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/).

Laboratory of Agronomy, Department of Crop Science, Agricultural University of Athens, 11855 Athens,
Greece; antoniosmauroeidis@gmail.com (A.M.); stavropoulosp@aua.gr (P.S.); i. kakabouki@aua.gr (1.K.);
bilalis@aua.gr (D.B.)

Laboratory of Agricultural Engineering, Department of Natural Resources Management & Agricultural
Engineering, School of Environment and Agricultural Engineering, Agricultural University of Athens,
11855 Athens, Greece; sfountas@aua.gr

Laboratory of Soil Science and Agricultural Chemistry, Agricultural University of Athens, 11855 Athens,
Greece; ioannis.zafeiriou@aua.gr (I.Z.); georgiouninal8@gmail.com (E.G.)

Laboratory of Minerology and Geology, Department of Natural Resources and Agricultural Engineering,
School of Environment and Agricultural Engineering, Agricultural University of Athens, 75 Iera Odos Str.,
Votanikos, 11855 Athens, Greece; ninaoik2001@gmail.com

*  Correspondence: gpapadopoulos@aua.gr

Abstract

This three-year field study evaluated the agronomic and physiological responses of Tri-
tordeum to nitrogen fertilisation strategies under Mediterranean conditions using an in-
tegrated approach combining GDD-aligned phenological monitoring, UAV-based mul-
tispectral imaging, and soil analysis. Treatments included conventional urea, urea with
a nitrification inhibitor (U+NI; DMPP-based), and urea with a urease inhibitor (U+UI;
NBPT-based), compared to an unfertilised control. All nitrogen treatments significantly in-
creased grain yield, reaching up to 2319 kg ha~! under the nitrification inhibitor treatment
(26% higher than the control), and protein content, which peaked at 16.04% under urea.
Temporal analysis revealed that urea with nitrification inhibitors consistently enhanced
plant height, canopy greenness, and pigment retention during flowering to ripening stages,
with NDVI and MCARI peaking under U+NI in 2025. In contrast, urea with urease in-
hibitor promoted greater early-season biomass and height. Soil nitrogen retention was
slightly improved under both EEF treatments, with no adverse effects on pH or salinity. The
strong alignment between UAV-derived indices and agronomic traits supports their use for
monitoring nitrogen response. These findings demonstrate the benefits of a stage-specific
fertilisation strategy, deploying urea with nitrification inhibitor early and urea with urease
inhibitor during peak vegetative growth, to improve nitrogen synchrony with crop demand
and support sustainable crop management in Tritordeum.

Keywords: multispectral vegetation indices; UAV; enhanced efficiency fertilizers; urease
inhibitor; nitrification inhibitor; tritordeum; Mediterranean agroecosystems

1. Introduction

In recent years, smart farming technologies have revolutionized crop monitoring, en-
abling rapid, non-invasive, and cost-effective assessment of growth, health, and nutritional
status. Multispectral vegetation indices (VIs) derived from remote sensing platforms, such
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as unmanned aerial vehicles (UAVs) and satellites, have emerged as powerful tools for
tracking key agronomic traits, including biomass accumulation, plant height, and overall
crop vigor [1-5]. Several Vs, notably the Normalized Difference Vegetation Index (NDVI),
Green NDVI (GNDVI), Normalized Difference Red Edge Index (NDRE), and Modified
Chlorophyll Absorption Ratio Index (MCARI), are widely used due to their sensitivity to
chlorophyll content, canopy structure, and photosynthetic activity [6-9]. Given N's critical
role in chlorophyll synthesis, enzyme activation, and overall plant growth, these indices
provide indirect yet reliable indicators of crop N status [10].

NDVI, commonly used to estimate canopy greenness, frequently correlates with N
content, especially in cereals [9], however NDVI often saturates under dense canopies.
GNDVI and NDRE mitigate this limitation by utilizing the green and red-edge spectral
bands, respectively, improving N detection across growth stages [6,8,11]. MCARI further
enhances sensitivity by focusing on chlorophyll absorption while minimizing canopy
structure effects [7]. Multispectral imaging has consistently proven effective for assessing
N status in cereals; for example, Bagheri, (2017) [12] reported high correlation between
multispectral data and canopy N status in maize, while other studies have demonstrated
its usefulness for detecting nitrogen stress in winter wheat [13].

While multispectral VIs timely and spatially rich insights into crop status, their inter-
pretation becomes more robust when complemented by foundational agronomic parame-
ters, especially in the context of N application assessment. Traits such as plant height, fresh
and dry biomass, spike length, thousand grain weight (TGW), and seed protein content
are well-established indicators of plant growth, nutrient uptake, and yield potential [14,15].
These parameters have long served as reliable proxies for crop vigor and are critical for
evaluating physiological responses to fertilisation regimes under varying environmental
conditions. Equally important is the timing of data collection, as crop development and N
demand vary significantly across growth stages. Standardizing phenological monitoring us-
ing Growing Degree Days (GDDs), a thermal time index that integrates daily temperature,
has emerged as a reliable method for capturing crop development in a temperature-driven
and climate-resilient manner [16]. This is particularly relevant in Mediterranean sys-
tems, where climate variability, including heatwaves and irregular rainfall, often disrupts
calendar-based staging [17]. By aligning agronomic measurements and remote sensing data
with GDD-calibrated phenological stages, a more precise understanding of crop responses
to N fertilisation can be achieved, enhancing the comparability and reliability of treatment
effects across seasons and conditions.

Tritordeum (x Tritordeum Ascherson et Graebner) is an emerging amphiploid cereal
developed through the hybridization of durum wheat (Triticum turgidum) and wild barley
(Hordeum chilense), recognized for its adaptability to Mediterranean agro-climatic con-
ditions and potential to support climate-resilient, low-input farming systems [16,18,19].
Its notable agronomic traits, such as tolerance to drought and heat stress, moderate to
high protein content, and suitability for organic farming, make it a valuable alternative to
traditional cereals like wheat and barley, particularly in countries such as Greece, Spain, and
Italy [20,21]. Despite these promising characteristics, the crop’s response to N fertilisation
remains largely underexplored, with only limited insights available compared to its wheat
and barley parents [22]. At the same time, Enhanced Efficiency Fertilisers (EEFs), including
urease inhibitors such as N-(n-butyl) thiophosphoric triamide (NBPT) and nitrification
inhibitors like dicyandiamide (DCD) and nitrapyrin, have shown significant potential to
reduce N losses and enhance nitrogen use efficiency (NUE) in major cereals such as wheat
and maize [23-27]. For instance, NBPT has been shown to reduce ammonia volatilisation
by over 50% and improve grain yield under high-temperature conditions [27], while DCD
and nitrapyrin have effectively lowered nitrate leaching and nitrous oxide emissions in
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intensive cropping systems [28,29]. However, limited studies have examined how Tri-
tordeum performs under EEF regimes over multiple growing seasons using an integrated
remote sensing and agronomic approach. Given its increasing relevance for Mediterranean
cereal production, understanding Tritordeum’s physiological and agronomic responses
to EEFs is essential to design fertilization strategies that optimize yield and grain quality
while mitigating environmental impacts.

This study aims to address the current research gap by conducting a three-year field
experiment to evaluate Tritordeum'’s response to N application under EEFs, combining
remote sensing, agronomic measurements, and soil fertility analysis. Three fertilisation
strategies were assessed: conventional urea, urea combined with a urease inhibitor (NBPT),
urea combined with a nitrification inhibitor (DMPP), and an unfertilised control. Key
agronomic traits and UAV-derived multispectral VIs were monitored at five phenological
stages, standardized using GDDs to ensure temporal consistency. Additionally, baseline
and post-harvest soil analyses were conducted to assess potential long-term effects of
EEFs on soil fertility. This integrated, multi-year approach provides novel insights into
Tritordeum’s physiological and agronomic response to N fertilisation strategies, offering a
basis for tailored, sustainable fertilizer management in Mediterranean cereal systems.

2. Materials and Methods
2.1. Experimental Site and Design

A three-year field experiment was carried out in Greece from November 2022 to May
2025 at the experimental site of the Laboratory of Agronomy, Agricultural University of
Athens (37°59'01.83" N, 23°42/07.37" E; altitude: 30 m). The geographical location of the
experimental field is shown in Figure 1. The plant material used was ‘Bulel’, the second
commercial cultivar of Tritordeum (x Tritordeum martinii A. Pujadas, nothosp. nov.), which
was registered in 2013 with the Community Plant Variety Office (CPVO). To underline the
previous management history of the experimental site, it was cultivated with wheat and
barley. Climatic data, including mean air temperature and total precipitation, for the three
years, were obtained from the National Observatory of Athens (“Athens-Votanikos/Gazi
Region” weather station—"Link: http://meteo.gr/stations/athens/” (accessed on 20 June
2025)). The data are presented in detail in Figure 2.

Figure 1. Geographical location of the experimental field within Greece.
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Figure 2. Climatic Data over the cultivation seasons, throughout the duration of the experiment.

A completely randomized block design (CRBD) was employed, incorporating three
urea-based fertilization treatments, each replicated four times. The CRBD was applied at
the beginning of the trial (2022-2023), and the same plots consistently received the same
fertilisation treatments across all three cropping seasons, ensuring treatment continuity and
allowing assessment of cumulative effects. Statistical analyses were performed separately
for each year to account for interannual variability. The layout of the experimental design
is illustrated in Figure 3. An unfertilized plot served as the control treatment (C). The three
urea-based fertilisation treatments were as follows: (U) urea (46-0-0), (U+NI) urea (46-0-0)
with a nitrification inhibitor [3,4-dimethyl-1H-pyrazole phosphate (DMPP; 0.276%)] and
(U+UI) urea (46-0-0) with a urease inhibitor [NBPT(N-(n-butyl) thiophosphoric triamide)
0.06%]. The experimental field covered an area of 420 m?, with each plot measuring
40m x 5.0 m (20 m?).

Figure 3. Layout of the experimental design.

Seeds were sown at a depth of 2-3 cm, with 20 cm row spacing with the seeding density
estimated at approximately 2.5 million seeds ha~!. Fertilizer treatments were applied in
two stages: a basic application (115 kg N ha~!) and second application (60 kg N ha™1)
40 days after sowing. Both applications followed the assigned treatments (U, U+NI, U+UI).
Weed control was performed weekly by hand, and at maturity, the entire plot was manually
harvested. Figure 4 provides a detailed schedule of field operations during the three-year
experimental period.
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Figure 4. Detailed schedule of field operations during the experimental period (2022-2025).

2.2. Measured Parameters
2.2.1. Soil Sampling and Analysis

Soil sampling was conducted twice during the experimental period: initially, before
the first cultivation season (November 2022), to assess baseline soil properties, and sub-
sequently at the end of the final season (May 2025), to evaluate the cumulative effect of
the different fertilization strategies. In both phases, topsoil samples (0—20 cm) were col-
lected from the experimental field, placed in sterile plastic bags, and transported to the
laboratory. Samples were air-dried, passed through a 2 mm sieve, and stored for further
analysis. Soil texture was determined only at the first phase of sampling using the Bouy-
oucos hydrometer method [30]. Soil organic matter (SOM) content was analyzed using
the Walkley-Black dichromate oxidation method, while soil pH and electrical conductivity
(EC) were measured electrometrically in a 1:1 (w/v) soil-to-water suspension using an
automated pH meter and conductivity meter (Selecta 2000, J.P. Selecta S.A., Barcelona,
Spain) [31,32]. Available phosphorus was determined by the Olsen method [33], and total
N concentration was measured using the Kjeldahl method [34]. Exchangeable cations
were extracted with 1 M ammonium acetate following the method of Thomas, 1982 [35].
Micronutrient concentrations, including copper (Cu), manganese (Mn), iron (Fe), and zinc
(Zn), were determined using the DTPA extraction method in a 1:2 (w/v) soil-to-ammonium
acetate suspension [36].

2.2.2. Phenological Staging Based on Growing Degree Days

GDDs were calculated to determine the critical phenological stages of Tritordeum
during each growing season. GDDs enable consistent comparison of crop development
across the three experimental years. Specifically, daily GDDs were calculated using the
following Equation (1), as described by [37].

(Tmin + Tmax)

DDs =
GDDs 7

—Tb 1)
where Tmax and Tmin are the maximum and minimum daily air temperature (°C), and Tb
is the base temperature for the crop. Based on literature values for durum wheat (Triticum
turgidum) and wild barley (Hordeum vulgare), Tb was set at 5.0 °C [16]. Phenological
stages were identified in the field according to the BBCH scale [38], and the corresponding
accumulated GDDs were recorded at each observed stage. These phenological stages were
used to coordinate agronomic sampling and conduct stage-specific measurements.

2.2.3. Agronomic Traits and Qualitative Characteristics

Agronomic measurements were conducted at five key phenological stages, stem elon-
gation, flowering, seed filling, and ripening/senescence, determined each season based on
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accumulated GDDs. At each stage, five representative plants were randomly sampled from
each plot and transported to the laboratory, where plant height and fresh weight were mea-
sured. At the final phenological stage (ripening/senescence), spike length was measured to
assess any morphological differences influenced by the fertilization treatments. The overall
yield was calculated by harvesting the entire plot, with seed extraction performed using
a Wintersteiger LD350 (Wintersteger, Ried im Innkreis, Austria) plot combine harvester.
After harvesting the Thousand grain weight (TGW) was determined by randomly selecting
and weighing 1000 seeds from each plot. For the protein analysis, seeds were oven-dried at
60 °C using a drying oven (DHG-9203A, Zhengzhou Wollen, China)until a constant weight
was achieved. The dried samples were then ground to a particle size of less than 0.5 mm
using a stainless-steel mill. Total N concentration in seeds was determined using the Kjel-
dahl method, following the procedure described by Nelson and Sommers (1980) [39], and
protein content was calculated as N% x 5.7 [40].

2.2.4. Multispectral Indices—UAV Flights

Remote sensing measurements were conducted using a DJI Phantom 4 Multispectral
UAV (DJI, Shenzhen, China) (Figure 5), equipped with an integrated multispectral camera
comprising five monochrome sensors (blue: 450 £ 16 nm, green: 560 £ 16 nm, red:
650 £ 16 nm, red edge: 730 £ 16 nm, near-infrared: 840 &+ 26 nm) and one RGB sensor
for visible light imaging. This system enables high-resolution, co-registered imagery
for vegetation index calculation. Flights were conducted at 20 m height, with a GSD of
1.1 cm pixel ™!, and 80% overlap and 80% sidelap between images. The camera captured
one image every 2.0 s, acquiring six simultaneous spectral images of each location from the
same viewing angle. All UAV flights were conducted between late morning and midday
to ensure consistent, near-vertical solar illumination and minimize shadow interference.
Image acquisition was performed at five key phenological stages, aligned with agronomic
trait measurements. The collected multispectral images were processed using PIX4Dfields
(v2.9.5) to generate high-resolution orthomosaics via photogrammetric reconstruction.
Subsequently, four VIs, NDVI, GNDVI, NDRE, and MCARI, were calculated within the
same software environment using the formulas presented in Table 1.

Figure 5. DJI Phantom 4 Multispectral UAV used for remote sensing measurements.

The selection of these indices was primarily based on their extensive utilization in the
evaluation of vegetation vigor, chlorophyll content, and canopy structure. Each index employs
a distinct region of the electromagnetic spectrum, such as the visible, red-edge, and near-
infrared, thereby providing complementary insights into health and biomass of plants. The
resulting orthomosaics and index layers were projected at WGS 84/UTM zone 34N coordinate
system, and imported into ArcGIS (v10.8.1, ESRI) environment, for geostatistical analyses
at plot level. This workflow ensured accurate spatial alignment and allowed for detailed
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study of spatial variability among treatments. Spatial analysis was based on the extraction
of vegetation index values from systematically sampled locations within each plot, ensuring
unbiased representation of canopy variability for subsequent statistical evaluation.

Table 1. Multispectral Vegetation Indices used in the study and their mathematical formulations.

MuIlrt‘ﬁfczcétral Equation Reference
NDVI % [41] (Rouse & Haas, 1974)
GNDVI % [42] (Gitelson et al., 2005)
NDRE % [6] (Barnes et al., 1999)
RedEdge — RED) — (0.2(RedEd
MCARI [((RedEdge ) e 02(RedBdge 1 1y by, 2000)

Green)]( R?ggge)

2.3. Statistical Analysis

All statistical analyses were performed in the SPSS statistical software (IBM SPSS
Statistics v27.0.1.0). Initially, descriptive statistics were calculated for each variable to
summarize the data distribution across treatments. One-way analysis of variance (ANOVA)
was conducted to assess the effect of treatments on the measured parameters. Turkey’s
HSD post hoc test was then used for pair-wise comparisons, where significant differences
were detected (p < 0.05). The assumptions of normality and homogeneity were tested prior
to conducting the analysis of variance (ANOVA).

3. Results
3.1. Soil Properties of the Studied Soil

The physicochemical characteristics of the soil are summarized in Table 2. Baseline
values were established at the beginning of the experiment (November 2022) to provide
a reference for evaluating treatment effects over time. The soil was initially classified as
clay loam, with a satisfactory nutrient status indicative of prior adequate fertilization. At
the starting time, the mean soil pH was recorded at 7.96. By the end of the experimental
period (May 2025), a slight decline in pH values was observed across all treatments. The
highest pH at the final stage was found in the control (C) at 7.82, while fertilized plots
exhibited slightly lower values of 7.73, 7.78, and 7.76 for treatments U, U+UI, and U+NI,
respectively. In contrast, EC demonstrated a clear increasing trend, among all the treatments,
throughout the study. Initial EC values averaged 219 uS/cm, increasing by the end of the
trial to 485 uS/cm (U), 522 uS/cm (U+UI), and 553 uS/cm (U+NI). For the remaining soil
parameters, no statistically significant differences were detected between treatments. Most
nutrients showed a natural declining trend over time, likely due to plant uptake and the
absence of additional nutrient inputs during the experimental period.

Table 2. Soil Properties from the experimental field.

Soil Properties pH EC SOM N P K Fe Cu Mn Zn

Baseline 7.96 219 2.54 0.19 30.65  285.00 4.56 8.94 12.77 8.41
- & C 7.82 474 2.50 0.17 2720  207.80 412 8.45 11.56 8.45
2 8| U 7.73 485 2.51 0.19 2285 21110 3.96 8.26 12.36 8.22
5 = U+NI 7.78 522 2.48 0.20 23.07 216.40 4.05 8.32 12.04 8.17
9 U+UI 776 553 2.46 0.21 2213  225.00 4.10 8.56 11.78 8.34

Table details: Soil pH measured in a 1:1 soil-water ratio; EC: (uS/cm); SOM: (%); Exchangeable K: (mg/kg);
Total-N: (%); P: (mg/kg); Fe, Cu, Mn, Zn: (mg/kg).
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3.2. Growing Degree Days (GDDs)

The accumulation of GDDs was monitored across all phenological stages of Tri-
tordeum during three consecutive growing seasons [43]. GDD values were consistent
throughout the years, indicating relatively stable thermal conditions throughout the experi-
mental period (Table 3). During the emergence stage (BBCH 00-19), GDDs ranged from
127.60 to 130.45, while in the tillering stage (BBCH 20-29), values remained steady around
370 GDDs across all seasons. The stem elongation stage (BBCH 30-39) occurred at around
597.80-598.30 GDDs. Flowering (BBCH 60-69) was consistently observed from 807.20 to
810.50 GDDs, followed by Seed Filling (BBCH 70-79) around 1072.40-1078.05 GDDs. More
variation was observed during the ripening stage (BBCH 80-89), where GDDs ranged
from 1430.40 to 1479.05. The senescence stage (BBCH 90-99) recorded the highest cu-
mulative GDDs, with values ranging from 1606.45 to 1795.35, indicating differences in
the length of the final phenological phase across years. Overall, the observed stability in
GDD accumulation up to flowering reflects consistent thermal conditions critical for early
crop development, while slight differences in the ripening and senescence stages suggest
potential variability in late-season temperature regimes.

Table 3. Growing degree days (GDDs) during the experimental period (2022-2025) [43].

Growing Season 2022-2023 2023-2024 2024-2025

Emergence [BBCH 00-19] 127.60 129.65 130.45
Tillering [BBCH 20-29] 373.15 369.45 370.80
Stem Elongation [BBCH 30-39] 597.80 597.00 598.30
Flowering [BBCH 60-69] 811.15 807.20 810.50
Seed Filling [BBCH 70-79] 1077.05 1072.40 1078.05
Ripening [BBCH 80-89] 1430.40 1479.05 1449.15
Senescence [BBCH 90-99] 1617.20 1795.35 1606.45

3.3. Effect of Different Types of N Fertilization on Agronomic Characteristics

Agronomic traits recorded during the tillering stage (BBCH 20-29) are presented
in Table 4. Plant height exhibited statistically significant differences among treatments
only in the 2024 season (F = 6.973, p < 0.05), where fertilization significantly influenced
growth. Plants treated with a nitrification inhibitor (24.50 + 0.85 cm), urease inhibitor
(23.68 £ 1.10 cm), and urea (23.78 £ 1.22 cm) were significantly taller than those in the
control treatment (21.02 &= 1.39 cm). In 2023 and 2025, differences in plant height among
treatments were not statistically significant; however, higher mean values were consistently
observed under the EEF treatments. Fresh weight showed no significant variation across
treatments in any year; nevertheless, numerically higher values were recorded in the U+UI
and U+NI plots in both 2024 (1.66 + 0.46 g and 1.46 £ 0.22 g, respectively) and 2025
(0.665 £ 0.035 g and 0.665 £ 0.167 g, respectively).

In contrast, agronomic traits recorded at the stem elongation stage (BBCH 30-39)
(Table 5) showed significant differences in plant height across all three growing seasons.
EEFs consistently demonstrated superior performance in promoting plant height compared
to both the urea and control treatments. In 2023, the highest height of plants was recorded
under the nitrification inhibitor treatment (36.208 + 1.213 cm), while in 2024, the tallest
plants were observed in the urease inhibitor treatment (47.108 £ 1.014 cm). In 2025, U+NI
again resulted in the greatest height (33.050 £ 1.801 cm). Fresh weight did not show
significant variation among treatments in any year; however, numerically higher values
were again observed in the fertilized treatments compared to the control.
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Table 4. Agronomic characteristics on Tillering [BBCH 20-29].

Tillering [BBCH 20-29]

Treatment C U U+NI U+UI

a Height 23.433 + 1.159 23.673 + 1.780 25.268 + 1.464 25.000 4+ 1.284
HQ F 1.646 ns

% & Fresh Weight 1.192 + 0.220 1.155 £ 0.132 1.367 + 0.280 1.234 + 0.082
= F 0.907 ns

% Height 21.017 +1.394a 23.775+1220b 24500+ 0.850b  23.683 + 1.101 b
HZ F 6.973 %

% & Fresh Weight 1.390 + 0.383 1.314 + 0.394 1.457 £+ 0.225 1.665 + 0.458
p= F 0.646 ns

a Height 15.025 4+ 0.791 16.050 £+ 0.775 15.050 4 0.795 15.150 4+ 2.293
+H 8 F 0.541 ns

g & Fresh Weight 0.628 4+ 0.061 0.656 + 0.165 0.665 4+ 0.167 0.665 + 0.035
p F 0.079 ns

Table details: height: (cm), fresh weight: (g), ns: not significant. Different letters (a, b) mark significant differences
among treatments within a row at the 5% level; identical or shared letters indicate no difference. F—fertilisation
shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance (* p < 0.01).

Table 5. Agronomic characteristics on Stem Elongation [BBCH 30-39].

Stem Elongation [BBCH 30-39]

Treatment C U U+NI U+UI
a Height 28158 +1.977a 31942 £1947b 32.692+0.394b  36.208 + 1.213 ¢
+H8 F 12.463 *
§ & Fresh Weight 2.506 4+ 0.197 2.550 + 0.202 2.632 4+ 0.000 2.526 4+ 0.426
= F 0.102 ns
% Height 33475+ 1.229a 43.018 £1.068b  47.108 +1.014c  43.700 + 1.909 b
HZ F 74.699 ***
§ & Fresh Weight 4.874 + 0411 5.123 £+ 1.067 5.130 £ 1.164 4.488 + 0.501
> F 0.500 ns
a Height 27983 +1.601a 32742 £2.113b 30.950 +0.923ab  33.050 + 1.801 b
H 8B F 7.771%
g & Fresh Weight 3.168 + 0.135a 3.500 4+ 0.098 b 4.041 +0.174 c 3.782 + 0.216 bc
p F 21.490 **

Table details: height: (cm), fresh weight: (g), ns: not significant. Different letters (a, b, ¢, bc, ab) mark significant
differences among treatments within a row at the 5% level; identical or shared letters indicate no difference.
F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance
(* p < 0.01,* p < 0.001, ** p < 0.0001).

Agronomic characteristics recorded during the flowering stage (BBCH 60-69) are
presented in Table 6, where significant differences in plant height were observed across all
three growing seasons between the fertilized treatments and the control. EEFs generally
produced taller plants than the urea treatment, although no statistically significant differ-
ences were found among the fertilized treatments themselves. In 2023, the tallest plants
were recorded under the urease inhibitor treatment (62.883 4+ 2.400 cm), while in 2024
and 2025, the nitrification inhibitor treatment resulted in the highest plant height values
(78.151 & 1.949 cm and 78.067 + 1.156 cm, respectively). Fresh weight exhibited significant
variation only in 2025, during which the inhibitor-based treatments outperformed the
others (U+UI: 12.386 & 1.252 g; U+NI: 11.217 £ 2.330 g).
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Table 6. Agronomic characteristics on Flowering [BBCH 60-69].
Flowering [BBCH 60-69]
Treatment C U U+NI U+UI
a Height 55.208 +2.878a 60925 +1.820b 60.574 +£2.661b  62.883 +2.400b
+H 9 F 7.075*
g & Fresh Weight 8.895 £+ 0.762 9.904 £+ 0.767 9.649 + 0.723 9.510 + 1.140
p= F 0.983 ns
% Height 65.205 = 1.606a 74905+ 1.701b 78.151 +£1.949b 77232 +1.516Db
HI F 48.761 ***
§ & Fresh Weight 11.721 £ 1.770 13.271 +£1.222 12.599 + 1.475 13.985 + 0.956
p= F 1.932 ns
8 Height 66.508 - 1.425a 73.125+1.243b 78.067 + 1.156 ¢ 73.658 + 1.658 b
+H 8 F 47456 ***
£ES
o
p

F 3.175*

Table details: height: (cm), fresh weight: (g), ns: not significant. Different letters (a, b, ab, ¢) mark significant
differences among treatments within a row at the 5% level; identical or shared letters indicate no difference.
F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance
(* p < 0.01,*** p < 0.0001).

Similarly, the agronomic traits at the seed filling stage (BBCH 70-79), presented in
Table 7, revealed consistent and significant differences in both plant height and fresh
weight across all three years. Plants in the control plots had significantly lower height
compared to the fertilized treatments, with EEFs again promoting greater height than
standard urea. Specifically, the urease inhibitor treatment produced the tallest plants in
2023 (84.292 £ 2.279 cm) and 2024 (92.833 + 2.285 cm), while in 2025, the highest value
was observed under the nitrification inhibitor treatment (85.117 £ 1.168 cm). Regarding
fresh weight, significant differences were recorded in the first two seasons, with the urea
(2023: 15.173 £ 2.227 g; 2024: 15.225 £ 0.497 g) and urease inhibitor treatments (2023:
14.456 £ 0.812 g; 2024: 15.493 + 1.494 g) demonstrating more favorable performance.

Agronomic traits during the ripening (BBCH 80-89) and senescence (BBCH 90-99)
stages, summarized in Table 8, showed significant differences among treatments throughout
the three-year study. For the plant height, in 2023, the highest value was observed under
the U+UI treatment (73.705 & 1.770 cm), while in 2024 and 2025, the greatest heights were
found in the U+NI treatment (82.000 £ 1.639 cm and 75.900 =+ 2.156 cm, respectively). Fresh
weight exhibited significant variation during the first two years, but not in the final season.
In 2023, the highest fresh weight was recorded under the urea treatment (11.627 £ 0.884 g),
whereas in 2024, the U+UI treatment yielded the maximum value (14.733 £+ 1.390 g).
Spike length showed significant differences only during the first growing season, with the
best result observed in the U+NI treatment (8.858 £ 0.637 cm). Although no significant
differences were found in 2024 and 2025, the numerically highest values were recorded
under U+UI (9.250 & 0.167 cm) and urea (8.917 &= 0.399 cm), respectively.

3.4. Effect of Different Types of N Fertilization on Multispectral Indices

VIs obtained from UAV imagery at the tillering (BBCH 20-29) stage are presented in
Table 9. At tillering, significant treatment differences were observed in the 2023 season for
GNDVI (F = 4.268, p < 0.05), NDRE (F = 3.078, p < 0.05), and NDVI (F = 5.013, p < 0.01).
In this year, the highest GNDVI was recorded under the control (0.548), while the U+NI
treatment showed the highest NDRE (0.181) and NDVI (0.665) values. During 2024, only
NDRE displayed significant variation (F = 3.137, p < 0.05), with the urea treatment (U)
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reaching the maximum value (0.231). No significant differences were detected among
treatments in any index in 2025.

Table 7. Agronomic characteristics on Seed Filling [BBCH 70-79].

Seed Filling [BBCH 70-79]

Treatment C U U+NI U+UI

a Height 64.833 £2.704a 74317 £2.745b 79230 +1.725¢  84.292 +2279d
Hea E 47.808 **

§ & Fresh Weight 9118 £ 0.669a 15173 +2227c¢ 12.633+0.531b  14.456 + 0.812 bc
= F 18.450 **

a Height 72483+ 1569a 83418 +2.131b 87.633+ 1.666¢c  92.833 +2.285d
H F 79.701 ***

§ & Fresh Weight 10925 + 1.103a 15225+ 0.497b 13598 +£1.729b  15.493 4+ 1.494 b
= F 10.531 *

a Height 73942 +£3.163a 79.815+2628b  85.117 +£1.168 ¢  82.542 + 1.980 bc
19 F 16.548 ***

g & Fresh Weight 10.498 =+ 1.081 12.658 =+ 1.375 13.963 + 2.503 13.545 + 1.271
p= F 3.489 ns

Table details: height: (cm), fresh weight: (g), ns: not significant. Different letters (a, b, ¢, d, bc) mark significant
differences among treatments within a row at the 5% level; identical or shared letters indicate no difference.
F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance
(*p <0.01,** p <0.001, ** p < 0.0001).

Table 8. Agronomic characteristics on Ripening [BBCH 80-89]—Senescence [BBCH 90-99].

Ripening [BBCH 80-89]—Senescence [BBCH 90-99]

Treatment C U U+NI U+UI

Height 64.833 £ 2.704 a 71.534 +2.703 b 72.115 £ 1.799 b 73.705 £1.770 b
a F 27728 **
HQ Fresh Weight 9.118 + 0.669 a 11.627 + 0.884 b 10.174 + 0.687 b 11.354 +£1.076 b
g S F 25.937 **
§ Spike Length 7.068 4+ 0.302 a 8.500 + 0.782 b 8.858 + 0.637 b 8.792 £ 0.629b
F 7.490 *
Height 68.417 £2.217 a 77.875 +£1.259 b 82.000 £ 1.639 ¢ 81.658 £ 1.948 ¢
a F 49.383 **
HIF Fresh Weight 8.298 4+ 0.408 a 13.358 £ 1.519bc  11.388 +-1.182b 14.733 £ 1.390 ¢
g & F 21.489 **
§ Spike Length 8.333 + 0.471 9.125 + 0.599 9.167 4+ 0.430 9.250 + 0.167
F 3.671 ns
Height 66.989 +1.932a 73.067 £3.113b 75900 &+ 2.156b  73.525 4+ 0.856 b
% F 12.262 *
HY Fresh Weight 9.555 + 1.721 11.003 &+ 2.374 12.185 + 2.337 11.783 + 3.076
£ F 0.915 ns
§ Spike Length 8.875 4+ 0.831 8.917 4+ 0.399 8.232 +0.136 8.217 4+ 0.382
F 2.376 ns

Table details: height: (cm), fresh weight: (g), ns: not significant. Different letters (a, b, ¢, bc) mark significant
differences among treatments within a row at the 5% level; identical or shared letters indicate no difference.
F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance
(*p <0.01, ** p < 0.001).

At stem elongation (BBCH 30-39) stage (Table 10), Vs exhibited limited response to fer-
tilisation strategies. NDVI was the only index significantly affected, both in 2024 (F = 2.824,
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p <0.05) and in 2023 (F = 2.850, ns but close to significance). In 2024, NDVI peaked under
the U treatment (0.903), while in 2025 the highest NDVI value was observed under U+NI
(0.899). GNDVI, MCARI, and NDRE did not vary significantly across treatments in any of
the three growing seasons.

VIs during the flowering stage (BBCH 60-69) are presented in Table 11. No significant
differences were observed among treatments in 2023 for any VL. In contrast, during 2024,
GNDVI (F=16.077, p < 0.001), NDRE (F = 17.296, p < 0.001), and NDVI (F = 14.871, p < 0.001)
showed statistically significant treatment effects. The highest GNDVI value was recorded
under the U treatment (0.802), while the lowest was observed in U+NI (0.761). NDRE
peaked in the U treatment (0.422), and NDVI ranged from 0.892 (U+NI) to 0.914 (U). In
2025, treatment effects remained significant for GNDVI (F = 3.109, p < 0.05) and NDVI
(F=4.267, p < 0.01), but not for MCARI or NDRE. U+NI resulted in the highest GNDVI
(0.777) and NDVI (0.882), while U+UI had the lowest values for both indices.

At the seed filling stage (BBCH 70-79) (Table 12), all VIs were non-significant in 2023.
In 2024, only MCARI (F = 5.189, p < 0.01) and NDVI (F = 4.735, p < 0.01) showed significant
differences. The highest values for both indices were recorded in the U+NI treatment
(NDVI: 0.620; MCARI: 0.475), while the lowest values were observed in U+UI (MCARI:
0.416; NDVI: 0.577) and U (MCARI: 0.415; NDVI: 0.578). In 2025, all four indices were
significantly affected by fertilisation: GNDVI (F = 8.545, p < 0.001), MCARI (F = 6.698,
p < 0.001), NDRE (F = 8.688, p < 0.001), and NDVI (F = 10.616, p < 0.001). For this final
season, U+NI consistently produced the highest values across all indices (e.g., GNDVI:
0.637; NDVI: 0.696), while U+UI recorded the lowest values for most indices, particularly
NDVI (0.593).

VIs during the ripening (BBCH 80-89) and senescence (BBCH 90-99) stages are pre-
sented in Table 13. In the 2023 season, no statistically significant differences were observed
for any of the VIs across treatments. In the 2024 season, GNDVI (F = 3.932, p < 0.01) and
NDVI (F = 17.072, p < 0.01) exhibited significant treatment effects. GNDVI values ranged
from 0.359 in U+NI to 0.386 in U. NDVI peaked under control (0.249), whereas U recorded
the lowest value (0.069). During the 2025 season, all indices were significantly affected by
the fertilisation treatments. GNDVI (F = 6.126, p < 0.001) was highest under U+NI (0.358),
while U+UI recorded the lowest value (0.315). MCARI (F = 7.240, p < 0.001) showed maxi-
mum values in U+NI (0.070) and minimum in U+UI (0.036). NDRE was also significantly
influenced (F = 5.424, p < 0.01), with U+NI exhibiting the highest value (0.059) and U+UI
the lowest (0.041). Finally, NDVI (F = 30.932, p < 0.001) demonstrated the most pronounced
differences, peaking at 0.204 under U+NI and declining to 0.165 under U+UL

3.5. Effect of Different Types of N Fertilization on Qualitative Characteristics

Grain yield is presented in Table 14. As expected, the lowest yield values were consis-
tently recorded in the control treatment across all three years, reflecting the absence of fer-
tilization. A declining trend in control plot yields was observed over time, with the highest
value in 2023 (2031.963 + 36.117 kg /ha) and the lowest in 2025 (1839.063 & 35.950 kg/ha).
Fertilization significantly affected grain yield in all years of the study. In 2023 and
2024, the highest yields were recorded under the urea treatment (2390.263 + 42.828 kg/ha
and 1366.000 + 45.598 kg/ha, respectively). The urea + nitrification inhibitor (U+NI)
treatment also performed well, showing the second-highest yield values in those years
(2180.450 + 41.850 kg/ha in 2023 and 1208.998 + 43.414 kg/ha in 2024). In contrast,
during the 2025 season, the highest yield was recorded under the U+NI treatment
(2319.050 £ 41.652 kg /ha), surpassing all other treatments.
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Table 9. Multispectral vegetation indices on Tillering [BBCH 20-29].
Tillering [BBCH 20-29]
Index GNDVI MCARI NDRE NDVI
Treatment C U U+NI U U+NI U U+NI U U+NI U+UI
Mean + 0548 = 0502+ 0.543 £ 0.479 £ 0.531 + 0.157 £ 0.181 = 0.617 + 0.665 + 0.613 £
SD 2023 0.011b 0.010a 0.012ab 0.016 0.018 0.006 a 0.007 b 0.013 a 0.016 ab 0.018 a
F 4.268 * 2.859 ns 3.078 * 5.013 **
Mean + 0626 = 0.635+ 0.627 £ 0.479 £ 0.489 + 0.231 + 0.224 + 0.815 + 0.814 + 0.798 £
SD 2024 0.006 0.007 0.007 0.013 0.014 0.005 ¢ 0.005 ab 0.008 0.008 0.009
F 1.116 ns 2.657 ns 3.137 % 0.965 ns
Mean + 0367 = 0367 £ 0.367 £ 0.357 £ 0.329 + 0.076 £ 0.078 = 0.469 + 0.466 + 0.489 +
SD 2025 0.009 0.009 0.011 0.013 0.015 0.004 0.005 0.014 0.016 0.015
F 0.593 ns 0.783 ns 0.960 ns 1.061 ns
Table details: ns: not significant, Different letters (a, b, ¢, ab) mark significant differences among treatments within a row at the 5% level; identical or shared letters indicate no difference.
F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance (* p < 0.01, ** p < 0.001).
Table 10. Multispectral vegetation indices on Stem Elongation [BBCH 30-39].
Stem Elongation [BBCH 30-39]
Index GNDVI MCARI NDRE NDVI
Treatment U U+NI U U+NI U U+NI U U+NI U+UI
Mean + 0738 £ 0.723 + 0.651 £ 0.611 £ 0.294 £+ 0.291 £ 0.887 £ 0.874 + 0.874 +
SD 2023 0.005 0.005 0.014 0.013 0.005 0.004 0.003 0.003 0.005
F 2.517 ns 1.993 ns 0.780 ns 2.850 ns
Mean + 0768 £ 0.763 + 0.986 £ 1.005 + 0.374 £ 0.365 £ 0.903 £+ 0.902 + 0.895 £
SD 2024 0.003 0.003 0.011 0.013 0.004 0.004 0.002b 0.002 ab 0.003 a
F 1.176 ns 0.997 ns 2.234 ns 2.824 %
Mean + 0751+ 0.758 + 0.877 £ 0.875 £ 0.348 £ 0.353 £ 0.893 £+ 0.899 + 0.890 £
SD 2025 0.005 0.006 0.012 0.013 0.005 0.005 0.005 0.005 0.004
F 0.999 ns 0.401 ns 1.321 ns 0.802 ns

Table details: ns: not significant, Different letters (a, b, ab) mark significant differences among treatments within a row at the 5% level; identical or shared letters indicate no difference.

F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance (* p < 0.01).
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Table 11. Multispectral vegetation indices on Flowering [BBCH 60-69].
Flowering [BBCH 60-69]
Index GNDVI MCARI NDRE NDVI
Treatment C U U+NI U+UI C U U+NI U+UI C U U+NI U+UI C U U+NI U+UI
Mean + 0.744 + 0.751 + 0.741 £ 0.745 + 0.841 + 0.871 £ 0.828 + 0.841 + 0.355 £ 0.356 + 0.355 + 0349+ 0875+ 0875+ 0.873+% 0.869 +
SD 2023 0.005 0.005 0.005 0.006 0.014 0.015 0.014 0.014 0.005 0.005 0.005 0.008 0.003 0.003 0.003 0.004
F 0.596 ns 1.635 ns 0.248 ns 0.805 ns
Mean + 0.799 = 0.802 + 0.761 £ 0.785 + 0.923 + 0.936 £ 0.947 + 0.924 + 0.417 £ 0.422 + 0.370 = 0400+ 09124+ 0914+ 0.892+ 0.906 +
SD 2024 0.004 bc 0.004 ¢ 0.006 a 0.005b 0.012 0.011 0.015 0.012 0.005 bc 0.005 ¢ 0.007 a 0.006 b 0.002b  0.002b 0.003 a 0.002 b
F 16.077 *** 0.777 ns 17.296 *** 14.871 ***
0.871 += 0.868 £+
Mean + 0.766 + 0.767 + 0.777 £ 0.749 + 0.786 + 0.778 £ 0.799 + 0.770 = 0.399 + 0.403 + 0411 + 0.388 + 0.005 0.006 0.882 + 0.852 +
SD 2025 0.006 ab  0.007 ab 0.007 b 0.007 a 0.014 0.015 0.016 0.017 0.006 0.006 0.006 0.006 .ab .ab 0.006 b 0.007 a
F 3.109 * 0.613 ns 2.529 ns 4.267 **
Table details: ns: not significant, Different letters (a, b, ¢, bc, ab) mark significant differences among treatments within a row at the 5% level; identical or shared letters indicate no
difference. F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance (* p < 0.01, ** p < 0.001, *** p < 0.0001).
Table 12. Multispectral vegetation indices on Seed Filling [BBCH 70-79].
Seed Filling [BBCH 70-79]
Index GNDVI MCARI NDRE NDVI
Treatment C U U+NI U+UI C U U+NI U+UI C U U+NI U+UI C U U+NI U+UI
Mean + 0554+ 0560+ 0.563 + 0.546 + 0.444 + 0.406 + 0.441 + 0.435 + 0.197 + 0.201 + 0.212 + 0.196 + 0.559 + 0.548 + 0.579 + 0.551 +
SD 2023 0.008 0.007 0.007 0.008 0.016 0.015 0.015 0.016 0.005 0.005 0.004 0.005 0.010 0.010 0.009 0.011
F 1.013 ns 1.285 ns 2.088 ns 2.108 ns
Mean + 0577+ 0579+ 0.590 £ 0.569 + 0.454 + 0.415 + 0475 + 0.416 + 0.226 + 0.219 + 0.226 + 0.214 + 0.600 + 0.578 + 0.620 + 0.577 +
SD 2024 0.007 0.006 0.007 0.007 0.013 ab 0.013 a 0.014b 0.012a 0.005 0.004 0.005 0.005 0.009 ab 0.009 a 0.010b 0.010 a
F 1.747 ns 5.189 ** 5.889 ns 4.735 **
Mean + 0.605+ 0.606 £ 0.637 £ 0.575 + 0.663 + 0.658 + 0.706 + 0.591 + 0.257 + 0.259 + 0.280 + 0.229 + 0.641 + 0.633 + 0.696 + 0.593 +
SD 2025 0.009b  0.009b 0.008 ¢ 0.009 a 0.017b 0.019b 0.019b 0.019 a 0.007 b 0.007 b 0.007 b 0.007 a 0.012b 0.013 ab 0.013 ¢ 0.014 a
F 8.545 *** 6.698 *** 8.688 *** 10.616 ***

Table details: ns: not significant, Different letters (a, b, ¢, ab) mark significant differences among treatments within a row at the 5% level; identical or shared letters indicate no difference.
F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance (** p < 0.001, *** p < 0.0001).
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Table 13. Multispectral vegetation indices on Ripening [BBCH 80-89]—Senescence [BBCH 90-99].
Ripening [BBCH 80-89]—Senescence [BBCH 90-99]
Index GNDVI MCARI NDRE NDVI
Treatment C U U+NI U+UI C U U+NI U+UI C U U+NI U+UI U U+NI U+UI
Mean + 0321+ 0318+ 0.325+ 0.317 £+ 0.054 + 0.052 £+ 0.058 + 0.051 £+ 0.060 4 0.058 + 0.061 £+ 0.054 + 0.190 £+ 0.186 £ 0.194 + 0.183 £+
SD 2023 0.006 0.006 0.006 0.006 0.004 0.004 0.003 0.004 0.003 0.003 0.003 0.003 0.005 0.005 0.004 0.005
F 0.453 ns 0.739 ns 1.076 ns 1.125ns
Mean + 0384 £+ 038+ 0.359 £ 0.381 £ 0.059 £+ 0.059 + 0.059 + 0.054 £+ 0.071 £+ 0.069 £+ 0.069 £+ 0.067 &+ 0.249 + 0.207 £+ 0.199 £+ 0.204 £+
SD 2024 0.066b  0.006 b 0.008 a 0.005b 0.038 0.006 0.005 0.003 0.029 0.003 0.003 0.002 0.082b 0.005 a 0.006 a 0.004 a
F 3.932 ** 2.234 ns 0.307 ns 17.072 **
Mean + 0342+ 0343+ 0.358 £+ 0.315 £+ 0.049 £+ 0.056 + 0.070 £+ 0.036 £+ 0.047 £+ 0.052 £+ 0.059 £+ 0.041 + 0.184 £+ 0.088 £+ 0.204 + 0.165 £+
SD 2025 0.008b  0.007b 0.007 b 0.007 a 0.005ab  0.006 bc 0.006 c 0.004 a 0.003 a 0.003 ab 0.003 b 0.003 a 0.006 bc 0.016 a 0.006 ¢ 0.005b
F 6.126 *** 7.24( *** 5.424 ** 30.932 ***
Table details: ns: not significant Different letters (a, b, ¢, bc, ab) mark significant differences among treatments within a row at the 5% level; identical or shared letters indicate no
difference. F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance (** p < 0.001, *** p < 0.0001).
Table 14. Qualitative Characteristics during the experimental period.
Treat Yield (kg/ha) Thousands Grain Weight (gr) Protein Content (%)
C U U+NI U+UI C U U+NI U+UI C U U+NI U+UI
Mean + 2031.963 2390.263 2180.450 2127.653 30.4004+ 33.350 + 33.700 + 35.700 + 12.409+ 15.282 + 14.943 + 14.603 +
SD 2023 +36.117a +42.828c¢c +41.857b +41.022b 0.807 a 0.854 b 1.232b 0.830 ¢ 0.190 a 0.531b 0.322b 0.751b
F 55.852 *** 21.328 ** 27.272 ***
Mean £+  1006.000 + 1366.000 1208.998  1079.000 £ 33.667+ 35.733+ 35.867+ 36.133+ 12.7974+ 16.040+ 15.178+ 15.433+
SD 2024 29998 ab  £45.598b +43.414a 26.330 ab 1.422 1.364 1.061 1.422 1.651a 0.591 b 0.899 b 0.257 b
F 71.993 *** 3.013 ns 8.211 **
Mean + 1839.063 2237.500 2319.050 2187.750 30.923+ 32.880+ 33.358+ 33.245+ 12.668+ 15.960+ 15.521+ 15.401+
SD 2025 +35.950a +£39.114b +41.652¢ +40.267b 1.279 1.775 1.877 0.758 0.247 a 0.533 b 0.273 b 0.113b
F 115.903 *** 2.331 ns 83.125 ***

Table details: Yield (kg/ha), thousand grain weight (g), and protein content (%). ns: not significant Different letters (a, b, ¢, ab) mark significant differences among treatments within
a row at the 5% level; identical or shared letters indicate no difference. F—fertilisation shows the ANOVA F-statistics for fertilisation effects, with asterisks indicating significance
(** p <0.001, *** p < 0.0001).
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TGW responded positively to fertilization, with both inhibitor treatments maintain-
ing relatively stable and elevated values across all three years compared to the control.
In 2023, the highest TGW was observed under the urease inhibitor treatment (U+UI:
35.700 £ 0.830 g), although no statistically significant differences were found among treat-
ments in 2024 and 2025 (Table 14).

Protein content results are presented in Table 14. Protein content was significantly
influenced by fertilization, with the control treatment consistently showing the lowest
values across all three seasons. Urea-treated plots maintained higher protein percentages
compared to treatments with inhibitors. Notably, the highest values were recorded under
urea treatment in all years: 15.282 % 0.531 in 2023, 16.040 £ 0.591 in 2024, and 15.960 £ 0.533
in 2025.

4. Discussion
4.1. Nitrogen Strategy Performance

Across all three growing seasons, N fertilisation had a pronounced effect on grain yield
and protein content in Tritordeum, whereas TGW showed a more variable response. Com-
pared to the control, all fertilised treatments (U, U+NI, and U+UI) significantly increased
protein content each year. Despite some year-to-year variation, the control consistently ex-
hibited the lowest protein levels, ranging from 12.41% to 12.80%, while fertilised treatments
ranged from approximately 14.60% to 16.04% (Table 14), with no significant differences
among the three N strategies. This outcome aligns with previous studies in wheat and
barley [23,27,44].

Grain yield followed a similar pattern with all N treatments outperforming the control.
The highest yields recorded under U and U+NI. Notably, U+NI surpassed both U and
U+Ul in 2025 (2319.05 kg/ha vs. 2237.50 and 2187.75 kg/ha, respectively), suggesting
a potential cumulative benefit of nitrification inhibition over time. In contrast, yields in
2024 were markedly lower across all treatments (C: 1006.00 £ 29.998; U: 1366.00 £ 45.598;
U+NI: 1208.99 + 43.414; U+UI: 1079.00 & 26.330), likely due to less favorable climatic
conditions. Specifically, higher-than-optimal temperatures during critical growth stages
in February and April, coupled with above-average precipitation in March, may have
disrupted Tritordeum development by accelerating phenology, shortening grain filling,
and increasing N losses, thereby reducing yield potential.

EEFs such as nitrification and urease inhibitors are designed to reduce N losses
via volatilisation and leaching, potentially enhancing N availability during key growth
phases. This mechanism may explain the improved yield performance of U+NI in the final
year. However, no N-enhanced strategy (U+NI or U+UI) consistently and significantly
outperformed conventional urea (U) across all years. These results partially reflect similar
findings with other studies on maize and wheat, where EEFs have improved NUE and
yield under specific conditions but not uniformly across environments or seasons [25,26].
In the context of Tritordeum, this outcome highlights the importance of environmental and
temporal variability in EEF performance.

TGW exhibited limited variation among treatments and was not significantly affected
by N strategy in 2024 or 2025. Although a slight numerical increase was observed under
EEFs, these differences were inconsistent and not always statistically significant. This
finding is consistent with research in durum wheat and other cereals, where TGW has been
shown to be less responsive to N inputs than total yield or protein concentration [45,46].
TGW is often more strongly influenced by genotype and environmental stress during grain
filling than by nutrient availability.

Overall, while all N applications improved yield and protein content relative to the
control, EEF did not consistently outperform conventional urea. Nevertheless, the superior



Agronomy 2025, 15, 2244

17 of 23

yield performance of U+NI in 2025 suggests this strategy may offer agronomic advantages
under Mediterranean conditions, particularly where N losses are elevated. Previous studies
have shown that urease and nitrification inhibitors can enhance N uptake and reduce
environmental losses when volatilisation and leaching risks are high [47,48], supporting
these findings.

4.2. Temporal Response to EEFs

The responsiveness of Tritordeum to N treatments varied significantly across growth
stages, with clearer agronomic and spectral differentiation observed from flowering onward.
In early stages such as tillering and stem elongation, treatment effects were inconsistent.
Plant height differences at tillering were only statistically significant in 2024 (Table 4),
and fresh weight remained unaffected across all three years. Among VIs, NDVI, NDRE,
and GNDVI showed significant differences during tillering in 2023, but this pattern was
not sustained in subsequent seasons, suggesting limited diagnostic value of early-stage
traits for N strategy discrimination. In contrast, the flowering and seed filling stages
consistently revealed strong and significant treatment effects across both agronomic traits
and VIs. In all three years, U+NI and U+UI treatments led to significantly taller plants than
both the control and conventional urea, with U+NI consistently outperforming U+UI in
height during flowering and seed filling. These stages coincide with peak N demand and
vegetative expansion, amplifying treatment differentiation.

At seed filling, agronomic traits and UAV-derived indices showed treatment differen-
tiation with varying significance across years. In 2023 and 2024, U+UI reached the highest
plant height (84.3 cm and 92.8 cm, respectively), while fresh weight also peaked under
U+UI in 2024 (15.49 g) (Table 7). In 2025, height differences remained significant, with
U+NI reaching 85.1 cm, while fresh weight differences were not statistically significant.
Among the VIs, NDVI and MCARI showed strong treatment differentiation in 2024 and
2025, with U+NI recording the highest NDVI (0.696) and MCARI (0.706) in 2025. These
patterns suggest that U+NI effectively maintained canopy greenness and pigment content
during peak N demand, while U+UI contributed more to height and biomass in earlier
seasons, possibly due to rapid N availability following urease inhibition.

During ripening and senescence, treatment effects were more subdued, but meaningful
differences emerged in both spectral and agronomic traits by the final season. In 2025,
U+NI recorded the highest plant height (75.9 cm), fresh weight (12.2 g), NDVI (0.204),
and MCARI (0.070), suggesting a more prolonged canopy function and better pigment
retention (Tables 8 and 13). GNDVI and NDRE also supported this trend, with U+NI
showing superior values. In contrast, 2023 and 2024 showed fewer significant differences,
particularly for fresh weight and spike length, with most VIs showing either weak or
non-significant separation. The emergence of clearer differences only in 2025 may reflect
cumulative soil improvements or a more synchronized crop response under favorable
weather, enabling the EEFs, especially the nitrification inhibitor, to better express their
delayed N release potential during the final grain-filling period.

Collectively, these findings demonstrate that the response of Tritordeum to N strate-
gies is highly stage-dependent, with the clearest treatment differentiation emerging from
flowering onwards. U+NI consistently outperformed other treatments in sustaining canopy
vigour and enhancing biomass accumulation, particularly during seed filling and late-
season stages, likely due to the delayed nitrate availability conferred by nitrification inhi-
bition. This aligns with studies in wheat and barley, where inhibitors have been shown
to improve N synchrony with crop demand, reduce leaching, and support prolonged
vegetative activity [49,50]. In contrast, U+UI showed stronger effects earlier in the cycle,
especially in promoting height and fresh weight during the first two growing seasons,
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consistent with its mode of action, which limits ammonia volatilisation and enhances early
N uptake [51]. These temporal distinctions suggest that integrating both types of EEFs
into a staged or combined strategy may optimise N availability across the growth cycle.
Moreover, the robust agreement between UAV-derived indices (particularly NDVI, GNDVI,
and MCARI) and ground-based traits reinforces their utility in detecting stage-specific N
dynamics and guiding adaptive fertilisation management.

4.3. Remote Sensing Insight

The utilization of UAV-based spectral indices provided critical insight into the phys-
iological responses of Tritordeum to N fertilisation strategies, thereby validating and
complementing ground-based agronomic measurements. Despite the observed variability
across years and stages, several VIs, particularly NDVI, GNDVI, and NDRE, demonstrated
the ability to capture treatment-induced differences, especially under EEFs.

NDVI was the most consistent index across growth stages, with significant differences
at multiple phenological stages, particularly at seed filling in 2025, when U+NI recorded the
highest values, corresponding with greater plant height and fresh weight. Similar patterns
during flowering and ripening in 2024 and 2025 further confirm NDVI's reliability as a
proxy for canopy vigor and N status [52].

GNDVI, more sensitive to chlorophyll concentration, was especially effective at flow-
ering and seed filling. In 2025, GNDVI differences were statistically significant, with
the highest values under U+NI, mirroring patterns observed in NDVI and ground-based
growth traits. Its responsiveness to N treatments at these stages highlights its potential
for detecting subtle physiological changes in chlorophyll content before visible biomass
differences emerge, as supported by previous work in cereal crops [53]. NDRE showed less
consistent responses overall but was particularly effective in later stages (seed filling and
ripening in 2025), thereby underscoring its efficacy in monitoring the late-season effects of
N and the process of senescence within the canopy [42].

MCARI was less informative during early phenological stages (tillering, stem elonga-
tion). However, its sensitivity increased from the seed filling stage onward, particularly
in 2024 and 2025, suggesting a delayed spectral response. This aligns with its sensitivity
to pigment- and structure-related canopy changes later in the cycle [54]. MCARI was
less stable across seasons, suggesting it is better suited as a supplementary rather than a
primary indicator [55].

The observed correspondence between VIs dynamics and ground-based agronomic
measurements supports the integration of UAV-based remote sensing into high-throughput
phenotyping. Although absolute index sensitivity varied with year and phenological stage,
likely due to environmental variability and crop development, the relative consistency in
treatment ranking affirms their robustness. A multi-index approach is therefore recom-
mended: NDVI for overall vigor, GNDVI for chlorophyll status, and NDRE for late-season
physiological changes, with MCARI providing supplementary detail. Collectively, these
indices quantified the impact of N fertilisation in Tritordeum and highlighted UAV sensing
as a scalable tool for nutrient management in Mediterranean cropping systems.

4.4. Sustainability Implications

In this study, the three-year soil monitoring data provides valuable insights into the
long-term sustainability of EEFs fertilisation strategies. By the end of the experiment (May
2025), a slight decline in soil pH was observed across all treatments. This acidification trend
was more evident in fertilised plots, likely reflecting the cumulative effects of N transfor-
mations, particularly nitrification [56]. Nonetheless, all final pH values remained within
agronomically acceptable ranges for Tritordeum cultivation. In contrast, EC increased
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notably over time, especially in fertilised treatments. While the control plot recorded
an endline EC of 374 uS/cm, values under urea, U+NI, and U+UI rose to 485, 522, and
553 uS/cm, respectively. These increases suggest a gradual accumulation of residual salts
or fertilizer-derived ions in the root zone, particularly under EEF application. However, all
EC values remained well below the salinity thresholds considered critical for cereal crops,
indicating no immediate risk of salinization.

Total soil N remained stable or showed slight increases in fertilised plots. In contrast,
the control exhibited a decline from 0.19% to 0.17% over the study period. This reduction,
combined with a consistent downward trend in yield under the control, may point to a
gradual depletion of soil fertility in the absence of N inputs. Conversely, minor increases
in total N under U+NI and U+UI (to 0.20% and 0.21%, respectively) suggest improved
N retention, potentially due to reduced losses via volatilisation or leaching, findings
consistent with prior research on EEF performance [47]. Other macro- and micronutrients,
including phosphorus (P), potassium (K), and micronutrients such as Fe, Cu, Mn, and Zn,
generally declined across all treatments. These reductions are likely attributable to plant
uptake over successive growing seasons, as no supplemental fertilisation of these elements
was provided.

Overall, the use of EEFs did not negatively affect soil fertility and, in the case of total
N, may have supported improved nutrient retention. While EC increased, it remained
within acceptable limits. These findings underscore the potential of EEFs as a sustain-
able fertilisation strategy for the long term, contributing to both N efficiency and soil
quality preservation.

4.5. Limitations and Future Research

Despite its multi-seasonal design and integration of agronomic and remote sensing
data, this study presents some limitations. First, environmental conditions (e.g., rainfall,
temperature) were not explicitly analyzed in relation to treatment performance, although
they may have influenced N dynamics and crop development. Second, N loss pathways
such as volatilisation, leaching, or gaseous emissions were not directly measured, limiting
inferences on the environmental performance of EEFs. Third, the experiment was conducted
on a single Tritordeum genotype and soil type, which may restrict the generalizability of
findings to other varieties or agroecological zones.

Future research should incorporate N fate assessments, such as ammonia and N,O
emission measurements and nitrate leaching monitoring, to evaluate the full environmental
impact of EEFs. Studies involving multiple Tritordeum genotypes and soil types, as well as
rotational systems, would help confirm the robustness of the observed trends. Furthermore,
integration of UAV-based sensing into real-time fertilisation models could enhance the
applicability of these technologies in precision N management. Long-term trials should
also explore how EEF strategies interact with climate variability and soil carbon dynamics
to ensure both productivity and sustainability.

5. Conclusions

This three-year field study offers the first integrated assessment of Tritordeum’s
agronomic and physiological responses to N Fertilisation under Mediterranean conditions,
using GDD-aligned phenological monitoring, UAV-derived multispectral indices, and
soil fertility analysis. All N treatments significantly improved grain yield and protein
content relative to the unfertilized control, confirming the crop’s strong responsiveness to
N inputs. By combining remote sensing and standard agronomic measurements across
multiple seasons, this study provides a robust framework for evaluating N dynamics in
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Tritordeum and contributes to the design of more sustainable fertilisation strategies in
emerging Mediterranean cereals.

Although EEFs did not consistently outperform conventional urea across all years,
U+NI demonstrated a cumulative agronomic advantage in the final season, likely due to
sustained N availability and improved synchronization with crop demand. This delayed
benefit may also reflect cumulative soil improvements and more favorable weather condi-
tions in 2025, which enhanced the expression of the slow-release fertilizer effects. Temporal
analysis revealed that treatment differentiation was most pronounced from flowering
onwards, with U+NI consistently enhancing canopy greenness, biomass, and pigment
content during seed filling and ripening. In contrast, U+UI showed stronger effects earlier
in the cycle, particularly in promoting height and fresh weight, consistent with its role in
enhancing early N uptake.

Multispectral indices showed strong alignment with ground-based traits and effec-
tively captured treatment effects at stage-specific windows, confirming their utility in
guiding adaptive fertilisation strategies. From a sustainability perspective, the EEFs sup-
ported N retention in soil without adversely affecting pH or salinity levels, and the minor
increases in total soil N under U+NI and U+UI suggested reduced N losses.

Taken together, these findings highlight the stage-dependent efficacy of EEFs and
support a dynamic fertilisation strategy tailored to phenological stages. Specifically, the
use of urea combined with a nitrification inhibitor (U+NI) early in the season proved most
effective in sustaining canopy vigor and improving yield and protein content, particularly
from flowering through ripening. In contrast, urease inhibition (U+UI) showed greater
influence on early biomass and height development. These results suggest that a split or
combined application of both inhibitors, deploying U+NI at early stages and U+UI closer
to peak vegetative growth, could optimize N synchrony, minimize losses, and enhance
NUE under Mediterranean conditions. UAV-based remote sensing, when integrated with
phenologically timed measurements, offers a scalable, non-invasive approach to implement
and monitor N strategies. This framework supports more sustainable N management in
Tritordeum and potentially other Mediterranean cereals.
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Abbreviations

N Nitrogen

NUE  Nitrogen Use Efficiency
EC Electrical Conductivity

NBPT N-(n-butyl) thiophosphoric triamide
EEFs  Enhanced-Efficiency Fertilisers
DCD  Dicyandiamide

NiIs Nitrification Inhibitors

SOM  Soil Organic Matter

DTPA  Diethylenetriaminepentaacetic Acid
Vis Vegetation Indices

UAV  Unmanned Aerial Vehicles

GDS  Ground Sampling Distance
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