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Preface

Nutrient elements are both essential for plant growth and development and the limiting factors

for grain yield and quality in crops. Today, intensive high-yield agriculture is highly dependent on the

addition of fertilizers such as nitrogen, phosphorus, and potassium. However, further increases in

fertilizer application are unlikely to be as effective at increasing yields, as efficiency declines at higher

levels of addition. Therefore, understanding how plants respond to environmental nutrient levels to

identify appropriate approaches and strategies to improve nutrient use efficiency is of significance for

crop yield and quality. This reprint covers the effects of different fertilizer management strategies on

plant growth, yield production, physiological response, and nutrient transfer and utilization, as well

as the evaluation of nutrient use efficiency in different plant species and varieties.

Hongmei Cai

Guest Editor
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Productivity of Three Pea (Pisum sativum L.) Varieties as
Influenced by Nutrient Supply and Meteorological Conditions
in Boreal Environmental Zone

Daiva Janusauskaite

Department of Plant Nutrition and Agroecology, Institute of Agriculture, Lithuanian Research Centre for
Agriculture and Forestry, Instituto al. 1, LT-58344 Akademija, Kėdainiai District, Lithuania;
daiva.janusauskaite@lammc.lt

Abstract: In order to grow crops that reduce the negative impact on the environment, as well as
meet the nutritional needs of the increasing human population, it is necessary to include new and
more sustainable production strategies into current agricultural systems. The aim of our study was
to evaluate the optimal nutritional conditions of semi-leafless pea productivity and ascertain the
influence of meteorological factors on the productivity of these plants under boreal environmental
conditions. The test involved three semi-leafless pea varieties, one of which was a new variety, and
eight N fertilization treatments were used: (1) without fertilizers (N0), (2) without N fertilizers (N0),
(3) N15, (4) N30, (5) N45, (6) N15+15, (7) N60, and (8) N60. Plots of the second–seventh treatment received
a base application of P40K80; the eighth treatment received P80K160. Fertilizer efficiency depended on
the meteorological conditions. Based on their productivity, the pea varieties were arranged in the
following descending order: Ieva DS > Respect > Simona. Compared with unfertilized peas, NPK
fertilizers enhanced the seed yield by 10.6–12.9% on average. Splitting the N30 rate and applying
N60, under a background of P40K80, was not efficient. The optimal rate of N15–45P40K80 fertilizers for
peas was determined. Meteorological factors significantly influenced seed yield by 75.2%, 44.1%, and
79.9% for varieties Ieva DS, Simona, and Respect, respectively.

Keywords: NPK fertilization; seed yield; seed quality; semi-leafless pea; yield components

1. Introduction

Peas are cultivated in 84 countries around the world. The high prevalence of peas is
due to their great yield potential, remarkable biological properties, and value for human and
livestock nutrition. Pea seeds are high in nutritional value, rich in protein, carbohydrates,
phosphorus, vitamins A and B, iron, and calcium, and are easily digested [1,2].

The goal of the “European Green Deal” is to identify ways to reduce the overabundance
of nutrients in the environment that are a basic source of soil, water, and air pollution, and
thus adversely affect biodiversity and climate. The target of the agricultural policy is to
reduce fertilizer consumption by at least 20% by the year 2030 while ensuring retention
of soil fertility [3]. One of the strategies to achieve these goals is the introduction of
legumes, including peas, into crop rotation. The most essential profit of pea growing is
the enrichment of soil with nitrogen collected during the nitrogen fixation process, which
is also used by the succeeding crops [4,5]. Expanded pea cultivation would reduce the
use of nitrogen from mineral fertilizers and maximize the use of biological nitrogen [6,7].
Residues of legumes contribute to the accumulation of organic matter in soil [8,9]. Like all
legumes, peas activate the microbial functions of soil which are also related to the increase
in organic C [8,10]. Aboveground legume biomass and belowground biomass directly
contribute to soil organic carbon accumulation [10–12]. Peas are an important crop for
a sustainable future and better food systems [6,13]. Peas are suitable as break crops in
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wheat-based rotations because they are not susceptible to the same diseases and pests as
the cereal [11].

New pea types, the semi-leafless varieties, are characterized by improved disease
tolerance, easier harvesting, and higher yield potential [14]. There is a lack of knowledge
about the nutrient requirements of semi-leafless peas as they differ from leafy varieties.
There are different opinions about pea fertilization. Little data are available on the nutrient
requirements of the new semi-leafless cultivars and their response to NPK fertilization.
Research is needed on the nutrient requirements of Lithuania’s newest pea cultivar Ieva
DS and to compare the productivity with already cultivated varieties. The importance of
nitrogen for pea is unquestionably high, as in all plants [4,15]. There is an opinion that it
is enough to fertilize pea only with “starting” nitrogen rates [16]. However, other studies
have shown that in soil with a high nitrate–nitrogen content, starter N application had a
detrimental effect on pea germination, and nodulation and seed yield [17]. The efficiency
of fertilizers is governed by meteorological conditions and the nutrient content in the
soil [18,19]; therefore, recommended NPK rates can vary widely [20,21]. The phosphorus
and potassium requirements of peas vary depending on the growing conditions [20].
Potassium stimulates the transport of nitrogen from root nodules to the aboveground parts
and affects protein synthesis [22].

The response of different pea varieties to fertilization mostly varies [23–25].
When including peas in the crop sequence, seed inoculation with a specific Rhizobium

strain is an important practice for optimizing N nutrition in legumes [1,5]. In previous
studies, it was found that the inoculation of pea seed had a strong positive impact on pea
productivity, especially in the fields where they were not previously cultivated [6]; however,
it did not affect the yield of peas in the fields where they were previously grown [17]. We
did not use inoculation because peas are included in our fields’ crop rotation.

This study aimed (I) to evaluate the productivity potential of semi-leafless peas and
to determine the optimal NPK rates, and (II) to establish the relationship between pea
productivity and its components and meteorological factors under boreal environmen-
tal conditions.

2. Results

2.1. Pea Seed Yield

Weather conditions differed in the amount of rainfall and its distribution between
the experimental seasons (Table 1); therefore, the results were discussed separately for all
experimental years. A two-way ANOVA showed that pea seed yield was influenced by
variety (factor A) (p ≤ 0.01), fertilization (factor B) (p ≤ 0.01), and their interaction (A × B)
(p ≤ 0.05 and p ≤ 0.01) (Table 1). There was one exception, when fertilization and A × B
interaction did not have significant influence on seed yield in the 2015 year. This year was
distinguished from the others by low rainfall and low HTC, which corresponded to the
lowest limit of optimal irrigation. The lack of moisture negatively affected the pea yield
and the efficiency of the fertilizers.

Variety was the main factor determined, at 29.7–56.9% of the total variability of the
seed yield. Fertilization was responsible for 18.3–34.0% of the differences between the
treatments. The interaction A × B explained the least part of the differences (9.1–8.9%).

The variety Ieva DS showed the highest yield (3.88–5.16 t·ha−1), or 5.9–13.8% higher
than the trial mean, regardless of the different weather conditions in the experimental years.
The variety Respect exceeded the trial mean by 7.8% and 3.2% only under sufficiently
wet weather conditions (HTC 1.6 at 2014 and 1.4 at 2017, respectively). The seed yield of
the variety Simona was 9.3–13.8% lower than the trial mean, with one exception, when it
exceeded the trial mean by 3.9% under the dry weather conditions in 2015.
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Table 1. Influence of variety and fertilization on seed yield (t·ha−1) of pea.

Variety (Factor A) Fertilization (Factor B) 2014 2015 2016 2017

The effect of variety

Ieva DS 5.16 a§ 3.88 a§ 4.70 a§ 4.69 a§

Simona 4.19 c 3.77 a 3.68 c 4.02 c
Respect 5.24 a 3.25 c 4.02 c 4.57 a

Trial mean 4.86 3.63 4.13 4.43

The effect of fertilization

1. NPK 0:0:0 4.29 b† 3.53 b† 3.58 b† 3.78 b†

2. 0:40:80 4.72 a 3.44 b 3.85 a 4.35 a
3. 15:40:80 4.88 a 3.61 b 3.96 a 4.37 a
4. 30:40:80 4.95 a 3.64 b 4.16 a 4.66 a
5. 45:40:80 5.10 a 3.75 b 4.40 a 4.64 a

6. 15 + 15:40:80 4.76 a 3.60 b 4.10 a 4.27 a
7. 60:40:80 4.99 a 3.73 b 4.39 a 4.68 a

8. 60:80:160 5.24 a 3.75 b 4.62 a 4.67 a

Mean of NPK fertilized treatments 4.98 3.65 4.21 4.52
Differences fertilized NPK (3–8) vs. unfertilized (1) 0.69 0.11 0.63 0.74

Contribution (%) of sum squares) of variety (factor A), fertilization (factor B), and their interaction

A 56.9 ** 29.7 ** 56.2 ** 34.0 **
B 18.3 ** 4.3 30.8 ** 34.0 **

A × B 8.9 * 1.8 6.1 ** 8.5 *

Different letters in column denote a statistically significant difference (at p ≤ 0.05 according to LSD): §—between
treatments and trial mean; †—between treatments; * p ≤ 0.05; ** p ≤ 0.01.

The mean of the fertilized treatments varied from 3.65 to 4.98 t·ha−1. Depending on the
year’s weather conditions, the efficiency of the fertilizers was not the same during different
years. Under the effect of NPK fertilization, seed yield increased by 0.11–0.74 t·ha−1.

A three-way ANOVA showed that the weather conditions of the experimental year
(factor A) was the main factor responsible for 39.4% of the total variability of the averaged
data of the seed yield (Table 2). Variety (factor B) explained 15.8%, fertilization (factor C)
governed 11.2%, and A × B and A × C interactions explained 12.3% and 2.4%, respectively,
of the yields’ averaged data variations. In all cases, the influence of the mentioned factors
was significant at p ≤ 0.01. No significant effect of interactions B × C and A × B× C on
seed yield was established.

The most productive pea variety was Ieva DS, which produced the average seed yield
of 4.61 t·ha−1 and, compared with the control, exceeded the trial mean by 0.35 t·ha−1, or
8.2%. According to the average yield, varieties were arranged in the following descending
order: Ieva DS > Respect > Simona.

NPK fertilizer increased the seed yield by 0.55 t·ha−1 (or 15.6%) on average, compared
with unfertilized pea. The influence of fertilizers on seed yield was significant (p ≤ 0.05)
in all cases. Under a background of P40K80, the application of N15, N30, and N45 rates
increased seed yield by 0.42 t·ha−1, 0.57 t·ha−1, and 0.69 t·ha−1 (or 11.1%, 15.1%, and
18.3%, respectively), compared with the control (N0P0K0) (Figure 1). Splitting the N30 rate
(N15 + N15) (sixth treatment) did not exceed its single application and yielded the same
efficiency as N15 (third treatment). Seed yield did not increase with increasing the nitrogen
fertilizer rate above N45. The most abundant fertilization (P80K160 + N60) resulted in the
highest (4.57 t·ha−1) yield, or 20.9% higher, compared with unfertilized pea.

3
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Table 2. Influence of year, variety, and fertilization on seed yield and yield components of pea
(averaged 2014–2017).

Year
(Factor A)

Variety
(Factor B)

Fertilization
(Factor C)

Number of
Pods Per

Plant

Number of
Seeds Per

Plant

Weight of
Seeds Per
Plant (g)

Number of
Pods Per m2

Seed Yield
(t·ha−1)

The effect of years

2014 8.1 a§ 29.9 a§ 6.4 c§ 839 a§ 4.86 a§

2015 4.9 c 19.6 c 5.3 c 450 c 3.63 c
2016 5.1 c 18.6 c 4.9 c 568 c 4.13 c
2017 5.7 c 22.1 b 11.6 a 574 c 4.43 a

The effect of variety

Ieva DS 6.6 a§ 22.6 b§ 9.9 a§ 655 a§ 4.61 a§

Simona 6.0 b 23.8 a 5.9 c 604 b 3.91 c
Respect 5.2 c 21.2 c 5.3 c 564 c 4.27 b

Trial mean 6.0 22.5 7.0 608 4.26

The effect of fertilization

1. NPK 0:0:0 5.4 b† 20.7 b† 6.5 b† 552 b† 3.78 b†

2. 0:40:80 5.7 b 21.7 b 6.7 b 562 b 4.09 a
3. 15:40:80 5.8 a 22.1 a 6.9 b 593 a 4.20 a
4. 30:40:80 6.1 a 22.5 a 7.3 a 607 a 4.35 a
5. 45:40:80 6.1 a 23.1 a 7.3 a 614 a 4.47 a

6. 15 + 15:40:80 6.2 a 23.3 a 7.3 a 629 a 4.18 a
7. 60:40:80 6.1 a 23.0 a 7.1 a 644 a 4.45 a

8. 60:80:160 6.2 a 23.8 a 7.4 a 662 a 4.57 a

Mean of NPK fertilized treatments (3–8) 6.1 23,0 7.2 625 4.37
Differences fertilized NPK (3–8) vs. unfertilized (1) 0.7 2.1 0.7 73 0.55

Contribution (%) of sum squares) of year (factor A), variety (factor B), fertilization (factor C), and their interaction

A 59.9 ** 57.0 ** 29.1 ** 62.1 ** 39.4 **
B 11.4 ** 3.1 ** 16.8 ** 4.3 ** 15.8 **
C 2.6 ** 2.5 ** 0.34 ** 3.9 ** 11.2 **

A × B 7.2 ** 13.3 ** 48.7 ** 4.5 ** 12.3 **
A × C 0.8 1.6 0.4 3.8 ** 2.4 **
B × C 1.0 1.1 0.2 1.1 1.0

A × B × C 1.7 2.4 0.7 1.9 2.25

Different letters in column denote a statistically significant difference (at p ≤ 0.05 according to LSD): §—between
treatments and trial mean; †—between treatments; ** p ≤ 0.01.

Figure 1. The influence of fertilization on increase in seed yield (% of control) (averaged across varieties).
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The seed yield of pea varieties was found to be significantly correlated with the N rate
(Figure 2). The relationship was strong and ranged from 0.789 * to 0.956 *.

Figure 2. The relationship between N rate and pea seed yield (averaged 2014–2017). * significant at
p ≤ 0.05.

2.2. Seed Yield Components

The analysis of variance revealed that all seed yield components were significantly
(p ≤ 0.01) influenced by year (factor A), variety (factor B), fertilization (factor C), and A × B
interaction (Table 2). Year was the main factor determining 59.9% of the number of pods
per plant (NPP), 57.0% of the number of seeds per plant (NPS), 29.1% of the weight of seeds
per plant (WSP), and 62.1% of the number of pods per m2 (NPm2) total variability. During
the wet year, 2014 (HTC = 1.6), the conditions were most favourable for the formation of
seed yield components. Compared with the trial mean, NPP, NSP, and NPm2 were found
to be significantly higher by 35.0%, 32.9%, and 38.0%, in 2014. Meanwhile, during other
research years, yield components were less than the trial mean.

Variety explained 11.4%, 3.1%, 16.8%, and 4.3% of the total variability of NPP, NSP,
WSP, and NPm2, respectively. The variety Ieva DS was distinguished from other varieties by
its values of the yield components: NPP, WSP, and NPm2 were higher by 10.0%, 41.4%, and
7.7%, respectively, compared with the trial mean. Meanwhile NPP, NSP, WSP, and NPm2

for the variety Respect were lower by 13.3%, 5.6%, 24.3%, and 7.2% than the trial mean.
Fertilization resulted in the lowest part of the yield components variation and ex-

plained only 2.6%, 2.5%, 0.34%, and 3.9% of NPP, NSP, WSP, and NPm2, respectively, of
their total variability. Fertilization resulted in 11.5%, 9.2%, 8.3%, and 10.1% higher NPP,
NSP, WSP, and NPm2, respectively, compared with unfertilized peas.

2.3. Seed Quality

The thousand seed weight (TSW) was significantly (p ≤ 0.01) influenced by year (factor
A), variety (factor B), fertilization (factor C), and A × B and A × C interactions (Table 3).
Year was the major factor responsible for most (48.9%) of the TSW total variability. A × B
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interaction governed 36.2% of the differences between treatments. The influence of variety,
fertilization, and A × C interaction was small and explained only 1.2–3.7% of the TSW
variation. In 2014, the TSW was 9.5% lower than the trial mean; meanwhile, the TSW
exceeded the trial mean by 4.3% and 4.7% in 2016 and 2017, respectively. NPK fertilization
significantly decreased TSW by 2.7–3.5%.

Table 3. Influence of year, variety, and fertilization on thousand seed weight (TSW), protein content
of pea, and root nodules per plant (averaged 2014–2017).

Year
(Factor A)

Variety
(Factor B)

Fertilization
(Factor C)

TSW (g) Protein (%)
Root Nodules

(Number Per Plant)

The effect of years

2014 229 c§ 24.4 a§ 8.4 b§

2015 253 b 21.7 c 17.0 a
2016 264 a 21.8 c 24.8 a
2017 265 a 22.0 c 42.8 a

The effect of variety

Ieva DS 258 a§ 22.7 a§ 23.9 b§

Simona 248 a 23.4 a 24.6 b
Respect 252 c 21.5 c 21.2 b

Trial mean 253 22.5 23.2

The effect of fertilization

1. NPK 0:0:0 259 b† 23.0 b† 25.4 b†

2. 0:40:80 252 c 22.1 c 24.9 b
3. 15:40:80 251 c 22.4 c 24.4 b
4. 30:40:80 252 c 22.5 c 23.7 b
5. 45:40:80 253 c 22.5 c 20.8 b

6. 15 + 15:40:80 251 c 22.6 c 23.2 b
7. 60:40:80 253 c 22.5 c 20.4 b

8. 60:80:160 250 c 22.3 c 23.1 b

Mean of NPK fertilized treatments (3–8) 252 22.4 22.6
Differences fertilized NPK (3–8) vs. unfertilized (1) −8 −0.6 −2.8

Contribution (%) of sum squares) of year (A), variety (B), fertilization (C), and their interaction

A 48.9 ** 44.7 ** 50.7 **
B 3.7 ** 22.5 ** 0.7
C 1.8 ** 2.2 ** 0.9

A × B 36.2 ** 20.3 ** 4.4 **
A ×C 1.2 ** 1.1 * 1.9
B × C 0.5 0.5 2.7

A × B × C 0.7 0.8 5.3

Different letters in column denote a statistically significant difference (at p ≤ 0.05 according to LSD): §—between
treatments and trial mean; †—between treatments; * p ≤ 0.05; ** p ≤ 0.01.

The seed protein content was significantly influenced (p ≤ 0.05 and p ≤ 0.01) by year
(factor A), variety (factor B), fertilization (factor C), and A × B and A × C interactions
(Table 3). The year explained a large part (44.7%) of the total variability and variety
and A × B interactions were responsible for half as much variation (22.5% and 20.3%,
respectively). Meanwhile, fertilization and A × C interactions determined only 2.2% and
1.1%, respectively, of the total variance of the protein content. Under the wettest conditions,
in 2014, the protein content was 8.4% higher than the trial mean. The variety Simona
significantly accumulated the highest amount of protein (by +4.0 percentage point (pp)),
whereas the lowest amount of protein was accumulated by the variety Respect (by –4.4 pp),
in comparison with the trial mean.
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2.4. Root Nodules

The effect of year and A × B interaction on root nodules was significant (p ≤ 0.01)
(Table 3). All other factors had no significant effect on this indicator. Under the normal
moisture regime in 2016 and 2017, the number of root nodules was the highest, and
exceeded the trial mean by 6.7% and 84.5%, respectively.

2.5. Relationship between Seed Yield, Yield Components, Seed Quality Indices, and
Meteorological Indices

We ascertained a correlation between seed yield and yield components (Table 4). The
data showed that seed yield for the variety Ieva DS significantly (p ≤ 0.05 and p ≤ 0.01)
correlated with all yield components, the number of root nodules (NRN), the insertion
height of the first pod (IFP), and seed quality indices. The correlation of seed yield for the
variety Simona with the mentioned indices was not significant in all cases: NRN did not
correlate with seed yield. No correlation was found between seed yield for the variety
Respect and WSP, NRN, and protein content. Data, averaged across varieties, revealed that
this correlation ranged from weak to moderate and was significant in most cases.

Table 4. Correlation analysis among seed yield, yield components, and seed quality indices.

Index Ieva DS Simona Respect Mean across Varieties

PH 0.726 ** 0.663 ** 0.759 ** 0.598 **
NPP 0.838 ** 0.699 ** 0.672 ** 0.570 **
NSP 0.767 ** 0.712 ** 0.548 ** 0.423 **
WSP 0.417 * 0.683 ** 0.560 0.380 **
NPm 0.840 ** 0.629 ** 0.880 ** 0.696 **
IFP 0.592 ** 0.660 ** 0.802 ** 0.620 **

NRN −0.369 * −0.116 −0.035 −0.167
PC 0.690 ** 0.509 ** −0.120 0.138

TSW −0.813 ** −0.385 ** −0.529 ** −0.437 **

PH—plant height, NPP—number of pods per plant, NSP—number of seeds per plant, WSP—weight of seeds
per plant, NPm—number of pods per m2, IFP—insertion height of the first pod, NRN—number of root nodules,
PC—protein content, TSW—thousand seed weight; * p ≤ 0.05; ** p ≤ 0.01.

A simple correlation analysis confirmed the existence of a correlation between seed
yield, the morphological traits of peas, and meteorological indices throughout the growing
season (Table 5). However, differences among the varieties were noticed in the strength
of the relationship among the variables as shown by the values of the correlation co-
efficients. Averaged across varieties, seed yield positively corelated with precipitation
(p ≤ 0.01) and HTC (p ≤ 0.01), and negatively correlated with sunshine duration (p ≤
0.01). The accumulated growing degree days (AGDD) > 5 ◦C, AGDD > 10 ◦C, and HTC
positively correlated with morphological traits and PC, except when AGDD > 5 ◦C and
AGDD > 10 ◦C correlated negatively with NRN and TSW. Sunshine duration and relative
air humidity negatively correlated with all indices in most cases.

The multiple linear regression model showed that seed yield, morphological traits, and
quality indices were intensely influenced by weather conditions all through the growing
season (Table 6). It was found that the interaction of meteorological factors influenced
seed yield by 75.2%, 44.1%, and 79.9% for varieties Ieva DS, Simona, and Respect, respec-
tively. Averaged across varieties, meteorological conditions caused from 50.6 to 87.4% of
morphological traits and 76.2% root nodule data variation. Protein content and TSW were
influenced by weather conditions by 48.6% and 52,6%, respectively.
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Table 5. Correlation analysis among the yield components and meteorological indices.

Variety Indices Precipitation AGDD > 5 ◦C AGDD > 10 ◦C
Sunshine
Duration

Relative Air
Humidity

HTC

Ieva DS SY 0.501 ** 0.290 0.200 −0.715 ** 0.103 0.659 **
PH −0.007 0.357 * 0.426 * −0.480 ** −0.455 ** 0.600 **

NPP 0.127 0.501 ** 0.502 ** −0.496 ** −0.166 0.525 **
NSP 0.228 0.264 0.297 −0.533 ** −0.332 0.615 **
WSP 0.012 −0.241 −0.151 −0.332 −0.530 ** 0.486 **
NPm 0.328 0.365 * 0.320 −0.615 ** −0.033 0.601 **
IFP −0.086 0.093 0.214 −0.437 * −0.671 ** 0.627 **

NRN 0.334 −0.857 ** −0.863 ** −0.230 −0.414 0.278
PC 0.118 0.392 * 0.421 * −0.555 ** −0.313 0.628 **

TSW −0.145 −0.709 ** −0.657 ** 0.387 * −0.113 −0.331

Simona SY 0.004 0.020 0.093 −0.359 * −0.448 * 0.484 **
PH −0.251 0.326 0.460 ** −0.280 −0.641 ** 0.462 **

NPP −0.026 0.324 0.401 * −0.466 ** −0.486 ** 0.595 **
NSP −0.033 0.261 0.349 −0.473 ** −0.539 ** 0.619 **
WSP 0.223 −0.199 −0.134 −0.653 ** −0.553 ** 0.804 **
NPm −0.054 0.562 ** 0.605 ** −0.364 * −0.284 0.432 *
IFP −0.507 ** 0.300 0.487 ** −0.007 −0.753 ** 0.232

NRN 0.614 ** −0.776 ** −0.857 ** −0.472 ** 0.079 0.444 **
PC −0.041 0.476 ** 0.535 ** −0.422 * −0.379 * 0.519 **

TSW 0.839 ** −0.116 −0.366 * −0.449 ** 0.838 ** 0.182

Respect SY 0.373 * 0.171 0.149 −0.721 ** −0.190 0.755 **
PH −0.211 0.469 ** 0.571 ** −0.281 −0.499 ** 0.419 *

NPP −0.245 0.639 ** 0.716 ** −0.176 −0.338 0.265
NSP −0.438 * 0.608 ** 0.729 ** 0.016 −0.445 * 0.112
WSP −0.404 * 0.370 * 0.516 ** −0.056 −0.597 ** 0.231
NPm 0.233 0.494 ** 0.465 ** −0.566 ** −0.074 0.565 **
IFP −0.122 0.245 0.357 * −0.401 * −0.610 ** 0.571 **

NRN 0.747 ** −0.765 ** −0.884 ** −0.564 ** 0.200 0.496 **
PC −0.592 ** 0.717 ** 0.791 ** 0.487 ** −0.051 −0.466 **

TSW 0.300 −0.815 ** −0.867 ** 0.038 0.166 −0.077

Mean SY 0.292 ** 0.153 0.131 −0.550 ** −0.121 0.568 **
across PH −0.150 0.360 ** 0.458 ** −0.331 ** −0.512 ** 0.472 **

varieties NPP −0.026 0.410 ** 0.458 ** −0.367 ** −0.314 ** 0.446 **
NSP −0.096 0.330 ** 0.408 ** −0.331 ** −0.431 ** 0.448 **
WSP −0.037 −0.018 0.074 −0.349 ** −0.526 ** 0.499 **
NPm 0.141 0.467 ** 0.462 ** −0.482 ** 0.140 0.504 **
IFP −0.234 * 0.209 * 0.348 ** −0.280 ** −0.670 ** 0.473 **

NRN 0.574 ** −0.783 ** −0.855 ** −0.429 ** 0.061 0.408 **
PC −0.076 0.401 ** 0.443 ** −0.239 * −0.241 * 0.300 **

TSW 0.366 * −0.494 ** −0.587 ** −0.056 0.322 ** −0.037

AGDD—accumulated growing degree days, HTC—hydrothermal coefficient; SY—seed yield; PH—plant height,
NPP—number of pods per plant, NSP—number of seeds per plant, WSP—weight of seeds per plant, NPm—
number of pods per m2, IFP—insertion height of the first pod, NRN—number of root nodules, PC—protein
content, TSW—thousand seed weight; * p ≤ 0.05; ** p ≤ 0.01.
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Table 6. Correlation coefficient (R) of the multiple correlation between pea seed yield, morphological
traits, quality indices, and meteorological indices.

Parameters (y) Ieva DS Simona Respect Mean across Varieties

R Ffact. R Ffact. R Ffact. R Ffact.

SY 0.867 12.63 ** 0.664 3.29 ** 0.894 16.50 ** 0.684 13.03 **
PH 0.982 115.25 ** 0.991 216.48 ** 0.983 119.22 ** 0.931 97.14 **
NPP 0.928 25.65 ** 0.971 67.87 ** 0.965 56.53 ** 0.841 35.88 **
NSP 0.864 12.32 ** 0.973 72.88 ** 0.943 33.37 ** 0.839 35.28 **
WSP 0.648 30.20 * 0.906 18.97 ** 0.886 125.27 ** 0.711 15.18 **
NPm 0.857 11.54 ** 0.958 46.80 ** 0.935 28.72 ** 0.873 47.36 **
IFP 0.959 47.68 ** 0.974 76.07 ** 0.974 77.88 ** 0.935 103.14 **
NRN 0.869 12.88 ** 0.885 15.00 ** 0.954 42.07 ** 0.873 47.30 **
PC 0.968 62.10 ** 0.985 131.61 ** 0.826 8.91 ** 0.697 14.01 **
TSW 0.937 30.16 ** 0.976 82.84 ** 0.985 138.59 ** 0.725 16.41 **

Multi regression equation y = a + bx1 + cx2 + dx3 + ex4 + fx5, where y—SY, or morphological parameters, or PC,
or TSW, x1—precipitation, x2—AGDD—accumulated growing degree days > 5 ◦C, x3—AGDD—accumulated
growing degree days > 10 ◦C, x4—sunshine duration, x5—relative air humidity. SY—seed yield, PH—plant
height, NPP—number of pods per plant, NSP—number of seeds per plant, WSP—weight of seeds per plant,
NPm—number of pods per m2, IFP—insertion height of the first pod, NRN—number of root nodules, PC—protein
content, TSW—thousand seed weight. *, **—relationship between indices is significant at p ≤ 0.05 and p ≤ 0.01,
respectively.

3. Discussion

Fertilization is one of the basic ways to ameliorate the availability of soil nutrients
to plants. The use of fertilizers is considered to be one of the most meaningful factors in
enhancing crop yield. Fertilizing can positively change plant growth and productivity, but
heavy uses of chemical fertilizers have created a variety of environmental and ecological
problems. As a result, it is necessary to diversify crop rotation with legumes, such as peas,
which are able to fix atmospheric nitrogen [6]. Their short growing period and ability to
fix atmospheric nitrogen makes pea the best pre-crop for winter wheat. In addition, the
plants not only ensure themselves on 2/3 of nitrogen, they also leave 60–100 kg of available
nitrogen for subsequent culture [7]. There are different opinions about the fertilization of
peas. Some researchers say that pea fertilizer rates depend on nutrients in the soil [20].
Huang et al. [17] found that when before sowing in soil and NO3-N was low (10 kg·ha−1),
an application of starter N positively influenced pea yield (up to +19%); however, under
higher initial soil NO3-N (44 kg·ha−1), the application of starter N reduced pea yield.
Under no-tillage technology, N25P30K40 fertilization was recommended for peas [26]. The
results of the present investigation revealed that the biggest part of the variation in yield
data was determined by the year’s meteorological conditions. Weather conditions of the
experimental year influenced the effectiveness of fertilizers. According to average data, the
application of N15–N45 rates increased seed yield by 11.1–18.3% under a background of
P40K80, compared with unfertilized peas. After increasing the N rate to N60, the seed yield
did not increase. The highest N60P80K160 rate increased the yield, but the difference was
not significant, compared with N60 under a background of P40K80. The N15–N45 rate was
found to be economically and ecologically optimal for peas, grown under boreal conditions,
which is close to the above-mentioned studies. There are conflicting data showing that
doses of N from mineral fertilizers can vary from 73 to 97 kg·ha−1 N [27].

Abundant N fertilization has a negative effect on root nodule formation [17], which can
affect subsequent nitrogen fixation [6]. Higher N rates reduce pea germination [17]. There
are studies that show that germinating peas can only tolerate the 10 kg N ha−1 rates [16].
We found that fertilization had no significant effect on root nodules. This index was
significantly influenced only by the weather conditions in the experimental year. The most
favourable conditions for the formation of root nodules were at HTC 1.0–1.3, which means
optimal irrigation. According to Khan et al. [23], the number of root nodules significantly
differed between four tested varieties. In fact, in contrast with him, we found that the three
tested pea varieties had no significant differences in the number of root nodules.
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Pea varieties respond differently to fertilization [23,28] and environmental condi-
tions [2]. The main traits that determine the level of adaptability in peas are a high harvest
index, good ripening, disease resistance, resistance to shatter, high potential yield, seed
weight, and seed number per pod [25,29]. In this study, the variety Ieva DS demonstrated
the greatest adaptability and the ability to produce the highest seed yield of all studied
varieties, regardless of the weather conditions. The highest values of yield components,
such as NPP, WSP, and NPm, were also established for the variety Ieva DS. The highest
TSW and protein content was for varieties Ieva DS and Simona.

The growth, development, and productivity of plants are strongly affected by weather
conditions [30]. In a study with eight pea cultivars, it was found that seed yield had a strong
relationship with weather factors and the reproductive phase was limited by stress [31].
The most important factor that determined seed yield and protein content was the sum of
the rainfall over the vegetation period [32]. Kuznetsov et al. [30] established a moderate
relationship (r = 0.486) between pea yield and the amount of precipitation. Grabowska
and Banaszkiewicz [33] found that the influence of air temperature and atmospheric
precipitations on the yield of different varieties differed and caused from 82% to 87%
of seed yield variability. The results of the current experiment revealed that the most
favourable conditions for the seed yield components were in the wet years. Correlation
analysis among the yield components and meteorological indices revealed that HTC had the
greatest positive influence on the seed yield for the variety Respect. HTC influenced seed
yield by 57.1%, 43.4%, and 23.4% for varieties Respect, Ieva DS, and Simona, respectively.
Our findings are in line with previous results [33], stating that water stress is the key cause
of a decrease in pea yield in a temperate climate. Other studies have also found a positive
correlation between pea yield and HTC [30].

We found that the relationship between sunshine duration and seed yield was negative
and varied from weak to strong. Sunshine duration determined 12.9%, 51.1%, and 52.0% of
seed yield data variation, respectively, for varieties Simona, Ieva DS, and Simona. Other
researchers found that, on the contrary, the lowest average sunshine duration related to a
lower seed yield for faba beans [34].

The results obtained in this study show that genotype had a significant influence on
the levels of protein content in pea seeds. The variety Simona was distinguished from the
others with the highest protein content, the protein content was very similar for the variety
Ieva DS, and the variety Respect significantly accumulated the lowest content of protein.
This confirms previous findings in the literature that differences in climate, soil, varieties,
and agronomic practices may cause a different yield and protein content [22,32,35]. We
found that fertilizers did not have a significant influence on protein content. This is in good
agreement with previous findings in the literature [18].

4. Materials and Methods

4.1. Site and Soil Description

A field experiment was carried out during 2014–2017 at the Institute of Agriculture,
Lithuanian Research Centre for Agriculture and Forestry in Central Lithuania (55◦23′50′′
N and 23◦51′40′′ E). The locality is situated in a boreal environmental zone, where the
average annual air temperature is 6.4 ◦C and the long-term annual precipitation is 572 mm.
The soil of the experimental site was Endocalcari-Epihypogleyic Cambisol. The mean soil
characteristics (at 0–25 cm sampling depth), determined annually before sowing, were as
follows: pHKCl 5.4–7.2 (potentiometrically), available phosphorus 84–150 mg kg−1 (A-L
method), available potassium 140–186 mg kg−1 (A-L method), humus 1.5–2.2% (Tyurin
method). The content of mineral nitrogen was 43–59 kg·ha−1 in 0–40 cm soil layer (as sum
of N-NO3 and N-NH4, N-NO3—ionometrically, N-NH4—spectrophotometrically.)

4.2. Experimental Details and Agronomic Management

The experiment involved three semi-leafless pea (Pisum sativum L.) varieties: Ieva
DS, Simona, and Respect. Eight N fertilization treatments were used: (1) without fertil-
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izers (N0), (2) without N fertilizers (N0), (3) 15 kg N·ha−1 (N15), (4) 30 kg N·ha−1 (N30),
(5) 45 kg N·ha−1 (N45), (6) 15 + 15 kg N·ha−1 (N15+15), (7) 60 kg N·ha−1 (N60), (8) 60 kg
N·ha−1 (N60). Nitrogen, as ammonium nitrate (NH4NO3) (34% N), was applied pre-sowing,
with the exception of the 6th treatment, where additional 15 kg N·ha−1 was applied at
stem elongation stage (BBCH 30–49). In conjunction with N fertilizer application, plots of
2nd–7th treatments received a base application of phosphate (P) fertilizer and potassium
(K) fertilizer at 40 kg P·ha−1 and 80 kg K·ha−1, and plots of 8 treatment received double
rate of PK, i.e., 80 kg P·ha−1 and 160 kg K·ha−1. P fertilizers were applied as granular
superphosphate (Ca(H2PO4)2H2O) with P2O5 concentration of 20% and K as potassium
chloride (KCl), with K2O concentration of 60%. All fertilizers applied before sowing were
incorporated into the soil.

The field trial was conducted using a split plot design with four replications, in which
pea varieties were laid out in the main plot and the fertilization treatments in the subplot.
The plot size was 15.0 m2 (1.5 m × 10.0 m).

Spring barley (Hordeum vulgare L.) was a pre-crop in all experimental years. Peas
were sown on 15 April in 2014 and 2015, 11 April in 2016, and 18 April in 2017 at a
density of 1.2 million viable seeds per hectare with a 13 cm distance between rows and
an 8 cm distance in the rows. After sowing, herbicide Fenix (a.i. aclonifen, 600 g L−1)
(3.0 L·ha−1) was sprayed each year. Chemical insect control was performed using the
following products at BBCH 14–16: Fastac 50 (a.i. alfa-cipermetrin 50 g L−1) (0.20 L·ha−1)
in 2014 and 2015 and Decis Mega 50 EW (i.e., deltametrin 50 g L−1) (0.15 L·ha−1) in 2016
and 2017.

4.3. Plant Sampling and Measurements

The number of pods per plant (NPP), number of seeds per plant (NSP), and weight
of seeds per plant (WSP) were established from randomly selected ten plants of each plot.
The number of pulses per m2 (NPm) was determined on plant samples collected from
100 cm long sections of two rows (0.50 m2) from each plot. All indices were assessed at pea
physiological maturity. Number of root nodules (NRN) per plant was determined from
randomly selected five plants of each plot at inflorescence emergence (BBCH 51–59).

4.4. Seed Yield and Seed Quality Analyses

Each year, the plots were harvested within the first ten-day period of August at
complete maturity (BBCH 89) using a plot harvester “Wintersteiger Delta” (Ried im Innkreis,
Germany). Seed yield (SY) of pea was adjusted to a 15% moisture content. Protein content
(PC) from each plot, from samples selected after harvesting, were measured using an
Infratec 1241 grain analyzer (Foss, Hilleroed, Denmark). Thousand seed weight (TSW) was
counted using a seed counter “Contador” (Pfeuffer GmbH, Kitzingen, Germany) from four
samples of 250 seeds per each plot.

4.5. Meteorological Conditions

The locality is situated in boreal climatic zone, with an average annual air temperature
of 6.4 ◦C and a long-term annual precipitation of 568 mm. Rainfall and mean air tem-
perature at the experimental site over the two growing seasons are provided in Figure 3.
The conditions of the plant growing season were described using the hydrothermal coef-
ficient (HTC) as the agrometeorological indicator, which was calculated according to the
formula [36]:

HTC = Σ p/0.1 Σ t, (1)

where Σ p represents the sum of precipitation (mm) during the test period, when the
average daily air temperature is above 10 ◦C, and Σ t denotes the sum of active temperatures
(◦C) during the same period. If HTC > 1.6, the irrigation is excessive; HTC = 1.0–1.5
optimal irrigation; HTC = 0.9–0.8 weak drought; HTC = 0.7–0.6 moderate drought (arid);
HTC = 0.5–0.4 heavy drought; and HTC < 0.4 very heavy drought [36].
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Figure 3. Rainfall and temperature distribution during the growing season.

Rainfall differed between the growing seasons, and the amount of rainfall totaled
212 mm (HTC = 1.6), 134 mm (HTC = 1.0), 215 mm (HTC = 1.3), 229 mm 212 mm (HTC = 1.4)
in 2014, 2015, 2016 and 2017, respectively.

4.6. Statistical Analysis

A three-way ANOVA was used to determine the effects of year, variety, and fertil-
ization treatment, on the morphological traits, SY, and seed quality parameters. The data
were compared using Fisher’s least significant difference (LSD) test at the probability levels
p ≤ 0.05 and p ≤ 0.01. Standard statistical procedures were used for calculating simple
correlation coefficients. The statistical analysis was performed using Stat Eng from the
statistical data processing package Selekcija.

5. Conclusions

It was found that the experimental year determined 39.4%, variety—15.8%, and
fertilization—11.2%, of the yield averaged data variations. The influence of fertilizers was
more strongly expressed in wet conditions compared with dry conditions. The lack of
moisture negatively influenced the pea seed yield. The new pea variety, Ieva DS, showed
the highest seed yield of all varieties, compared with the trial mean, and is suitable for
cultivation in the boreal environmental zone. According to seed yield, the varieties were
arranged in the following descending order: Ieva DS > Respect > Simona. NPK fertilizers
increased the seed yield by 0.40–0.78 t·ha−1 (or 10.6–12.9%) on average, compared with
unfertilized peas. Under a background of P40K80, the application of N60 and splitting
the N30 rate into N15+15 was not efficient. The optimal rate of N15–45P40K80 fertilizer was
determined when peas were grown in soil containing moderate amounts of available
phosphorus and available potassium. The meteorological factors had a significant impact
on yield components and pea seed quality, and significantly influenced the seed yield by
75.2%, 44.1%, and 79.9% for varieties Ieva DS, Simona, and Respect, respectively.
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26. Danilovič, M.; Šoltysova, B. Nutrient management analysis in field pea (Pisum sativum L.) cultivated in the no-tillage technology.
Agriculture (Pol’nohospodárstvo) 2010, 56, 18–24.
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Abstract: Chloride (Cl−) is applied in coffee at rates as a “macronutrient” in the form of muriate
of potash (MOP). Potassium (K+) is one of the most demanded nutrients by the coffee plant, and
MOP is one of the most used fertilizers in coffee production. No scientific evidence shows how Cl−

applied with MOP influences coffee growth, nutrient uptake, and nitrogen use efficiency (NUE).
In order to address these questions, a greenhouse trial over two years and a field trial over four
years were conducted. The trials were designed to test the influence of variable Cl−/S ratios on
biomass accumulation, nutrient uptake, and NUE. A significant effect of the Cl− rates on growth was
observed under greenhouse conditions but a non-significant effect on yield under field conditions.
Cl− and S significantly influenced the NUE in coffee. The results allow us to conclude that Cl−

rates need to be balanced with S rates, and that Cl− applied at macronutrient rates can improve
the NUE in coffee between 7 and 21% in greenhouse conditions and between 9% and 14% in field
conditions, as long as the rates do not exceed 180 mg L−1 Cl− and 80 mg·L−1 S in the greenhouse
and 150 kg·ha−1·year−1 Cl− and 50 kg ha−1·year−1 S in the field. With the aim to improve the NUE
in coffee, the Cl− content in leaves in coffee should be lower than 0.33% of dry matter, and in soil
lower than 30 mg·L−1. In practical terms, coffee farmers need to balance K-based fertilizers to avoid
the excessive Cl− applications that reduce the nutrient use efficiency, especially the NUE.

Keywords: coffee; chloride (Cl−); sulfur (S); nutrients; NUE

1. Introduction

In crop production, chloride (Cl−) is still being seen as an undesired anion rather
than a plant nutrient, mainly because of its toxicity effects resulting from excessive Cl−
accumulation in sensitive plant organs under salt stress [1,2]. There is also a widespread
belief that Cl− and nitrate (NO3

−) are antagonistic ions competing for plant uptake [3].
However, since 1954, chloride has been considered as an essential micronutrient, when
Broyer et al. [4] demonstrated a direct influence of Cl− on the growth of roots, leaves,
stems, and petioles in tomato plants. Chloride is involved in important physiological
processes, including stomatal regulation, water splitting or Hill reactions in photosystem II.
Cl− also has an osmoregulatory function in the vacuole, participating in phloem loading
and unloading of sugars and stimulating membrane-bound proton-pumping ATPases and
PPiases [4,5]. Other important functions are related to balancing the electrical charge of
essential cations, such as K+ and H+, which both play a main role in stabilizing the cell
membranes’ electrical potential and which regulate pH gradients [6].

Being a non-assimilating highly mobile anion, Cl− is the preferred molecule to balance
the electrical charge of important cations such as K+, Ca+2, and protons (H+), helping in
the stabilization of the electrical potential of cell membranes and the regulation of the
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pH gradients and electrical excitability [2]. Cl− is directly involved in cell division and,
subsequently, leaf area formation [2,7]. Most recently, a positive influence of Cl− on the
vegetative yield per unit of nitrogen available to the crop (NUE) in different crop species
has been documented [8].

Chloride occurs predominantly as Cl− in the soil, does not form complexes readily,
and tends to be repelled by the negatively charged sites on layer silicates. The concentration
of Cl− in bulk solutions is greater than in the diffuse layers surrounding the soil particles [1].
Cl− redistribution in the soil profile is likely to be dominated by mass flow and convention
processes associated with water fluxes [2]. The surface complexation of Cl− by soil particles
is relevant in variable-charge soils, where two types of soil complexes are distinguished:
outer sphere and inner sphere complexes. In outer sphere complexes, the ion is separated
from the particle surfaces by water molecules, and bonding depends solely on the presence
of opposite charge on the particle surfaces. Cl−, NO3

− and many cations (K+, Mg+2, Na+)
form only outer-sphere complexes [9]. Permanent positive surface charge occurs, but
outer-sphere anion complexation is important mainly in variable charged soil with a pH
below the point zero charge [9].

N fertilizer application in coffee is relatively high, with rates of 200 to 500 kg·ha−1·
year−1 [10–14]. The efficiency of mineral N fertilizer or NUE depends on the N rate applied
and the crop N uptake at a given yield level. Bruno et al. [12] reported an N recovery for
the whole coffee plant at harvest time of 66% when the N rate was 200 kg N·ha−1 and only
37% when a high N rate of 800 kg N·ha−1 was used. Cannavo et al. [15] reported that 60%
of the N applied to the coffee crop remained in the top 60 cm of the soil, meaning that
not more than 40% of the N applied was used by the coffee crop. In nursery coffee plants,
Salamanca et al. [16] found that fertilizer N supplied approximately 20–29% of the total
plant N after 4 months and an NUE of lower than 10%. The above reports demonstrate that
the NUE in coffee needs to be improved and that integrated strategies must be sought from
plant breeding to agronomic management. Within the agronomic management strategies,
the appropriate use of sources and doses of fertilizers in conjunction with the times of
application are part of the pool of alternatives that need to be considered with the aim to
improve the NUE in coffee.

The most often used potassium source by coffee farmers is the muriate of potassium
(MOP), also known as potassium chloride (60% K2O, 46% Cl), because of its high K
concentration, high solubility, and relatively low costs compared to other K sources such
as potassium sulfate (SOP) and potassium nitrate (PN). The potassium demand of the
coffee crop is similar to the nitrogen demand, and in some phenological stages, it is even
higher. The mean application of K by the coffee production systems changes from region
to region, with K fertilization rates between 100 and 400 kg K2O ha−1·year−1 depending
on the expected yield and K content in the soil [14,17–19]. In Colombia, for example, the
economic optimum coffee yield is achieved with a mean rate of 273 kg K2O ha−1·year−1 in
productive coffee plantations [13]. High K2O rates applied with MOP result in high inputs
of Cl−, reaching up to 300 kg Cl−·ha−1·year−1.

In weathered tropical soils, the natural content of Cl− tends to be low. Cl− as an anion
is not adsorbed by the soil particles and hence is very mobile in the soil. It can be easily
lost by leaching under freely drained conditions [2,20].

Laboratories in coffee regions usually have well-standardized analytical methods to
quantify Cl− content in the soil and tissues; however, despite its role as a plant nutrient,
this element is not included as a key nutrient in any of the nutritional programs in the
coffee regions. Only in fertigation is special emphasis made that Cl− should not exceed
350 mg·L−1 to avoid a reduction in the production capacity of the trees [14].

In rainfed conditions, Cl− is the third most applied nutrient in coffee when MOP
is used to supply the K+ needs of the coffee crop. Excess supply and uptake of Cl− in
plants is a serious problem, mainly in crops that grow on salt-affected soils [1,20]. Recently,
Santos et al. [21] demonstrated the negative effect of chloride applied via fertilizers in
coffee with respect to productivity and coffee cup quality in the Minas Gerais state of Brazil,
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but no references are available regarding the effects of high Cl− supplies on nitrogen use
efficiency (NUE) in coffee growing under rainfed conditions. Hence, this research aimed
to evaluate the influence of Cl− applied at rates as a macronutrient for coffee regarding
growth, productivity, nutrient uptake, and NUE in coffee.

2. Results

2.1. Influence of Cl and S Rates on Biomass Accumulation, Nutrient Uptake, and NUE under
Greenhouse Conditions

The dry biomass was significantly affected by the Cl/S rates (p value < 0.001). The
treatments without S and with a Cl− rate of 300 mg·L−1 showed 2,2 times less biomass
(37.9 g·plant−1) with respect to the treatments without Cl and 200 mg·L−1 of S that accumu-
lated at 82.1 g·plant−1 (Table 1). This reduction can be basically attributed to the strong S
deficit observed in this treatment, where this low dry biomass accumulation reduces the to-
tal N uptake, NUTE, and NUE, clearly indicating the importance of S on coffee growth and
NUE. Otherwise, the treatment without Cl− and the highest S rate (200 mg·L−1) showed
the highest biomass accumulation and NUTE but not the highest NUE. The intermediate
treatment with 180 mg·L−1 of Cl− and 80 mg·L−1 of S showed the highest total N uptake
(1.2811 mg· plant−1) and NUE (0.89 g shoot DW·g−1 of N applied) but significantly lower
NUTE (0.038 g DW·mg−1 N).

Table 1. Influence of different chloride (Cl−) and sulfur (S) rates on coffee plant biomass accumulation,
nutrient uptake, and nitrogen use efficiency under greenhouse conditions.

Cl/S Rates
Total
DW

Root
DW

N Cl
N

Uptake
S

Uptake
Total Shoot Cl

Uptake
NUTE ¶ NUE ¥

mg L−1 g Plant−1 Content in
Leaves %

mg Plant−1 g2 DW· mg−1 N g DW·g−1 of N

0/200 82.1 d 27.0 c 2.58 a 0.03 a 1234.7 b 174.2 c 19.3 a 0.047 c 0.83 c
60/160 74.1 bc 20.3 bc 2.68 a 0.16 b 1230.0 b 137.2 c 89.1 b 0.044 c 0.86 cb
120/120 79.4 cd 23.3 bc 2.59 a 0.33 c 1236.5 b 106.0 c 173.4 c 0.046 c 0.86 cb
180/80 74.8 bc 18.5 b 2.69 a 0.55 d 1281.1 c 90.4 b 276.3 d 0.038 b 0.89 b
240/40 72.1 b 16.2 ab 2.67 a 0.69 e 1306.3 c 84.9 b 361.7 e 0.043 c 0.89 b
300/0 37.9 a 10.2 a 4.43 b 2.98 f 1095.8 a 19.4 a 587.2 f 0.029 a 0.73 a

p value *** ** *** *** *** *** *** *** ***

Different letters denote statistically significant differences according to Tukey’s test alfalfa = 0.05 ** p value < 0.05;
*** p value < 0.01. ¶ Nitrogen utilization efficiency (NUTE total DW/total N content); ¥ Nitrogen use efficiency
(NUE total N uptake by the shoot biomass/total N applied N).

2.2. Cl/S Ratios Influence Nutrient Concentration and Uptake by Coffee Beans under
Field Conditions

In the field conditions where the present study was carried out, it was possible to
observe the occurrence of two dry periods during the year, represented by a soil moisture
index (SMI) lower than 1.0, during the months of July to September and from December
to March. The greatest flowering occurred in the months of February to March associated
with a greater water deficit, with SMI values between 0.7 and 0.5, indicating that between
70% and 50% of the pore space of the soil is occupied by water (Figure 1).

In field conditions on productive coffee plants, the nutrient concentration of the
coffee cherries after flowering was reduced in the way that the fresh cherries develop
and gain weight. Nitrogen (N) concentrations move from a mean value of 3.6% 30 days
after flowering to 1.8% 240 days after flowering or harvest time. At harvest time, the N
concentration was significantly different between treatments (Table 2), where the treatment
with the higher Cl/S ratio (201 kg Cl/33 kg S) showed the lowest N concentration with a
mean value of 1.69% compared with the treatment with 150 kg Cl/50 kg S, which showed
a mean N concentration of 1.89% (Figure 2A).
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Figure 1. Soil moisture index distribution for 3 years (2017, 2018, and 2019). Soil moisture index
means the fraction of the porous media of the soil that is occupied by water, SMI = 1.0 means that
100% of the soil porous is occupied by water, and SMI = 0 means that the soil is completely dry. (SMI
was calculated seeing the methodology described by Ramirez et al. [22]).

Figure 2. Influence of chloride/sulfur (Cl/S) rates on nutrient concentration in coffee cherries after
flowering. Nitrogen (A), potassium (B), calcium (C), magnesium (D), sulfur (E), and chlorite (F). Val-
ues are the means of four replications ± standard error. Different letters denote statistically significant
differences according to Fisher’s LSD test with p < 0.05, and ns denotes non-significant differences.
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Table 2. Pr > F values from the statistical output (ANOVA) for the nutrient concentration after
flowering and nutrient uptake at harvest time in the field trial.

Nutrient Concentration (%)
Nutrient Uptake at

Harvest Time (t·ha−1)

Nutrient

Days After Flowering

30 60 90 120 150 210 240 240

p Value

N 0.67 0.13 0.48 0.37 0.61 - 0.099 0.028 **
K 0.90 0.02 ** 0.64 0.93 0.03 ** 0.94 0.83 0.239
Ca 0.13 0.50 0.46 0.25 0.91 0.42 0.82 0.220
Mg 0.38 0.04 ** 0.52 0.85 0.49 0.83 0.19 0.398
S 0.38 0.68 0.18 0.36 0.60 0.081 * 0.54 0.459
Cl 0.14 0.69 0.78 0.53 0.11 0.21 0.27 0.006 **

* p value < 0.05; ** p value < 0.01.

The potassium (K+) concentration of the coffee cherries moves from average values
of 2.7% 30 days after flowering to 1.9% 240 days after flowering. Significant differences
between treatments were observed in potassium (K+) at 60 and 150 days after flowering
(Table 2). Sixty days after flowering, the treatment with 201 kg Cl/33S showed a signifi-
cantly lower K+ concentration of 2.27% than the treatment with 150 kg Cl/50, which shows
2.5% of K+ on the cherries. Furthermore, 150 days after flowering, the treatment without
Cl− and high S (0 kg Cl/125 kg S) showed the lowest and most significant different K+

concentration for the cherries at 1.95% compared with the treatment with a higher Cl/S
ratio of 201 kg Cl/33 kg S with 2.14% of K+ concentration for the cherries (Figure 2B). At
harvest time, no significant differences were observed in K concentration for the coffee
cherries, but the treatment with a higher Cl/S ratio (201 kg Cl/33 kg S) showed the lowest
K+ concentration for the cherries with 1.82% concerning the other treatments, where the K+

concentration tended to be higher.
The calcium (Ca+2) concentration of the coffee cherries moves from a mean value of

1.6% 30 days after flowering to 0.36% 240 days after flowering, without any significant
differences between treatments during the coffee cherry’s development period (Figure 2C).

The magnesium (Mg+2) concentration in the coffee cherries moves from a mean value
of 0.61% 30 days after flowering to 0.12% 240 days after flowering (Figure 2D), with
significant differences between treatments 60 days after flowering (Table 2), where the
treatment with a higher Cl/S ratio showed the lowest Mg+2 concentration of 0.25% with
respect to the treatment with 150 kg Cl/50 kg S, which registered a concentration of Mg+2 of
0.30% at the development stage. At harvest time, no significant differences were observed
in the Mg+2 concentration in the coffee cherries.

The sulfur (S) concentration of the coffee cherries moves from a mean value of 0.32%
30 days after flowering to 0.15% 240 days after flowering (Figure 2E), with significant
differences between treatments observed 210 days after flowering (Table 2). The treatment
with a medium Cl/S ratio (101 kg Cl and 73 kg S) showed a lower S concentration of 0.12%.
No significant differences in the S concentration for the cherries were observed at harvest
time (240 days after flowering).

The Cl− was the only nutrient that did not reduce the concentration during the
cherries’ development, as was described with the other nutrients previously. At 30 days
after flowering, the Cl− concentration for the coffee cherries showed a mean value of 0.16%,
while 120 days after flowering, the Cl− concentration was six times higher, reaching a mean
value of 0.92%, with a subsequent reduction 240 days after flowering, reaching a mean
value of 0.028% (Figure 2F).

The Cl/S ratios significantly influence the total N and Cl− uptake per ton of green
coffee beans. For N, the treatment with 150 kg Cl/50 kg S showed a mean N uptake
of 39.13 kg t−1 of green coffee beans, 14% more N uptake per ton of green coffee than
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the treatment with 201 kg Cl/33 kg S, which showed a mean N uptake of 34.2 kg N·t−1,
followed by the treatments with 101 kg Cl/73S with 37.5 kg N·t−1 and the treatment with
53 kg Cl/97 kg S with 37.9 kg N·t−1, representing 9% and 11% more N uptake per ton of
green coffee bean, respectively (Figure 3A).

Figure 3. Influence of the chloride/sulfur rates on the nutrient demand per ton of green coffee beans.
Nitrogen uptake (A), and chloride uptake (B). Values are the mean of four replications ± standard
error; different letters denote statistically significant differences according to Fisher’s LSD test with
p < 0.05.

The Cl− uptake per ton of green coffee bean increased proportionately with the
increase in the Cl/S ratio, treatments without and with low Cl− presented lower and
significantly different Cl− uptake per ton of green coffee, with 0.497 kg Cl·t−1 of green
coffee bean for the treatment with 0 kg Cl/123 kg S, and 0.336 kg Cl·t−1 of green coffee
beans for the treatment with 53 kg Cl/97 kg S. This represents 65% and 144% less Cl−
uptake with respect to the treatment with the higher Cl− rate (201 kg Cl/53S) where the
mean uptake was 0.82 kg Cl·t−1 of green coffee beans (Figure 3B).

2.3. Cl/S Ratios Influence Nitrogen Use Efficiency for Coffee Beans at the Field Level

The NUE in the field trial, described as the ratio of N uptake by the green coffee
beans with respect to the mineral N applied, was significantly influenced by the age of the
plantation and by yield (Figure 4). For instance, the NUE for the first harvest after stem
pruning was lower than 0.25 kg N uptake per kg of N applied, while in the second harvest,
it increased until a mean value of 0.45 kg N uptake per kg of N applied reached the highest
level during the third harvest year, with a mean value of 0.75 kg N uptakekg N applied−1.

The NUE for the productive plants shows a polynomial correlation with respect to
Cl− rates (Figure 4) during the second and third harvest years. A significant polynomial
correlation between the Cl− rates and the NUE was observed (R2 = 0.54 for the second
harvest and R2 = 0.97 for the third harvest). The polynomial function reaches an optimal
NUE with Cl− rates of 73, 113, and 110 kg·ha−1 during the first, second, and third harvests,
respectively (Figure 4).
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Figure 4. Influence of the chloride rates during three years of harvests on nitrogen use efficiency.
Optimum Cl− rates estimated from the first derivate of the function were 73, 113 and 110 kg·ha−1 for
the harvest years of 2018, 2019 and 2020, respectively, ± standard error.

The increase in NUE over the years is directly related to the increase in yield. During
the first and second year after pruning (first harvest), the Cl− rates were low due to the low
yield potential of the crop and the low K+ demand. After the second year after pruning,
yield potential increases, and crop nutrient demands, including K+, also increase.

The Cl/S rates do not have a significant effect on coffee yield (Table 3). The treatment
with a higher Cl/S ratio (201 kg Cl/33 kg S) for 4 years and three harvests showed only a 3%
lower yield compared with the treatments with lower Cl/S ratios such as 145 kg Cl/50 kg
S or 53 kg Cl/97 kg S, but those treatments showed an improvement in NUE with a mean
value of 14% and 16%, respectively.

Table 3. Influence of tCl/S rates on coffee yield, nitrogen uptake, and use efficiency in coffee.

Cl/S Rate ±
kg·ha−1 Yield + N-Uptake per Ton

Total N− Uptake
per ha

Mean N. Applied
per ha ++ NUE +++

t·ha−1 kg·t−1 kg·ha−1 year−1 kg·kg−1

0/125 4.02
±2.05)

36.7
(±2.04)

147.4
(±74.5)

308
(±20.75)

0.48
(±0.23)

53/97 4.01
(±1.85)

39.1
(±2.43)

157.3
(±75.3)

308
(±20.75)

0.51
(±0.24)

101/73 4.03
(±1.96)

37.5
(±2.32)

151.4
(±75.9)

308
(±20.75)

0.49
(±0.23)

150/50 4.03
(±2.11)

37.9
(±2.08)

152.8
(±78.5)

308
(±20.75)

0.50
(±0.24)

201/33 3.92
(±1.87)

34.3
(±1.31)

134.3
(±64.21)

308
(±20.75)

0.44
(±0.20)

p value ns * * ns
± The chlorate rate is the mean Cl− applied during the whole season (2017–2020); + Mean yield for three years
of harvest: 2018, 2019, 2020; ++ Mean nitrogen applied for four years (2017–2020); +++ NUE is the ratio between
N uptake by the coffee cherries/N applied during the season. NUE is total N uptake by the coffee cherries per
ha/total N applied per ha; ns is not significant, and * is significant at p value < 0.10.
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On average, the NUE ranges between 0.44 and 0.51 kg of green coffee per kg of N
applied in the treatments with a higher Cl/S ratio (201 kg Cl/33 kg S) and a lower Cl/S
ratio (53 kg Cl/97 kg S), respectively (Table 3).

2.4. Cl/S Ratios Influence Cl and S Distribution in the Soil Profile

Significant differences in the Cl− concentration in the soil were observed between
treatments at soil depths of 10 and 20 cm. The treatment with a higher Cl/S ratio (201 kg
Cl/33 kg S) showed a higher concentration with a mean value of 95.8 mg·L−1 of Cl− at
10 cm depth and 66.4 mg.L−1 at 20 cm depth, which was significantly different from
the other treatments were the mean Cl− concentrations at those depths ranged between
27 mg·L−1 at 10 cm depth and 18 mg·L−1 at 20 cm depth in the treatment with 101 kg
Cl/73 kg S, reaching the lowest concentration in the treatment with 0 kg Cl/125 kg S with
a mean Cl− concentration of 9.4 mg·L−1 at 10 cm depth and 10.18 mg·L−1 at 20 cm depth
(Figure 5).

Figure 5. Influence of the chloride and sulfur rates on chloride (A) and sulfur (B) distribution in the
soil profile. The bars in the figure represent the standard error.

These results clearly show a reduction in Cl− concentration in the soil for the treat-
ments with less Cl− applied within a specific soil depth. At 50 cm depth, no significant
differences in the Cl− concentration were observed between treatments (Figure 5).

In the case of S, no significant differences were observed between treatments, but there
were significant differences between soil depths. In the first 20 cm, the treatment with the
higher Cl/S ratio (201 kg Cl/33 kg S) had a mean S content of 15.6 mg·kg−1, while the
treatment without Cl− and the higher S rate (0 kg Cl/125 kg S), showing a mean value
of 23.4 mg·kg−1, but at a 50 cm depth, the treatment without Cl− and the higher S rates
(0 kg Cl/125 kg S) increase the S concentration significantly until 71.8 mg·kg−1, while the
treatments with lower S rates and medium Cl− rates (150 kg Cl/50 kg S) showed a lower S
concentration of 11.92 mg·kg−1 at 50 cm depth.

3. Discussion

3.1. Cl− Concentration on Tissues and Influence on Growth and Productivity

Cl− does not appear as a typical micronutrient since the actual Cl− concentration
in plants is in the range of 0.2% to 2% of dry matter [2,6]. In most plant species, the
Cl− requirements for optimal plant growth, however, are in the range of 0.02% to 0.04%
of dry matter [3,5], which corresponds to the content of a micronutrient, and the Cl−
content available in nature is sufficient to fulfill these requirements [3]. The critical tissue
Cl− concentration for toxicity is about 0.4% to 0.7% for Cl−-sensitive and 1.5% to 5.0%
for Cl−-tolerant plant species [1]. In this research, the Cl− concentration on the leaves
changes according to the Cl− rate from 0.03% in the treatment without Cl− to 2.98% of
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dry matter for the treatment with 300 mg L−1 Cl− without S. These increases in Cl−
concentration in the greenhouse trial had a significant effect on dry biomass accumulation,
with a significant reduction on increasing Cl− rates (Table 1). The significant reduction in
biomass accumulation in the greenhouse trial with leaf Cl− content above 0.33% places
coffee in the group of Cl−-sensitive glycophytic plants.

According to Chen et al. [2], when Cl− levels are high enough to be toxic, cation
absorption, such as for K+, decreases because of the disordered cell metabolism. In the
greenhouse trial, we see this tendency with the significant reduction in the dry biomass
accumulation when the Cl− rates increase from 0 to 60 mg L−1 (Table 1), and in the field
conditions, a significant reduction in the K+ concentration on the coffee cherries was
observed 60 days after flowering but with no significant effect on K+ uptake at harvest
time. (Table 2, Figure 2).

The Cl− content in grains, fruits, and seeds is very low and is hardly affected by
the Cl− concentration of the soil solution [23]. In the case of the field trial, we observe
strong changes in the Cl− concentration in the coffee cherries during the development
process that was directly linked with the fertilizer application time and the soil moisture
changes during the year (Figures 1 and 2). In the work of Silva et al. [24], who compared
the influence of K sources on coffee productivity and quality, it is possible to observe 30%
less Cl− concentration in the coffee beans on the treatments with SOP compared with the
MOP, with significant impact on the coffee quality parameters such as total sugar content
and polyphenol oxidase activity.

Cl− application stimulates plant growth when it is supplied at macronutrient levels [8].
Root Cl− uptake and long-distance transport require considerable use of metabolic energy,
clearly indicating that shoot Cl− accumulation on macronutrient levels responds to specific
biological adaptation [3]. The increase in biomass production induced by the higher rates
of Cl− application as a macronutrient is associated with the stimulation of higher turgor,
cell size, and shoot expansion [3,6]. Studies in soils with high to very high extractable K+

levels on wheat and alfalfa in Argentina showed a positive influence of Cl− fertilization
using MOP and ammonium chloride as a fertilizer source [25]. In both cases, the authors
report 50% yield increases independently of the fertilizer sources with Cl− rates between
23 and 56 kg ha−1. In anion crops, Cl− supplying higher levels up to 500 mg kg−1 on the
nutrient solution shows that Cl− on average is the fourth most utilized essential element,
superseded only by N, K, and P [26]. In durum wheat under field conditions, it has been
proven that a number of physiological disorders impairing growth and yield are especially
due to Cl− deficiency [27]. Plants such as kiwi fruit and palm trees have higher Cl−
requirements, which cannot be alleviated through NO3

− addition, and the reasons for such
high Cl− demand is still unknown [3,28,29].

The concept of beneficial elements became popular around the early 1980s to include
elements that stimulate plant growth or health but have not been shown thus far to meet
the strict essentiality criteria [30], or not essential in certain plant species, or under specific
conditions [31]. In this investigation, in both coffee trials, no stimulating effect of the
application of Cl− on growth and yield was observed (Tables 1 and 3), nor an increase in
biomass accumulation in the greenhouse with Cl− rates higher than 60 mg·L−1. At field
conditions in Brazil, Santos et al. [21] reported a yield reduction with an application of
100% of the K+ as a MOP, which represented an average Cl− dose of 230 kg Cl·ha−1·year−1.

A negative effect could be observed in some crops when the rates of Cl− increase
to 200–400 mg·kg−1. For most crops, the negative effect was obvious when the applied
amount increased to 400–500 mg·kg−1, and the yield of most crops decreased rapidly when
the applied Cl− exceeded 800 mg·kg−1 [2].

3.2. Cl− Influence on Nutrients Uptake and NUE

Cl− plays a quantitatively important role in ion balance when Cl− is abundant, but
other anions (nitrate, malate) can fulfill this role when Cl− supply is reduced. Competitive
effects in uptake between Cl− and N-NO3

− and Cl− and SO4
2− were documented by De
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Wit et al. [32], who recently reported that Cl− somewhat affects the uptakes and utilities of
N, P, K, Ca, Mn, Si, S, Zn, Mg, Fe, and Cu in potatoes, with the most extreme competitive
effects of N-NO3

− in crops such as rice, corn, soybean, cabbage, tomato, strawberry, melon
and lettuce, peanut, barley, citrus, and spring wheat [2,23].

Cl− in excess can strongly reduce the NUE specifically interfering with its uptake,
transport, and loading into the root xylem, since it uses the same anion channels used by
NO3

− [33,34]. NO3
− and Cl− are the most abundant inorganic anions in plants and share

similar physical properties and transport mechanisms, which is the origin of the strong dy-
namic interactions between these two monovalent anions and which frequently explains why
the higher accumulation of Cl− leads to lower NO3

− content in plants [3]. This antagonistic
interaction between Cl− and NO3

− has been reported by several authors [20,23,35] and is one
of the reasons why Cl− is considered a detrimental nutrient in agriculture.

Colmenero-Flores et al. [3] have shown that prolongated exposure to a nutrient so-
lution containing Cl− at a concentration of 4–5 mM (140–180 ppm) may cause a gradual
non-toxic accumulation of Cl− at values ranging between 2.5% and 5.0% DW (macronutri-
ent levels), without any interferences on plant growth and stress symptoms. According to
Carillo and Rouphael [34], when Cl− is in excess, it is passively transported into the cortical
cell and the xylem by anion channels, such as the NO3

− transporter NPF7.3 and S-type
anion heteromeric channel SLAH1/SLAH3, where high Cl− concentration at the leaf level
is less controlled and more dangerous than that of sodium due to the lower capacity of the
leaf blade to exclude Cl− and its limited basipetal phloem transport toward the roots.

When Cl− is accumulated in high concentration in the leaf tissues, it initially decreases
the apoplast osmotic potential interfering with the cellular water relations [35]. Thereafter,
it diffuses into the symplast by using anion (e.g., nitrate and phosphate) uptake symporters
competing with these beneficial nutrients for uptake within the cell [35].

In coffee growing under greenhouse conditions, the highest doses of Cl− without S
strongly reduce N uptake, the utilization efficiency—NUTE, and NUE. Treatments without
Cl− showed the highest NUTE but not the highest N uptake and NUE. Treatments with low
to medium Cl− rates (60 to 180 mg L−1) significantly increased NUE without significant
changes in NUTE (Table 3).

At the field level, the results showed significant differences in N uptake by the cof-
fee cherries (Figure 3) according to the Cl− and S rates, the treatment with high Cl−
(201 kg Cl/33 kg S) showed significantly lower N uptake than the treatment without Cl−
(0 kg Cl/125 kg S), but the higher and significantly different nitrogen uptake was achieved
in the treatment with medium Cl− rate (between 100–150 kg Cl/73–50 kg S), in which a
similar tendency was observed for NUE (Figure 4).

Nitrate uptake and allocation are key factors regulating NUE [36], given the close
interaction between Cl− and NO3

−, and it is expected that Cl− can significantly influence
the NUE, as can be seen in both coffee trials, where the NUE was reduced in the higher
Cl− rates, but the question is, why in medium or low Cl− rates was the NUE improved?
Can we say that Cl− at a certain point can improve the NUE? The potential reason could
be related to the net NO3

− uptake dynamic, which results from the differences between
NO3

− influx mediated by active transport and its passive efflux through anion channels [3].
Root anion efflux to the rhizosphere might be important in regulating H+-ATPase activity,
maintaining the H+ charge balance [37], or regulating plant cell growth [3]. The release of
Cl− from root cells through anion channels, replacing NO3

− efflux, could be an important
mechanism for preventing N loss [38], which is expected to improve NUE [3].

Rosales et al. [8] suggest that Cl− nutrition reduces NO3
− sequestration in plant leaf

tissues (e.g., vacuolar compartmentalization), making this valuable N source available for
assimilation and biosynthesis of organic N. Cl− can improve the NUE, despite significantly
reducing foliar NO3

− storage, which represents a radical change in the perception of
the Cl− and NO3

− antagonist. The most likely scenario is that when NO3
− is available,

the active transport mechanism that is frequently more selective for NO3
− than for Cl−

prioritizes NO3
− influx by inhibiting Cl− uptake. When little NO3

− is available, Cl− influx
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is less inhibited, thus increasing root uptake and intracellular Cl− concentration, which is
expected to replace NO3

− in serving an osmotic function, allowing for more efficient use of
the available N [2].

The stimulatory effect of Cl− on the asparagine synthetase activity has also been
suggested as another mechanism of interaction between Cl− and NUE [3]. Chloride
increases the affinity of asparagine synthetase for glutamate, its substrate [39]. Asparagine
is a major compound in the long-distance transport of soluble N in many plant species [3,5],
which explains the higher accumulation of N in coffee cherries with medium Cl− rates and
the higher NUE compared with the treatments without Cl−.

Rosales et al. [8] reported that Cl− significantly increases the NUE in different crops
such as tobacco, olive, mandarin, lettuce, spinach, and chard when accumulated at the
macronutrient level. Finely modulating the Cl− dose for decreasing the NO3

− accumulation
in leaves or improving its uptake and assimilation without decreasing the growth and
productivity of the plants is necessary [34].

In the case of coffee at the field level, this fine modulation of Cl− and S rates and ratios
shows potential benefits to improving the NUE, as is indicated by these results, creating a
fine balance for the Cl/S rates with mean values on a productive coffee plantation between
100 and 150 kg Cl− ha−1. year−1 and 73–50 kg S·ha−1·year−1. We can hypothesize in
this study that Cl− improved NUE when applied at medium doses at the “macronutrient”
level, through a reduction in N compartmentalization and improved transport through
stimulation of asparagine synthetase, represented in higher N uptake by coffee cherries
without a significant increase in yield in field conditions and biomass in greenhouse
conditions (Figure 4, Table 1). However, such macronutrient rates of Cl− did not improve
NO3

− assimilation represented by the NUTE (Table 1), similarly reported in Cl− excluding
species such as olive and citrus rootstock Cleopatra mandarin plants [8].

In the field trial over four years, a significant yield reduction was not observed, likely
related to the high soil moisture during the study time, with long periods of water excess
between March and July and between October and December over the years (Figure 1),
allowing for Cl− movement into the soil profile. Although the Cl− contents in the soil in
the first 20 cm of depth were significantly higher in the treatment with 201 kg Cl and 33 kg
S, the electrical conductivity (EC) was lower than 1.2 dS·m−1 in the soil’s first 10 cm and
less than 0.5 dS·m−1 at 30 and 50 cm depths.

The discussion on the effect of Cl− on the quality of coffee is still open. Silva et al. [24]
demonstrated more than ten years ago a reduction in quality parameters with the applica-
tion of MOP in coffee, and recently, Santos et al. [21] demonstrated a significant reduction
in the quality assessment of coffee in treatments that had low and high proportions of Cl−
in mineral K fertilization. However, an interesting note in the study by Santos et al. [21]
is that the treatment without Cl− was not the one that presented the highest yields in
coffee, while the treatment with 25 to 50% of K+ as MOP and 75% to 50% as SOP (57 to 115
kg Cl·ha−1·year−1) presented the highest yield, probably related to the effect of Cl− on
the NUE.

3.3. Cl− on the Soil

The Cl− content of the soil is not an intrinsic property of the soil but rather a result of
soil management [23]. As Cl− can move freely with soil water, soil Cl− levels can be highly
variable and can increase or decrease from year to year, depending on the water table
and the location in the landscape [1,40]. Soils considered low in Cl− are below 2 mg·kg−1.
Regarding wheat in several soils of the United States, Fixen et al. [41] reported that higher
Cl− levels in the soil of 43.5 kg·ha−1 (0–0.6 m) were adequate for near-maximum wheat
yield; in Argentina, Diaz-Zorita et al. [25] reported that the Cl− levels in the soil higher
than 13.2 mg·Kg−1 (0.0 to 0.2 m) were adequate for maximum grain yield.

In the present research on coffee, the Cl− concentration on the treatments with
201 kg Cl/33 S showed a mean value for Cl− of 98.5 mg·L−1 at 0–0.10 m depth and
66.4 mg·L−1 at 0.10–0.20 m depth, without significant differences on crop yield during the

25



Plants 2023, 12, 2033

4 years but with significant influence on N uptake and efficiency. These results indicate that
for coffee, the ideal Cl− concentration on the soil should be below 30 mg L−1. Regarding
coffee, Brazil Santos et al. [21] found a significant difference in the Cl− content in the soil,
where the treatments with 100% K+ applied as MOP had an average Cl− content in the
soil in the first 20 cm of the depth of 130 kg·ha−1 (approx. 65 mg·L−1 of Cl−), while the
treatment without Cl− with 100% K+ applied as SOP had a significantly lower Cl− content
in the soil at the same depth equivalent to 50 kg·ha−1 (approx. 25 mg·L−1 of Cl−).

When Cl− is applied to coffee at average doses of 100 to 150 kg·ha−1 in balance with S
without exceeding foliar concentrations of 0.33% of DW and soil contents of 30 mg L−1,
it has positive effects on the efficient use of nitrogen, increasing it from 9% to 14%. We
can affirm that the effect of Cl− on NUE is related to a reduction in compartmentalization
and an increase in NO3

− translocation, but with no effect on NO3
− assimilation, due to

the negative effect of high doses of Cl− on nitrogen utilization efficiency (NUTE). High
doses of Cl− both in the greenhouse (>180 mg·L−1) and in the field (>150 kg·ha−1) reduce
NUE due to a Cl− saturation effect in the vacuole at the physiological level, but also due
to Cl− saturation at the soil level, generating competition with anion uptake, especially
with NO3

−. The positive effects of moderate doses of Cl− on NUE may not be observ-
able or reproducible under conditions where coffee plants grow with prolonged periods
of water deficit, generating soil and tissue Cl− concentrations above normal levels, as
previously mention.

4. Materials and Methods

During the period of four years, two trials were carried out under greenhouse and field
conditions, with the aim to test rates and ratios of Cl− and S in coffee and their influences
on growth, nutrient uptake, productivity, and NUE.

4.1. Greenhouse Trial

The greenhouse trial was located in Dülmen, Germany, at the Hanninghof Research
Center of Yara International. The mean air temperature was 23.1 ◦C (±2.2 ◦C) with a
maximal air temperature of 31.4 ◦C and minimal air temperature of 15.3 ◦C, mean relative
humidity of 64% (±10%), and mean light intensity of 20.0 Klux during summertime.
Supplemental light (300 mmol m−2 s−1 photosynthetic photon flux density) over a period
of 12–14 h was given when natural light became insufficient.

Coffee seeds from the Coffea arabica var. Cenicafé 1 were pre-germinated in dark
conditions with a mean temperature of 28 ◦C for 6 weeks using disinfected sphagnum-moos
as a germination medium. Before the radicle emerged (BBCH scale 03-Arcila et al., 2002 [42],
the pre-germinated seeds were moved to small containers with perlite as a growing medium.
The seeds were allowed to germinate for 6 months. During this germination process, the
plants received a nutrient solution once per week containing: N (7.6 mM), P (0.3 mM), K
(1.7 mM), Mg (0.2 mM), Ca (0.9 mM), Fe (5.0 mM), Mn (2.9 mM), Zn (1.5 mM), Cu (0.6 mM),
B (9.2 mM) and Mo (0.2 mM).

Once the plants reached three pairs of leaves that were completely open (BBCH scale 13;
Arcila et al. [42]), they were transplanted in pots of 4.5 L. The aim of the greenhouse trials
was to evaluate the influence of different Cl− and S rates and proportions on growth and
nutrient uptake and NUE. In this trial, several Cl− and S rates and ratios were tested as
follows: 0/200; 60/160; 120/120; 180/80; 240/40 and 300/0 Cl/S in mg.L−1. In this trial,
the coffee plants were grown in coarse sand as a growing medium. All other nutrients were
applied as a nutrient solution to the soil surfaces, without any foliar application. Pots were
watered with a complete nutrient solution containing N (28.6 mM), P (1.5 mM), Mg (6 mM),
Ca (4.5 mM), Fe (14.7 mM), Mn (8.4 mM), Zn (5.3 mM), B (5.2 mM), Cu (14.2 mM) and
Mo (1.5 mM). The nutrient solution was applied once per week with application volumes
between 60 and 120 mL, according to the water demand of the plants. The soil moisture
was monitored daily with the aim of avoiding water deficit or excess, keeping it between
60% and 70% of the water holding capacity.
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After 9 months of transplanting, the coffee plants were trimmed, and the tissues
(leaves, stems, and branches) were dried in an oven at 65 ◦C until a constant weight was
attained. The dried material was then finely ground for nutrient analysis in the lab.

Finely milled plant materials were used for elemental analysis after wet digestion
in a microwave digester (MLS mega; MLS GmbH, Leutkirch, Germany). All the micro-
and macronutrients (excluding nitrogen) were analyzed using inductively coupled plasma
optical emission spectrometry (Perkin-Elmer Optima 3000 ICP-OES; Perking-Elmer Corp,
Shelton, CT, USA). The nitrogen was determined by the micro-Kjeldahl method.

Two nitrogen use efficiency (NUE) indicators were calculated: (i) N use efficiency
(NUE), calculated as the total nitrogen uptake by the shoot plant divided by total N applied
during the growing period (g shoot DW g−1 N), and (ii) N utilization efficiency (NUTE),
calculated as the total shoot dry biomass divided by the total nitrogen content in the shoot
(g DW mg−1 N). The NUTE indicator allows for an understanding of how efficiently the
transported N is used by the plant [8].

4.2. Field Trial

For four years, from January 2017 to December 2020, a field trial was carried out in the
southeast region of Colombia, in Garzón-Huila on a farm located at 2◦11′ N–75◦34′ W at
1.437 m elevation. The soil predominantly comprised consolidated materials, was mainly
granitic in nature, and had moderately low soil fertility, with characteristics as follows:
pH 4,71; organic matter at 3.08%; and P, K, Ca, and Mg contents at 11, 125, 530, and
52 mg·kg−1, respectively; and soil particle distribution of 48% sand, 18% silt, and 34%
clay. The pH was determined in water (1:1), organic matter by Walkley–Black, P by Bray-II,
and the exchangeable fraction of K, Mg, and Ca with 1 N ammonium acetate extraction
(1 N NH4C2H3O2, pH 7.0). The cations in the extracts were detected using an ICP (Perkin
Elmer, Optima 8000, Shelton, CT, USA), and soil texture analysis was performed using the
hygrometer Bouyoucos method. The mean climatic conditions observed in the region from
2017 to 2019 are shown in Table 4.

Table 4. Climate conditions obtained from the weather station *.

Year T·min (◦C) T·max (◦C) T. med (◦C) R.H (%) Rainfall (mm) Sunshine (h)
Rainfall in the

Trial Area (mm)

2017 16.9 24.6 20.2 77.1 1.575 1.1467 2.483
2018 16.6 ± 25.1 ± 20.3 ± 72.6 ± 1.234 - 2.053
2019 16.1 23.8 19.4 - 1.426 1.314,0 2.319
2020 - - - - 1.206 - 2.100

Mean 16.5 24.5 20.0 74.8 1.360 1.2303 2.238

1955–
2010 16.2 24.5 19.7 - 1.330 1.2500 -

* Jorge Villamil weather station, 2◦20′ N–75◦31′ W, provided by the National Coffee Research
Center—Meteorological Network. T. min, average minimum air temperature; T. max, average maximum air tem-
perature; T. med, average mean air temperature; R.H., average relative humidity. ± Mean value for three months.

The trial was run using the Coffea arabica L. variety Castillo® with resistance to the
coffee leave rust (CLR) disease generated by the fungi Hemileia vastatrix Berkeley and
Brome [42]. The plantation was established in 2012 in a full sunshine condition (FS) planted
at a density of 6.666 plants·ha−1 at 1.0 m distance between plants and 1.5 m distance
between rows. Before the treatment application, the plantation was stem trimmed at 30 cm
height in January 2017, aiming to rejuvenate the plantation and to initiate a new productive
cycle from 2018 to 2020. Five treatments differing in their Cl/S ratio were installed in the
trial. Rates of Cl− and S increased over the 4 years according to increments in growth and
yield formation (Table 5).
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Table 5. Treatment description during the four-year trial.

Treatment
2017 2018 2019 2020 Average

Cl/S Rates (kg·ha−1)

1 0/41 0/96 0/174 0/188 0/125
2 21/30 43/62 74/140 74/156 53/97
3 40/20 86/41 138/109 138/123 101/73
4 61/10 129/22 205/78 202/91 150/50
5 80/0 175/30 276/44 276/59 201/33

1 to 5

K2O Rates (kg·ha−1)

110 230 360 360 265

N Rates (kg·ha−1)

160 163 280 320 231

P2O5 Rates (kg·ha−1)

90 46 92 92 80

CaO Rates (kg·ha−1)

130 86 104 121 110

MgO Rates (kg·ha−1)

29 50 54 72 51

The sources of Cl− used in the trial were potassium muriate (MOP with 60% K2O and
46% Cl), and the S source was potassium sulfate (SOP with 50% K2O and 18% S). The Cl−
and S rates were adjusted based on the potassium requirement of the crop, considering
crop K2O demand and K2O content in the soil [43–46]. The mean nutrient rates over 4 years
were: 231 kg N, 265 kg K2O, 80 kg P2O5, 110 kg CaO, and 51 kg MgO kg·ha−1 (Table 5).
The total nutrient rate was split into 3 applications during the year: at pre-flowering, and
at 30 and 100 days after flowering. Fertilizer rates and application time are currently and
commonly used by coffee farmers.

The experiment was set up in a randomized complete block design with four repli-
cations; each plot in the block had 45.0 m2 with 12 effective plants. Five plants of each
compelling lot were selected for yield assessments, and the other 7 plants of the plot were
chosen to make destructive sampling of the coffee cherries every 30 days after flowering
until harvest with the aim to evaluate the nutrient concentration and nutrient uptake of the
coffee cherries and beans over time. In each of the 7 plants, branch number 10, counted
from the apex to the base, was labeled at the pre-flowering stage (BBCH scale 54–57), and
the cherries of the labeled branch were harvested every 30 days from 30 to 240 days after
flowering. Each effective plant served as a replicate.

The other 5 effective plants were used for the assessments at harvest. On average,
the coffee was harvested over 8 months in a year with the main harvest (70% of the year)
collected from September to November. The coffee cherries were harvested when they
reached maturity at BBCH scale 88 at 240 days after flowering.

All cherry samples were dried at 60 ◦C for a few days until a constant weight was
attained and finely ground for nutrient analysis. The nutrients K, Ca, Mg, S, and Cl were
analyzed using inductively coupled plasma optical emission spectrometry (Perkin-Elmer
400; Perking-Elmer Corp., Norwalk, CT, USA). N was analyzed by Micro-Kjeldahl method.

The nitrogen use efficiency by the coffee beans (NUE) was estimated using an index
between the total nitrogen uptake by the coffee beans at harvest (BBCH scale 88) divided by
the total amount of nitrogen applied during the crop season. This NUE indicator is known
as a fertilizer-based indicator [47] and can be considered similar to the partial N balance
(PNB = plant N content per unit of fertilizer N applied) described by Doberman [48].

With the aim to evaluate the Cl− concentration and distribution in the soil profile
after three years of treatment application, soil samples were collected per treatment and
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replicated at a 25 cm lateral distance to the stem, where nearly 86% of the coffee roots are
located [49]. Samples were taken at three soil depths (10, 30, and 50 cm).

A soil moisture index (SMI) was estimated using daily weather data. The SMI is
defined as the ratio between actual volumetric soil moisture and volumetric saturation
humidity [50], following the water balance approach described by Ramirez and Küsters [22].

All data were submitted to statistical analysis (ANOVA) according to the experimental
design using the Statgraphics Centurion XV software package (Statgraphics Technologies,
Inc.). The Shapiro–Wilk modified test was applied for normality testing and the residual vs.
prediction test to evaluate the heterogeneity of variances. Fischer’s test was used to detect
the treatments that significantly affected the ANOVA.

5. Conclusions

This work presents novel results regarding the influence of Cl− application on coffee
and its influence on growth, productivity, and NUE. After four years of research in the
greenhouse and on the field, we can conclude that:

- A balance between Cl− and S is necessary for coffee with the aim to improve N uptake
and NUE. For greenhouse conditions, there should be between 60 and 180 mg·L−1

of Cl− and between 160 and 80 mg·L−1 of S. Plants without Cl− or without S signif-
icantly reduce the NUE. At the field level, the balances should be between 100 and
150 kg Cl− ha−1·year−1 and between 73 and 50 kg S·ha−1·year−1.

- Cl− is applied to coffee at rates as a “macronutrient”, and the coffee plants can
take higher amounts of Cl−, reaching concentrations on the leaves of higher than
0.69% without toxicity symptoms, but with a significant reduction in dry biomass
accumulation. With the aim to keep a balance between biomass accumulation and
NUE, the Cl− content in the leaves should be lower than 0.33%, placing the coffee into
the group of glycophyte Cl−-sensitive plants.

- Cl− rates at the field level that are higher than 150 kg Cl− ha−1·year−1 significantly
increase the Cl− content in the soil and Cl− uptake by the coffee cherries and reduces
N uptake by the coffee cherries, reducing the NUE on average by 9% to 14%.

- In terms of the NUE, the Cl− content in the soil in coffee in the first 20 cm depth
should not exceed the concentration of 30 mg·L−1.

- The NUE in coffee could be improved by using agronomical management practices
such as the selection of mineral potassium fertilizer sources, with the main aim to
reduce the Cl− application rates and to limit them to no more than 100 to 150 kg Cl−
ha−1 with a fine balance with S rates, as mentioned before.
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Abstract: Organic-based fertilizers have been ratified to be effective in ameliorating tea growth
and the fertility of soil. However, the effect of integrated fertilization on tea growth and quality
and the chemical properties of the soil in tea gardens are unclear. To address this, from 2020 to
2021, five different treatments were carried out in the greenhouse of the Tea Research Institute,
Hangzhou, CAAS, including CK (control), NPK (chemical fertilizers), RC (rapeseed cake), NPK+B
(chemical fertilizer + biochar), and NPK+RC, to investigate the effects of different fertilizations
on soil chemistry and tea growth and quality. The results indicated that NPK+B and NPK+RC
significantly improved the different amino acid and catechin concentrations in the young shoots,
stems, and roots of the tea compared to the CK. The plant growth parameters, e.g., the plant height,
no. of leaves, mid-stem girth, and fresh weights of stems and leaves, were significantly increased
with integrated fertilization (NPK+B and NPK+RC) compared to the CK and solo organic and
inorganic fertilizers. The chlorophyll contents (Chl a, Chl b, and Chl a+b) were generally higher
with NPK+RC than with the CK (37%, 35%, and 36%), RC (14%, 26%, and 18%), and NPK (9%,
13%, and 11%) treatments. Integrated fertilization buffered the acidic soil of the tea garden and
decreased the soil C:N ratio. NPK+RC also significantly increased the soil’s total C (31% and 16%),
N (43% and 31%), P (65% and 40%), available P (31% and 58%), K (70% and 25%), nitrate (504%
and 188%), and ammonium (267% and 146%) concentrations compared to the CK and RC. The
soil macro- (Mg and Ca) and micronutrients (Mn, Fe, Zn, and Cu) were significantly improved
by the RC (100% and 72%) (49%, 161%, 112%, and 40%) and NPK+RC (88% and 48%) (47%, 75%,
45%, and 14%) compared to the CK. The chlorophyll contents and soil macro- and micronutrients
were all significantly positively correlated with tea quality (amino acids and catechin contents) and
growth. These results indicated that integrated fertilization improved the soil nutrient status, which
is associated with the improvement of tea growth and quality. Thus, integrated nutrient management
is a feasible tool for improving tea growth, quality, and low nutrient levels in the soil.

Keywords: tea plant growth; chlorophyll; integrated fertilization; amino acids; catechins; macro and
micronutrients; soil properties

1. Introduction

After water, tea is the second-most popular non-alcoholic beverage in the world. Tea
is made from the fresh leaves of a tea tree [1,2]. Tea is a very important cash crop that
is largely cultivated in tropical and sub-tropical regions, such as Japan, China, Vietnam,
and India [3]. Over the past few decades, the popularity of tea has grown steadily due
to its abundance of beneficial amino acids, vitamins, and antioxidants [4]. Tea contains
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many secondary metabolites that are closely related to its quality, such as tea alkaloids, tea
polyphenols, and free amino acids, which are rich in aroma, flavor, and health benefits [5].
In general, the umami taste of tea is caused by free amino acids, especially theanine, and as
the amino acid concentration increases, the intensity of the flavor is augmented. Theanine
is the most abundant amino acid in tea, typically accounting for 60% to 70% of the total
free amino acid content in tea and about 0.2% to 2% of the dry weight of tea [6,7]. Tea
polyphenols, such as catechins, are one of the principal contributors to tea’s astringent
properties [1,8]. The catechins in tea are not only responsible for the ultimate organoleptic
properties, but they are also closely linked to many health benefits, such as anti-cancer [9],
anti-inflammatory [10], and antibacterial effects [11]. Numerous research studies have
shown that catechins are abundant in green tea, accounting for about 30% of the dry
weight of green tea leaves [12]. Catechins are flavan-3-alcohols that occur naturally in tea.
Epicatechin and its gallate derivatives are the main flavan-3-ols in green tea [13]; EGCG,
the main catechin, accounts for more than 10% of green tea leaves’ dry weight [14,15].
Furthermore, some research studies have shown that gallate-type catechins are more bitter
and astringent than free catechins. The concentrations of compounds affecting tea quality
vary significantly due to cultivation practices and growing environments (soil, climate,
and altitude) [16,17]. As the demand for tea production continues to grow, farmers are
increasingly using fertilizer to maximize tea production [18]. All the same, many research
studies have shown that the long-term overuse of chemical fertilizers in tea cultivation
can lead to soil degradation problems, such as a reduction in beneficial bacteria, nutrient
loss, structural disruption, and acidification [19,20]. Tea plants prefer acidic soils, and the
optimum pH for tea growth ranges from 4.5 to 5.5 [21]. However, in a nationwide soil
survey of major tea-growing regions in China, about 46% of the tea soil samples had a pH
of less than 4.5 [22]. Due to these issues, the quality and yield of green tea were reduced,
leading to proven limitations in sustainable tea production [23]. Therefore, there is an acute
need to adjust and optimize fertilization strategies to ameliorate soil fertility and tea garden
traits, thereby improving tea quality and yield.

It is established that applying organic amendments is the best option for mitigating
the negative effect of mineral fertilizer by improving organic carbon and soil porosity [24].
Organic fertilizer has the advantages of a negative surface charge, high porosity, higher
alkalinity, and higher carbon content [25]. Over the past decade, many researchers have
delineated the benefits of organic fertilizers on soil physicochemical characteristics, such
as increasing the soil pH, reducing the bulk density, and improving the nutrient avail-
ability [26,27]. Furthermore, organic fertilizers have been shown to improve soil enzyme
activities and alter the community composition [28,29]. However, due to the limited
nutrient contents of organic fertilizers, their impact on crop yields is not particularly pro-
nounced [30]. Therefore, the combined use of organic and inorganic fertilizers has received
more advertence recently [31,32]. The combined application of chemical and organic fertil-
ization was more effective than organic fertilizers alone in improving soil nutrients and
yield. For example, N fertilizer plus biochar improves the soil nutrient availability and rain-
fed rice yields while decreasing soil NO3

− leaching [33]. Faloye et al., 2019 [34] indicated
that the application of chemical and organic fertilization increased the nutrient uptake
in maize and soil nutrients compared to organic or inorganic fertilizers alone. Although
integrated fertilization applications have been reported in several crops, vegetables, and
medicinal plants [35–37], few research studies were carried out to investigate the effects of
organic and mineral fertilizers on tea growth and quality and improved soil properties in
tea gardens.

Despite the growing understanding of the importance of organic fertilizers, previous
research has focused on improving crop yields and soil nutrients [33,38]. Little is known
about the effect of integrated fertilization on soil characteristics and its role in improving
plant growth and quality. Particularly in highly acidic soils, such as tea garden soils, organic
fertilizers play an important role in soil OM turnover. [24,39]. The influence of integrated
fertilization on soil properties and its role in improving tea growth and quality are unclear.
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A comprehensive understanding of the impact of organic fertilizers on tea growth, quality,
and soil characteristics may provide new insights into improving tea production, quality,
and soil management practices in tea gardens.

In this greenhouse experiment, five treatments (CK, NPK, NPK+B, NPK+RC, and RC)
were used for greenhouse experiments to examine (1) the influence of different chemical and
organic fertilization’s on tea growth and quality, (2) the changes in soil chemical properties
due to different fertilizer management methods, and (3) the effect of soil chemical properties
on tea quality and growth. We also assume that using organic or organic-based fertilizers
changes soil chemistry. We also hypothesize that changes in tea quality and growth correlate
with changes in soil chemical properties.

2. Materials and Methods

2.1. Experimental Site

The greenhouse experiment was carried out in the 2020–2021 period at the Tea Research
Institute, CAAS (30◦10′ N, 120◦05′ E, 22 m MSL), situated in the main green tea growing
area in China. The research site has a humid sub-tropical climate with an average RH
of about 70%. The average maximum temperature is 22.8 ◦C (73 ◦F), and the average
minimum temperature is 13.5 ◦C (56.3 ◦F) (Figure 1). According to the GSCC, research
soils are classified as red-yellow soils, equivalent to Alfisol in the World Reference Base
for Soil Resources [40,41], taken from the garden of Royal Tea Village Co., Ltd., Shaoxing,
China, 20 cm deep (top rhizosphere soil). According to Bao 2005 [42], properties of the top
rhizosphere soil of the tea garden were determined before the experiment began (Table 1).

Figure 1. Weather data during entire experimental period from 2020 to 2021. PAR = Photosynthetic
Active Radiation (mol m−2 d−1); Tmax (C◦) = Maximum Temperature; T min (C◦) = Minimum
Temperature; RH (%) = Relative humidity.

Table 1. Basic characteristics of tea orchard top rhizosphere soil (0–20 cm soil depth).

Soil Properties Means

Soil texture Clay
Clay (%) 63.0 ± 2.2
Sand (%) 9.0 ± 0.2
Silt (%) 28.0 ± 1.0

EC (μS cm−1) 108.0 ± 4.6
pH 4.4 ± 0.01
Available K (mg kg−1) 114.0 ± 2.7
Available P (mg kg−1) 30.0 ± 0.06
NO3

− (mg kg−1) 16.0 ± 0.4
NH4

+(mg kg−1) 33.0 ± 2.2
P (g kg−1) 0.8 ± 0.01
N (g kg−1) 2.7 ± 0.01
K (g kg−1) 12.0 ± 0.1
C (g kg−1) 18.0 ± 0.02

Mean ± standard deviation.
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2.2. Seedling Establishment and Treatment Design

Tea seedlings germinate from the seed of the tea variety “Longjing-43” [43]. The soil
for the greenhouse experiment was taken from a tea garden and air dried, sifted through a
2 mm sieve, and then thoroughly mixed, and 4.6 kg of soil was loaded into pots (14 × 24 cm
diameter and depth) with 3 cm of perlite at the bottom. In March 2020, 3 tea seedlings were
planted in small pots. After one month, healthy seedlings were left, and the remaining
seedlings were discarded. In October 2020, the tea plant was transplanted into large pots.

An amount of 8 kg of soil was placed into a pot (25 cm inner diameter × 25 cm depth).
Experimental treatments included control (CK) (no fertilizers), 100% rapeseed cake (RC),
100% NPK, 50% NPK + 50% rapeseed cake (NPK+RC), and 100% NPK + biochar (NPK+B).

NPK was used at a ratio of 75:10:25 mg per kg of soil. The application doses of rapeseed
cake and biochar were 1.26 and 1.25 g per kg soil, respectively. KH2PO4 (39.09% K2O and
30.97% P2O5) was used as a compound fertilizer for P and K, Urea (46% N) was used as N
fertilizer, and potassium chloride (KCl) was used as K fertilizer (60% K2O). Rice straw was
heated for 2 h at 500 ◦C with limited O2 to make biochar. The nitrogen, phosphorus, and
potassium contents of RC were about 5.98%, 3.42%, and 1.96%, respectively. Biochar and
RC were amalgamated with soil and loaded into pots. Urea, KH2PO4, and KCl solutions
were prepared and applied in three split doses at a 2-week interval before transplanting
in the July–August 2020 period and 62 days after transplanting from December 2020 to
January 2021. A 30% (w/w) soil moisture was maintained. A completely random design
with four replicates (CRD) was exploited for the treatment arrangements. Plant, root, and
soil samples were collected in October 2021. The research duration was 480 days.

2.3. Determination of Different Amino Acid and Catechin Contents by HPLC

We weighed the milled sample to obtain 250 mg and added 1.5 mL of a 75% methanol
extract solution to the Eppendorf tube. We shook the tube with a vortex shaker and placed
it in an ultrasonic shaker water bath for 15 min, shook it up and down twice at 7 min
intervals, and then centrifuged at 11,000 rpm at 25 ◦C for 10 min. We filtered the extract
through a 0.22 μm PTFE filter and divided the sample solution into two parts for catechin
and amino acid analysis in a DRAM glass tube.

The e2695-connected and 2998-Photodiode Array Detector System (Waters) was used
for high performance liquid chromatography analysis, which injected 25 μL and 10 μL
of free amino acid and catechin sample solutions, respectively. For catechins, mobile
phase A consisted of ddH2O containing 2% formic acid, while mobile phase B consisted
of acetonitrile (ACN), a high-performance liquid chromatography solvent (Sigma-Aldrich
Co., St. Louis, MO, USA). Sample was eluted at a flow rate of 1 mL/min with a column
temperature of 40 ± 1 ◦C and monitored at 278 nm. For amino acids, mobile phase A
had AccQ. Tag eluent of water, while mobile phase B was acetonitrile, and the column
temperature was set to 37 ± 2 ◦C. The rest of the process was carried out according to the
AccQ. Label Chemical Packaging Instruction Manual. We compared the retention time of
the sample with the standard, and identified the peak of catechins and amino acids, as
described in the manual.

2.4. Determination of Chlorophyll

With minor modifications, chlorophyll (Chl) contents were measured according to
the protocol of Ni et al., 2009 [44]. We placed the fresh leaves in a mortar and ground
them into a fine powder. We added 400 mg of sample and 5 mL of 80% acetone to a 15 mL
falcon tube, mixed it for 5 min, and then kept it at 4 ◦C for 15 min in the dark (chlorophyll
is hydrolyzed under light). Then, we centrifuged the mixture at 3000 rpm for 15 min,
transferred the supernatant to a new centrifuge tube, and protected it from light. This
process was repeated twice. We combined the supernatant and obtained a total volume of
25 mL with 80% acetone. We shook the solution thoroughly and determined the absorbance
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of Chl using a spectrophotometer (varian carries winning UV) with 80% acetone as a blank
(control). The Chl contents were measured using the following equation:

Chlorophyll a(mg/g) =
[12.7×A663−2.69×A645]×V

1000×W

Chlorophyll b(mg/g) =
[22.9×A645−4.68×A663]×V

1000×W
Chlorophyll a + b(mg/g) = Chlorophyll a + Chlorophyll b

Chlorophyll a/b ratio =
Chlorophyll a
Chlorophyll b

where W = sample weights (g); V = volume of supernatant (ml); A663 = 663 nm wavelength
absorbance; and A645 = 645 nm wavelength absorbance.

2.5. Plant Growth Parameters

We randomly selected 4 potted plants from each treatment unit, cut off the shoots at
the level of the crowns (the point of separation between the root system and the stem),
plucked off all leaves (counted), and separated the plant into leaves, stems, and roots.
We measured the plant height with a ruler and stem diameter with a digital caliper. We
recorded the fresh weights of leaves and stems (cut stem into 7–8 cm parts). The young
shoots (1 bud and 2 leaves), stems, and roots were dried, grinded, and passed through a
mesh sieve with a 0.7–1.0 mm size. Before analysis, we stored the powdered young shoots,
stems, and roots in a zipper-lock bag.

2.6. Soil Macro− and Micronutrients

In late October 2021, soil samples were collected. We mixed the soil from the same
treatment pots into one sample and removed any stones, plant residues, and roots by hand.
The collected fresh soil sample was passed through a 2 mm sieve and divided into two
parts. Portions of the mineral nitrogen (NO3

− and NH4
+) were immediately analyzed, and

the other part was air-dried before other soil properties were determined.
Orion 3 STAR pH meter (Thermoer Inc., Boston, MA, USA) was used to measure soil

pH at a ratio of 1:1 (w/v) in double-distilled water (ddH2O). A C/N elemental analyzer
(Vario Max, Elementar, Frankfurt, Germany) was used to measure soil’s total N and C
contents. Available soil nutrients (K, P, Ca, Fe, Mg, Mn, Zn, and Cu) were extracted from the
soil using the Mehlich-3 method (Mehlich, 2008), and their contents were determined using
ICP-AES (Thermo Jarrell Ash Ltd., Franklin, MS, USA). TP and TK were determined by
digestion. After digestion, the sample was diluted in a 50 mL volumetric flask with 50 mL
of ddH2O, and the contents of TP and TK were measured using ICP-AES (Thermo Jarrell,
Ash. Ltd., Franklin, MA, USA). NO3

−–N and NH4
+–N were extracted at a soil/water

ratio of 1:10 with 2 M KCl solution at 25 ◦C, and NO3
− and NH4

+ concentrations were
determined using a smart Continuous Flow Analyzer (Smart Chem 140, Shenzhen, China).

2.7. Statistical Analysis

Analysis of plant and soil data was carried out using ANOVA. To determine the
significance among the treatments, F-test was used, and to find the significance of difference
between the means of 2 treatments, the least significant difference (LSD) test was used.
LSD, F-test, and ANOVA were analyzed using “Statistix 8.1.1, 2008” and MS Excel, 2019.
IBM SPSS Statistics 20 was used for Pearson’s correlation analysis. The heatmaps were
created on the R-platform using the “ggplot2” package (version 3.5.1.).

3. Results

3.1. Plant Growth Parameters

Compared with the control, NPK+RC, NPK+B, NPK, and RC treatments significantly
(p ≤ 0.05) improved the no. of leaves per plant−1 and the plant height (Table 2). Compared
with the NPK+B, NPK, and RC treatments, the no. of leaves per plant−1 and plant height
were also significantly (p ≤ 0.05) increased by the NPK+RC treatment. The highest no. of
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leaves per plant−1 and plant height were observed in NPK+RC, followed by the NPK+B
and NPK treatments. There was no statistically significant difference between NPK and
NPK+B. In addition, the application of chemical fertilizers with rapeseed cake significantly
improved the stem diameter of tea plants compared with the NPK+B, NPK, RC, and control
treatments. The NPK+RC treatment resulted in the thickest stem diameter, followed by the
NPK+B and NPK fertilizers, and the CK treatment resulted in the thinnest stem diameter.
No significant difference was recorded between the NPK and RC treatments. The plant
height, number of leaves per plant−1, and mid stem diameter under the NPK+RC treatment
increased by 47.1%, 58.6%, and 28.1%, respectively, compared with the CK (Table 2).

Table 2. Effect of integrated fertilization on plant height, no. of leaves per plant−1, leaf and stem
fresh weights, and stem diameter.

Treatments Plant Height (cm)
No. of Leaves per

Plant−1
Leaf Fresh Weight

(g Plant−1)
Stem Fresh Weight

(g Plant−1)
Stem Mid Girth (mm)

CK 22.63 ± 1.80 c 46.0 ± 8.2 c 6.22 ± 1.23 d 2.73 ± 0.95 c 2.18 ± 0.09 c
NPK 32.75 ± 3.30 b 71.0 ± 22.8 b 12.04 ± 0.80 bc 4.65 ± 1.50 bc 2.76 ± 0.17 b
NPK+B 34.00 ± 4.08 b 80.0 ± 19.9 b 13.62 ± 1.52 b 5.87 ± 1.48 ab 2.83 ± 0.19 ab
NPK+RC 42.75 ± 4.57 a 111.0 ± 10.5 a 18.47 ± 3.98 a 7.16 ± 1.32 a 3.03 ± 0.10 a
RC 30.50 ± 6.66 b 58.0 ± 9.1 bc 10.38 ± 1.28 c 4.54 ± 1.23 bc 2.58 ± 0.14 b

Control (CK); Chemical Fertilizers (NPK); Chemical Fertilizer + Biochar (NPK+B); Chemical Fertilizer + Rapeseed
Cake (NPK+RC); Rapeseed Cake (RC). Data are shown as means ± standard deviation, and different lowercase
letters indicate significant differences among different treatments at p ≤ 0.05 levels in the same line (LSD test).

In this study, it was found that the organic and inorganic fertilization treatments
significantly improved the leaf fresh weight per plant−1 (66.3% and 54.3%) and the stem
fresh weight per plant−1 (61.9% and 53.5%), respectively, compared to the control (CK).
Compared to the RC treatment, the NPK+RC treatment significantly (p ≤ 0.05) improved
the leaf and stem fresh weights per plant by 43.8% and 36.6%, respectively (Table 2). The
highest leaf and stem fresh weights per plant−1 were noted in NPK with RC fertilization,
followed by the NPK+B treatment, while the control treatment had the lowest leaf and
stem fresh weights per plant−1.

3.2. Catechin Contents in Tea Young Shoots, Stems, and Roots

The catechin compositions determined by HPLC in the young shoots (two leaves and
one bud), stems, and roots are presented in Figure 2a–c. Various catechin contents were
detected in the roots, stems, and young shoots, namely CG, GC, GCG, GA, EGC, EGCG,
EC, ECG, C, and EC (matery) gallate; caffeine (CF); and total polyphenol (TPL). It was
found that the various catechin contents in different parts of the tea plant were in the order
of young shoots> stems >roots. The catechin contents in the roots were significantly lower
than those in the other parts of the tea plant. Integrated fertilization had a significant
effect on the catechin contents (CG, GC, EGC, EGCG, EC, ECG, EC (matery) gallate, and
CF) in the young shoots of tea except GCG, GA, and TPL. The highest catechin contents
(CG, GC, EGC, EGCG, EC, ECG, C, EC (matery) gallate, and CF) were recorded in the
NPK+RC treatment (0.08, 0.14, 11.7, 34.3, 6.7, 13.2, 4.4, 3.4, and 11.0 mg g−1) and the
NPK+B treatment (0.08, 0.10, 11.3, 31.9, 6.3, 13.0, 3.3, 3.2, and 10.3 mg g−1), while the
lowest catechin contents were recorded in the control (0.01, 0.03, 8.3, 19.6, 2.09, 5.7, 1.9,
2.2, and 7.6 mg g−1). There was a non-significant difference between the NPK+RC and
NPK+B treatments in the majority of catechin contents in young shoots. In the tea stems,
the catechin contents (CG, GC, EGC, EGCG, EC, ECG, and C) were significantly affected by
organic and inorganic fertilizers, while GCG, GA, TPL, EC (matery) gallate, and CF were
not significantly affected by integrated fertilization. The maximum catechin concentrations
were established in NPK+RC, while the minimum catechin concentrations were found in
the control treatment. The catechin contents between the NPK+RC and NPK+B treatments
were not significant (specifically, EGC, EGCG, EC, ECG, and C). The catechin contents of
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the roots were significantly affected by integrated fertilization, while organic and inorganic
fertilization had non-significant effects on the roots’ CG, GC, GCG, GA, EC (matery) gallate,
TPL, and CF contents. The concentrations of catechin (EGC, EGCG, EC, ECG, and C) in
the NPK+RC treatment were 17%, 115%, 147%, 555%, and 227% higher, and in the NPK+B
treatment, they were 13%, 87%, 125%, 473%, and 186% higher than the control treatment,
respectively, in the tea roots.

Figure 2. Effect of integrated fertilization on catechin contents (mg g−1) in (a) young shoots (2 leaves
and 1 bud), (b) stems, and (c) roots of tea (Longjing 43), as determined by HPLC. Gallocatechin (GC),
Epicatechin (EC), Gallocatechin Gallate (GCG), Gallic Acid (GA), Catechin Gallate (CG), Epigallocate-
chin (EGC), Epigallocatechin Gallate (EGCG), Catechins (C), Epicatechin Gallate (ECG). Different
lowercase letters indicate significant differences among different treatments at p ≤ 0.05, and vertical
bars represent the standard deviation of the mean (n = 4).

3.3. Targeted Metabolites’ Amino Acid Concentrations in Tea Young Shoots, Stems, and Roots

The concentrations of different free amino acids in the young shoots, stems, and roots
of tea (Longjing 43), due to different organic and inorganic fertilizer management methods,
are given in Figure 3a–c. It was established that Thea (49–65%), Glu (3–10%), Asp (4–7%),
and Pro (2–6%) were the major amino acids in the tea samples. Among the 18 amino
acids in the tea young shoots and roots, 16 amino acids (Pro, Ala, Thr, Asp, His, Ser, Gly,
Glu, Arg, The, Tyr, Met, Val, Leu, Ile, and Phe) were significantly affected by integrated
nutrient management, while 2 amino acids (Cys and Lys) were not significantly affected.
The concentrations of amino acids (Asp, Ser, Glu, Gly, His, Arg, Thr, Ala, Pro, The, Tyr,
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Val, Met, Ile, Leu, and Phe) in the NPK+RC treatment were 41%, 75%, 72%, 114%, 77%,
103%, 85%, 42%, 63%, 42%, 86%, 154%, 109%, 138%, 19%, and 112% higher than the control,
and in the NPK+B treatment, they were 33%, 60%, 52%, 90%, 38%, 58%, 68%, 36%, 49%,
38%, 68%, 122%, 72%, 106%, 111%, and 81% higher compared to the control treatment,
respectively, in the young shoots. In the roots, the maximum amino acid concentrations
were observed in NPK+RC, followed by NPK+B and NPK fertilization, and the minimum
amino acid concentrations were observed in the control treatment. In the stems, integrated
nutrient management had a significant effect on the amino acid concentrations (Ser, Glu,
Thr, Gly, Asp, Pro, His, The, Met, and Val) except for those of the Arg, Ala, Cys, Tyr, Lys,
Ile, Leu, and Phe amino acids. The highest amino acid concentrations were observed in
the NPK+RC treatment, followed by the NPK+B treatment, while the lowest amino acid
concentrations were recorded in the control. There were no significant differences recorded
for the amino acid concentrations among the NPK and RC, and among the NPK+B and
NPK+RC fertilizer treatments in the roots, stems, and young shoots of green tea. The amino
acid concentrations in different parts of the green tea plant were recorded as follows: roots
> young shoots > stems.

 

Figure 3. Effect of integrated nutrient management on amino acids (mg g−1) in (a) young shoots
(2 leaves and 1 bud), (b) stems, and (c) roots of tea (Longjing 43), as assessed by HPLC. Aspartate (Asp),
Glutamate (Glu), Proline (Pro), Theanine (The), Isoleucine (Ile), Methionine (Met), Phenylalanine
(Phe), Glycine (Gly), Serine (Ser), Histidine (His), Threonine (Thr), Arginine (Arg), Alanine (Ala),
Tyrosine (Tyr), Cysteine (Cys), Valine (Val), Leucine (Leu), Lysine (Lys). Different lowercase letters
indicate significant differences among different treatments at p ≤ 0.05, and vertical bars represent the
standard deviation of the mean (n = 4).

3.4. Chlorophyll Contents of Leaves

The effects of integrated fertilization on the chlorophyll contents (Chl) of tea are
shown in Figure 4. The research outcome indicated that the concentrations of Chl a, b,
and a+b in the tea leaves were significantly affected by organic and inorganic fertilizer
management, while for the Chl ratio (Chl a/b), there were no significant differences
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among all treatments. The chlorophyll a content was higher in the plants treated with
NPK+RC, followed by the plants treated with NPK+B integrated fertilization. Furthermore,
the lowest chlorophyll a content was found in the control pots and plants treated with
RC. The maximum chlorophyll b content was found in the pots treated with integrated
fertilization (NPK+RC), followed by those that underwent NPK+B treatment, while the
minimum chlorophyll b content was measured in the control treatment pots. There was no
significant difference between the NPK and NPK+B fertilizer treatments. The maximum
Chl a+b concentration was recorded with the use of mineral fertilizer with RC and mineral
fertilizers with biochar. The lowest Chl a+b content was noted in the control treatment.
The concentrations of Chl a, b, and a+b in the NPK+RC treatment were 35.5%, 34.1%, and
37.3% higher compared to the control, and 14.3%, 25.8%, and 17.7% higher compared to
rapeseed cake, respectively, while NPK+B had 28.9%, 25%, and 27.6% higher Chl a, Chl b,
and Chl a+b concentrations compared to the control treatment, respectively.

Figure 4. Chlorophyll contents of tea leaves as influenced by integrated nutrient management.
Chlorophyll a (Chl a), chlorophyll b (Chl b), chlorophyll ab (Chl ab), chlorophyll a/b ratio (a/b ratio).
Different lowercase letters indicate significant differences among different treatments at p ≤ 0.05, and
vertical bars represent the standard deviation of the mean (n = 4).

3.5. Soil pH and NH4
+ and NO3

− Concentrations

The application of integrated nutrient management had a significant effect on the soil
pH. Rapeseed cake, alone or in combination, and biochar significantly increased the pH
of tea orchard soil (Table 3). The soil pH in the control treatment was 4.41, which is 2.6%
higher than that of the NPK treatment. The lowest soil pH (4.30) was recorded in inorganic
fertilizers (NPK), while the highest soil pH levels (4.70, 4.64, and 4.55) were recorded in
rapeseed cake (RC), NPK+RC, and NPK+B fertilization. Hence, the addition of organic
fertilizers, irrespective of their nature, increased the soil pH in acidic soil. In this study, the
rapeseed treatments (RC and NPK+RC) significantly changed the pH of the soil from 4.35
to 4.70 and 4.64, respectively.
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Table 3. Effect of organic and inorganic fertilization on soil pH and macro and micronutrients.

Treatments pH N (%) C (%) CN Ratio Ca (mg kg−1) Mg (mg kg−1) Fe (mg kg−1) Mn (mg kg−1) Cu (mg kg−1) Zn (mg kg−1)

CK 4.41 ± 0.09 bc 0.19 ± 0.005 c 1.56 ± 0.03 c 9.57 ± 0.33 a 154.66 ± 54 c 24.73 ± 3.4 b 267.63 ± 31 b 10.48 ± 2.5 c 1.01 ± 0.06 b 1.74 ± 0.13 b
NPK 4.35 ± 0.03 c 0.21 ± 0.03 bc 1.61 ± 0.06 c 8.78 ± 0.93 ab 202.57 ± 41 bc 34.00 ± 5.8 ab 358.39 ± 32 a 16.48 ± 2.3 bc 1.18 ± 0.11 b 1.68 ± 0.22 b
NPK+B 4.55 ± 0.17 ab 0.23 ± 0.02 ab 2.01 ± 0.07 a 7.61 ± 0.96 b 275.61 ± 34 ab 30.70 ± 3.4 ab 336.12 ± 24 ab 17.99 ± 8.6 b 1.27 ± 0.21 b 1.70 ± 0.08 b
NPK+RC 4.64 ± 0.13 a 0.26 ± 0.03 a 2.05 ± 0.04 a 7.74 ± 0.19 b 290.44 ± 43 ab 36.68 ± 11.5 a 393.99 ± 40 a 18.39 ± 4.3 b 1.46 ± 0.43 b 1.98 ± 0.24 b
RC 4.70 ± 0.09 a 0.20 ± 0.01 c 1.77 ± 0.06 b 7.69 ± 1.08 b 324.30 ± 116 a 42.45 ± 10.9 a 399.85 ± 100 a 27.39 ± 3.8 a 2.14 ± 0.59 a 2.43 ± 0.34 a

Control (CK); Chemical Fertilizers (NPK); Chemical Fertilizer + Biochar (NPK+B); Chemical Fertilizer + Rapeseed
Cake (NPK+RC); Rapeseed Cake (RC). N: Nitrogen; C: Carbone; Mg: Magnesium; Ca: Calcium; Fe: Iron; Cu:
Copper; Mn: Manganese; and Zn: Zinc. Data are shown as means ± standard deviation, and different lowercase
letters indicate significant differences among different treatments at the p ≤ 0.05 level in the same line (LSD test).

Significant differences were recorded between the soil’s NH4
+ and NO3

− concentra-
tions after the application of organic and inorganic fertilizer treatments (Figure 5e,f). The
solo application of chemical and organic fertilizers or integrated fertilization application
significantly improved the overall soil NH4

+ and NO3
− concentrations. The maximum con-

centrations of NH4
+ and NO3

− were found in NPK+RC, followed by NPK+B and NPK, and
the minimum contents of NH4

+ and NO3
− were found in the control and RC treatments.

NPK+RC increased the NO3
− and NH4

+ concentrations by 504% and 267% compared to
the control treatment, and by 188% and 146% compared to the RC treatment, respectively.
Similarly, the NPK+B and NPK treatments also improved the NO3

−-N concentration by
221% and 33% compared to the control treatment, while the NH4

+-N concentration showed
increases of 129% and 93% in the NPK+B and NPK fertilizer treatments relative to the
control.

Figure 5. Effect of integrated nutrient management on soil. (a) Available P, (b) Available K, (c) Total P
(d), Total K (e), Nitrate, and (f) Ammonium. Different lowercase letters indicate significant differences
among different treatments at p ≤ 0.05, and vertical bars represent the standard deviation of the mean
(n = 4).

3.6. Soil Micro and Macronutrients

Organic and inorganic fertilizers significantly affected the soil micro- and macronu-
trients. The application of mineral fertilizers (NPK), along with RC and B amendments,
effectively improved the total N, P, and C concentrations of the soil. The potassium content
of the soil was not significantly improved by integrated fertilization (Table 3; Figure 5c,d).
The highest total N, P, and C contents of the soil were observed in the NPK+RC treatment,
while the lowest were recorded in the CK and RC treatments. The NPK+B treatment also
improved the total N, P, and C concentrations of the soil. The NPK+RC treatment increased
the macronutrient (N, P, and C) concentrations by 43%, 65%, and 31% compared to the
control treatment, respectively, followed by the NPK+B treatment. The carbon content in
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the rapeseed cake was significantly higher than that of the mineral fertilizer (NPK) treat-
ment. The N content was significantly higher in the chemical fertilizers (NPK) compared
to the solo application of rapeseed cake fertilizer. Integrated fertilization significantly
(p ≤ 0.05) affected the C:N ratio of the soil (Table 3). Compared with organic fertilizer
alone, integrated fertilization showed a lower C:N ratio. Among the treatments, the C:N
ratio trend was as follows: CK > RC > NPK > NPK+B > NPK+RC. The C/N ratios of
the NPK+RC and NPK+B treatments were low, indicating that the N content was higher
than that of NPK and RC. The rapeseed cake and NPK+RC treatments had higher Mg and
Ca contents, followed by the NPK+B treatment. RC improved the Mg and Ca contents
by 72% and 100% compared to CK, and by 25% and 60% compared to chemical fertilizer.
NPK+RC also improved the Mg and Ca contents by 48% and 88% compared to the control,
respectively (Table 3).

An analysis of the soil test data revealed that the available P and K concentrations
of the soil responded significantly (p ≤ 0.05) to different organic and inorganic fertilizer
applications (Figure 5a,b). After the application of treatments, the available P and K
concentrations of the soil ranged from 281.9 to 452.8 mg kg−1 and from 196.6 to 334.5 mg
kg−1. The soil’s available P and K concentrations of rapeseed cake with chemical fertilizers
(NPK+RC) were significantly higher than those of the soil with the solo application of RC
and inorganic fertilizer (NPK). NPK+B and NPK+RC fertilization improved the available P
concentrations of the soil by 32% and 31%, while the available K concentrations of the soil
improved by 70% and 60% compared to the control treatment, respectively.

This study also demonstrated that organic fertilizers alone or in combination with
mineral fertilizer treatments significantly (p ≤ 0.05) improved the contents of the soil
micronutrients (Mn, Fe, Zn, and Cu) (Table 3). The organic fertilizers had significant high
amounts of micronutrients compared to the inorganic fertilizers. Therefore, the highest
soil micronutrients (Mn, Fe, Zn, and Cu) were observed in rapeseed cake, followed by
the NPK+RC and NPK+B fertilizer treatments, while the lowest soil micronutrients were
recorded in the control and chemical fertilizer (NPK) treatments. Rapeseed cake (RC)
significantly increased the micronutrients (Fe, Mn, Cu, and Zn) of the soil by 49%, 161%,
112%, and 40% compared to the control, and by 12%, 66%, 82%, and 45% compared to
chemical fertilizer treatment, respectively. The soil micronutrients (Fe, Mn, Cu, and Zn)
were also improved by NPK+RC (47%, 75%, 45%, and 14%) and NPK+B (26%, 72%, 25%,
and 2%) compared to the CK treatment, respectively. There was no significant difference
in the soil micronutrients between the NPK+RC and RC treatments. So, the organic
fertilization or the incorporation of integration fertilization improved the soil micronutrient
statutes in the tea plantations, which promoted tea growth and quality.

3.7. Pearson’s Correlation Analysis of Soil Chemical Properties and Plant Growth

A Pearson’s correlation matrix for the relation of the soil chemical characteristics
(pH and soil macro- and micronutrients) and plant growth factors (plant height, no. of
leaves per plant, avg. stem diameter, and leaf and stem fresh weights per plant) of tea are
presented in Figure 6. Most of the correlations between soil macro- and micronutrients
were significantly positively correlated with each other, except for the soil’s C:N ratio,
which had significant negative correlations with the plant growth parameters and soil
macro- and micronutrients. The soil macro- and micronutrients also had significant positive
correlations with the plant growth parameters, except the total K did not have a significant
positive correlation with the plant growth parameters; Fe and Cu did not have significant
correlations with the no. of leaves per plant and the leaf fresh weight per plant; and Mn
and Zn did not have significant correlations with the no. of leaves per plant and the stem
fresh weight per plant. The soil pH was significantly positively correlated with the soil
macro- and micronutrients (Mg, Ca, Mn, Fe, Zn, and Cu), and among the soil macro- and
micronutrients, Ca, Mg, Fe, and Zn had very strong and significant positive correlations
with the soil pH. The soil’s total K, P, N, and C did not have a significant correlation with
the soil micronutrients, except N, which had a significant positive correlation with Ca,
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Fe, and Zn. The available P and K had significant correlations with the plant growth
parameters; the soil’s total N, C, and P; the soil’s NO3

− and NH4
+; and the soil’s Ca, Fe,

and Mn concentrations. Nitrate was significantly positively correlated with NH4
+, Mg,

Cu, and the plant growth parameters. Ammonium was significantly positively correlated
with only Ca and Mg and the plant growth parameters. All of the soil micronutrients were
strongly and significantly positively correlated with each other’s, except Ca, which was
not significantly correlated with the soil Cu. The tea growth variables (plant height, no. of
leaves per plant, avg. stem diameter, and leaf and stem fresh weights per plant) were also
strongly and significantly positively correlated with each other.

 

Figure 6. The Pearson’s correlation analysis of soil chemical properties and plant growth. An asterisk
indicates the significance of the correlations at p levels of ≤0.01 (**) and ≤0.05 (*).

3.8. Pearson’s Correlation Analysis of Chlorophyll Content and Soil Chemical Properties with
Different Catechin Contents in Tea Young Shoots

The leaves’ Chl contents (Chl a, Chl b, and Chl a+b) and the soil chemical properties
(total N; available P and K; and NO3

−, NH4
+, Ca, Fe, Mg, Cu, Mn, and Zn) were signif-

icantly positively correlated with different catechin contents of young shoots (Figure 7).
The Chl contents (Chl a, Chl b, and Chl (a+b)) were significantly positively correlated with
all catechin types of young shoots, except GCG and EC (matery) gallate, which were not
significantly correlated with Chl b and a, respectively. The TPL is also not significantly
correlated with the chlorophyll contents and soil chemical properties. The pH of the soil did
not have significant correlations with the different catechin types. The soil macronutrients,
including the total N, nitrate, ammonium, and available P and K, were significantly posi-
tively correlated with different catechin types, except GCG and GA. The soil macro- and
micronutrients (Mg, Ca, Mn, Fe, Zn, and Cu) also had significant positive correlations with
some catechin types, and some catechin types had non-significant positive correlations, for
example, EGC, GCG, GA, TPL, EC (matery) gallate, and caffeine. Generally, significant
positive correlations exist between soil macro- and micronutrients and different catechin
types of tea young shoots.
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Figure 7. The Pearson’s correlation analysis of chlorophyll content and soil chemical properties with
young shoot catechin contents. An asterisk indicates the significance of the correlations at p levels of
≤0.01 (**) and ≤0.05 (*).

3.9. Pearson’s Correlation Analysis of Chlorophyll Contents and Soil Chemical Properties with
Different Targeted Amino Acids of Tea Young Shoots

The correlation matrix of the leaf chlorophyll contents and soil macro- and micronu-
trients with different targeted amino acid metabolites of tea young shoots is shown in
Figure 8. The chlorophyll contents and soil macro- and micronutrients were significantly
positively correlated with the different amino acids of the tea young shoots. Ala was
correlated with Chl a, Cys was correlated with Chl a, and Chl b and Chl a+b were not
significantly correlated, respectively. The soil macronutrients were significantly positively
correlated with most of the targeted amino acids of the young shoots compared to the soil
micronutrients. The soil pH only had a significant positive correlation with Arg and Tyr.
The nitrate and ammonium of the soil did not have a significant correlation with the Cys
and Lys amino acids of the tea young shoots, respectively. In the case of micronutrients, a
significant positive correlation existed between the soil micronutrients and 17–39% of dif-
ferent targeted amino acids, except Ca and Zn, which had significant positive correlations
with 83% and 50% of different amino acids in the tea young shoots, respectively.

 

Figure 8. The Pearson’s correlation analysis of chlorophyll content and soil chemical properties
with young shoot’s targeted amino acid metabolites. An asterisk indicates the significance of the
correlations at p levels of ≤0.01 (**) and ≤0.05 (*).
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4. Discussion

4.1. Effects of Different Fertilization Amendments on Plant Growth

Compared with the CK, the NPK+RC and NPK+B fertilizations significantly improved
the plant height, stem circumference, leaf number, and fresh biomasses of the leaves and
stems. The application of integrated fertilization has been reported to promote plant
growth. For example, Rafael et al., 2019 [35] reported that the use of NPK+B resulted in
a 4–5-fold increase in the cowpea biomass yield compared to the control, and it resulted
in a 70% improvement compared to chemical fertilizer (NPK) treatments. Saha et al.,
2019 [37] exemplified the synergetic effects of inorganic fertilizers and biochar on pasture
yield. Soil characteristics, such as the microbial activity, pH, and CEC, were significantly
improved by biochar [33,35]. After the application of biochar and RC to inorganic fertilizers,
the enhancement of tea growth factors may be connected to the enhancement of the
soil chemistry (pH and nutrient concentration) and microbial properties (soil fungal and
bacterial diversity index). This finding is in accordance with the study by Bass et al.,
2016 [45], which may indicate that organic fertilizers do not meet the nutritional needs of
tea plants during growth. Integrated fertilization utilizes chemical fertilizers as a nutrient
source and biochar as a soil amendment [33]. In addition, many studies have reported that
B improves the nutrient use efficiency of mineral fertilizers [37,46]. We think this may be
related to the adsorption of macronutrients (P, K, and N) by RC and B, which leads to a
sustained released of nutrients and provides more macro- and micronutrients for tea plant
growth. Particularly in sub-tropical tea-growing regions with higher rainfall and lower
pH levels, organic fertilizers play a vital role in sustaining soil macro- and micronutrients
and decreasing nutrient loss and the leaching of chemical fertilizers [47]. The increase in
Casuarina height after biochar application can be attributed to augmented plant nutrient
availability, such as potassium and phosphorus, and improved soil physical properties,
such as reduced BD and improved soil water storage [48,49]. Nevertheless, research on
the effects of biochar on tree growth remains prominent [50]. Research has further shown
that soil improved with 3% biochar resulted in the highest increases in the leaf count and
plant height.

The favorable effect of optimal nutrient levels obtained through inorganic and organic
nutrient sources on the increasing leaf number per plant−1 could be one of the reasons
for the higher leaf fresh weight per plant−1. Under chemical fertilization, an insufficient
nutrient supply throughout the growing phase may limit the growth rates of the leaves,
thereby limiting the number of leaves per plant−1 due to low inadequate cell expansion or
photosynthesis rates or both [51]. Ramana et al., 2002 [52] also reported that inadequate
and unbalanced nutrient supply are often the main reasons why plants are unable to
achieve their potential growth. The use of integrated fertilization increases the intrinsic
nutrient supply capacity of the soil to macro- and micronutrients [53] and improves the
soil physical properties, thereby promoting better rooting, improving crop nutrient uptake,
and promoting plant growth.

4.2. Effect of Integrated Fertilization on Catechin Contents in Roots, Stems, and Young Shoots
of Tea

Catechin is the main secondary metabolite in Chinese tea, which has a significant
impact on the tea taste and quality. In this research, the concentrations of various catechin
components, namely CG, GC, GCG, GA, EGC, EGCG, EC, ECG, C, and EC (matery) gallate;
caffeine (CF); and total polyphenol (TPL) were determined in the young shoots, stems,
and roots of tea plants under different integrated nutrient management strategies. The tea
young shoots (two leaves and one bud), followed by the stems, had the highest catechin
contents, while the tea roots had the lowest catechin contents, which is in accordance
with prior findings [54]. Due to the higher availability of micro- and macronutrients,
the application of mineral fertilizers (NPK) and organic fertilizers (RC and B) increases
the content of catechins in tea. Organic fertilizer improved the biological, chemical, and
physical soil properties, thereby augmenting the yield and quality of tea [4]. Bagchi et al.,
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2022 [55] also found maximum contents of catechins in organic-based fertilizers compared
to inorganic fertilizers and the control. Both the EC and ECG catechins belong to the class
of dehydroxylated catechins, signifying that dehydroxylated catechin biosynthesis plays a
key role in the root system, whereas EGC and EGCG were the major catechin constituents
in the leaves (63%) and stems (64% in total).

Catechins are synthesized via the flavonoid and phenylpropanoid biosynthetic pathways.
However, the individual catechins’ exact biosynthetic pathways remain unknown. Stafford,
1990 [56] stated that C is an isomeric transition for the conversion of (+)-dihydroquercetin to EC.
However, recent studies have found that the synthesis of EC and C is catalyzed by anthocyanin
synthase (ANS) and leucocyanin reductase (LAR) from leucocyanin, respectively [54]. In
addition, Wellmann et al., 2006 [57] reported that ANS can convert C into two major products
and one minor product, suggesting that C may be involved in multiple biosynthetic pathways
as an intermediate. The properties of catechins vary. For example, compared to other catechins,
the (+)-catechin (C) significantly reduces the bitterness and astringency of tea.

4.3. Effect of Integrated Fertilization on Amino Acid Concentration in Tea Young Shoots, Stems,
and Roots

In this research, compound fertilization (NPK+RC and NPK+B) significantly improved
the amino acid contents of the young shoots (two leaves and one bud), roots, and stems.
The amino acid content was higher in the roots compared to the stems. Former studies
have reported that many amino acids were synthesized primarily in tea roots and then
transported from the roots to the stems [58,59]. In this research, the application of organic-
based fertilization enhanced nutrient uptake in tea a process that may affect the production
of amino acid contents [60]. Consequently, integrated fertilization may improve amino
acid synthesis in tea. In addition, rapeseed cake and biochar can increase the soil water
holding capacity, thereby improving the leaf water fluidity and increasing the production
of amino acids [37]. More importantly, B with NPK fertilizers can interact with the roots
and influence the production of root secondary metabolites, finally influencing the quality
of tea [22,36]. Organic fertilizers provide micronutrients that help in the improvement of
tea quality and different amino acid concentrations with inorganic fertilizer application.
In addition, integrated fertilization affected the soil microbiota, thereby increasing the
amino acid contents of the tea. Studies have shown that microorganisms have positive
correlations with tea yield and quality. Several genera, such as Rhodosporidium, Sphin-
gomonas, Rhodanobacter, Chloridiums, Devosa, and Inocybes, have antecedently been
reported to be participating in plant growth promotion and nutrient cycling [61,62]. Among
the various metabolites, amino acids contribute a lot to the quality of tea. Studies have
shown that nitrogen form and nitrogen levels significantly affect amino acid metabolism,
thereby regulating the amino acid contents in the tea roots and aerial parts. There is
growing evidence that nitrogen forms alter the amino acid content in tea tree leaves and
roots [21,63,64]. Huang et al., 2018 [65] showed that providing different forms of nitrogen
to tea plants significantly increased the Glu, Thea, and Pro contents in tea shoots compared
to the control group. Through theanine synthetase, theanine is synthesized from glutamic
and ethylamine acids. The decarboxylase of alanine in tea produced ethylamine. The N in
these organic compounds comes from NO3

− or NH4
+. Tea plants prefer ammonium ions

as inorganic N sources for growth [21].
Present studies have shown that amino acids provide different characteristics for the

taste quality of tea infusion [66,67]. Thea, the most abundant amino acid, imparts complex
flavors, including umami, bitterness, and sweetness, and the intensity level of the taste
increase with an increasing Thea concentration [6,66]. Glu and Asp also contribute to the
umami flavor. Gly, Ala, Thr, Pro, and Ser produce a sweet taste, while His, Ile, Arg, Met,
Phe, Leu, Val, and Trp produce a bitter taste. The umami taste of tea infusion is primarily
attributed to amino acid, especially Thea [68].
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4.4. Chlorophyll Content of Leaves as Affected by Organic and Inorganic Fertilizer Management

The maximum concentrations of Chl a, b, and Chl a+b were found in the NPK+B and
NPK+RC treatments, while the control and RC treatments had a minimum chlorophyll
concentration. Similar studies were conducted at the seedling stage of peanuts, where
the chlorophyll content increased with the application of biochar-based fertilizers [69].
Another similar result was found in soybean [70], sorghum, and maize plants [71], where
inorganic fertilizers added to organic fertilizers increased the total chlorophyll content.
The application of NPK-free organic fertilizer does not adequately provide the nutrients
required for Chl biosynthesis. However, the addition of biochar and rapeseed cake in
NPK applications significantly improved nutrient uptake, thereby optimizing chlorophyll
biosynthesis. Large amounts of Chl are needed to maintain photosynthetic pigments and
synthesized enzymes involved in tea growth, biomass, and quality. Higher photosynthetic
rate mechanisms increase the chlorophyll concentration of tea, which induces higher
plant growth.

The chemical structures of chlorophyll a (C55H72O5N4Mg) and chlorophyll b (C55H70O6
N4Mg) have different functional groups. In addition, the color of Chl b is light green,
and Chl a has a dark green color. The light energy is converted into chemical energy by
the principal pigment, Chl a. Chl b acts as a co-pigment and plays an indirect role in
photosynthesis by transporting the light it absorbs to Chl a [72]. Green tea products and
the green color of fresh tea leaves are created by the Chl compound. Water-soluble green
pigments, chlorophyllides, and chlorophyll derivatives are derived from chlorophyll through
the catalysis of chlorophyllase, which is dissolved during the tea brewing process, resulting
in green tea-colored infusions [73]. The chlorophyll content gives green tea products a
grassy flavor [74].

4.5. Effect of Integrated Fertilization on Soil pH and NH4
+ and NO3

− Concentrations

In this research, the soil pH was significantly influenced by combined fertilization,
where the soil pH of inorganic fertilizer (NPK) decreased; rapeseed cake alone or in com-
bination with inorganic fertilizer (NPK+RC) increased the soil pH; and the incorporation
of biochar and chemical fertilizer (NPK+B) also improved the soil pH due to its liming
properties. These results show that organic fertilizers have greater potential to increase
the soil pH than nitrogen, phosphorus, and potassium fertilizers. This means that organic
fertilizers can be used as good materials for improving acidic soils. The results are consis-
tent with those of many similar studies, such as Yang et al., 2021 and Xie et al., 2021 [75,76],
who noted that the pH of acidic soils increases with the incorporation of organic fertilizers.

The nationwide average pH of tea garden soils is 4.68, and the soil pH in different
provinces in China varies from 3.96 to 5.48 [22]. Tea garden soils are acidic, with a pH
of about 4.0 to 5.5, unlike other crops [77,78]. When the pH of the soil is less than 4, it is
not conducive to the growth and quality of tea plants [79]. Therefore, increasing the soil
pH is essential to improving tea soil fertility. In general, the addition of biochar reduces
stress on plants due to its lime properties [80]. Similarly, Zhang et al., 2019 and Saha et al.,
2019 [37,81] also indicated that the use of biochar (B) or biochar-based fertilizers increases
the soil pH. Therefore, applying RC and biochar plus mineral fertilizer is a suitable way to
alleviate acidification in tea orchard soil.

Combined fertilization increased the soil NO3
− and NH4

+ concentrations. The appli-
cation of RC and B with NPK significantly increased the soil NO3

− and NH4
+ contents,

while the NO3
− and NH4

+ contents of the RC and control treatments were lower. The
content of ammonium in soil was significantly higher than that of nitrate, and the content of
ammonium in RC and biochar with chemical fertilizer treatments was significantly higher
than that in the mineral fertilizer treatments (Figure 5e,f). Therefore, RC is more beneficial
to the growth of tea plants than mineral fertilizers that prefer NH4

+. At the same time, the
nitrate content in the overflow water was higher than the ammonium content. Ammonium
in soil is generally adsorbed by the soil organic matter and soil particles, and ammonium
is rapidly converted to nitrate under aerobic soil conditions [76]. The utilization of cow
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manure biochar (CMB) and straw biochar+ fertilizer (RSBF) increased the NH4
+ content by

45.1% and 36.5%, respectively, compared to chemical fertilizers [82].

4.6. Effect of Integrated Fertilization on Soil Macro and Micronutrients

The application of B and RC with chemical fertilizers (NPK+B and NPK+RC) signifi-
cantly improved soil macro- and micronutrient statuses. Regarding the soil nutrient status,
chemical fertilizer and organic fertilizer jointly improved plant growth and significantly in-
creased the N, P, and K contents in the soil. Organic amendments using chemical fertilizers
may result in higher microbial activity and nutrient availability compared to no fertilization
(controls) and mineral fertilization [61,62,83]. When organic fertilizer is applied together
with chemical fertilizers, the application of organic amendments increases the soil’s N, P,
and K concentrations [83]. Organic fertilizers have a greater impact on the soil quality
than chemical fertilizers, thereby improving nutrient release and their availability to tea
plants [84]. Rapeseed cake significantly improved the exogenous input of the soil OM,
which is more likely to retain nutrients in a form that is more easily absorbed by plants for
a longer period of time. The nutrients in chemical fertilizers are already mineralized, which
provides a ready source of nutrients for the soil. It is implied that the nutrient release time
of NPK fertilizers was short because the leaching of nutrients from soils treated with NPK
fertilizers may be higher than that of soils treated with organic fertilizers. Several studies
have reported a longer residual effect of organic fertilization on soils [85].

Our results also indicated that the soil’s available contents of K, P, N, Ca, etc., were
significantly improved by the NPK+B treatment, which is also consistent with previous
studies [29,33,75]. The available soil C content has been shown to play a critical role in
conserving the fertility of soil. Biochar adsorbs OM and promotes the establishment of
humus soil, which increases the amount of available soil carbon and nitrogen [86]. As for
other nutrients, biochar itself carries certain nutrients, such as phosphorus, potassium,
and calcium, which can directly provide nutrients. In addition, biochar is able to interact
with soil and indirectly affect the availability of nutrients in soil through adsorption,
precipitation, and dissolution [87]. To store nutrients in soil, biochar plays an important
role in reducing nutrient leaching and nutrient loss from inorganic fertilizers [47,75]. These
outputs may be due to the higher macronutrient content in the NPK+B treatment. Similar
results have previously been reported; biochar-based fertilizers produce a higher soil
nutrient value than biochar alone [29,81].

Synthetic chemical fertilizers are primarily used as nitrogen sources for plant growth,
while RC fertilizer not only supplies nitrogen but also helps to maintain the carbon content
in the soils. Therefore, chemical fertilizer and RC organic fertilizer have different effects on
the soil’s carbon and nitrogen cycles in tea gardens. Compared with rapeseed cake and
biochar alone, the combined application of chemical and organic fertilization has a lower
C:N ratio. However, the CK and NPK treatments had higher C:N ratios. The change in
the proportion of carbon and nitrogen sources in the soil after fertilization may be due to
the fact that the chemical fertilizer is a synthetic fast-acting N fertilizer, which is primarily
used to supply the nitrogen needed by the plant, so little carbon is input. Rapeseed is
a kind of biomass fertilizer that also contains a large quantity of OM, which provides
a huge quantity of carbon to the soil. As a slow-release fertilizer, RC has a relatively
small and slow nitrogen input. Similar research has also shown that organic N in organic
fertilizer is more effective than chemical nitrogen in synthetic fertilizer, particularly in
low-yield agricultural production systems [76,88]. The lower C:N ratio of the soil treated
with integrated fertilization may be attributed to higher nitrogen availability due to the
accumulation of chemical and organic fertilizers and their retention in the soil, which is
associated with lower nitrogen loss rates than carbon loss rates during organic matter
degradation [89]. Soil organic carbon was significantly improved by organic amendments,
which has a significant influence on soil micro- and macronutrient availability, microbial
activity, and nutrient uptake, potentially altering the C:N ratio. However, the incorporation
of external organic matter with higher C:N ratios may also speed up the mineralization
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of existing OM, releasing the N trapped in existing OM—a process known as the priming
effect [90]. These outcomes are confirmed by former studies [83].

The application of integrated fertilization improved NUE and the recovery of micro-
and macronutrients. The improvement of OM may be due to the application of organic
fertilizers, which improve soil properties and plant growth. Adediran et al., 2005 [91]
reported that plots treated with organic fertilizers increased organic carbon by 11–20%,
calcium by 26–96%, magnesium by 6–19%, and zinc by 4–8% compared with chemical
fertilizers. The application of integrated nutrient management increases the content of
soil micronutrients compared with the solo application of chemical fertilizers. Similarly,
organic fertilizer sources also contributed to the supply of soil macro- and micronutrients
through mineralization processes and improved the soil physicochemical and microbial
properties. Furthermore, these fertilizers are able to gradually release nutrients (macro and
micronutrients) and make them available to plants throughout the growing period [91].
Thus, the application of integrated fertilization was considered to be a good choice for
promoting nutrient recovery and plant growth [83].

5. Conclusions

This study investigated the effects of integrated fertilization on soil chemistry, tea
growth and quality, and the relationship between soil chemistry and tea growth and quality.
Studies have shown that NPK+RC and NPK+B amendments increase the soil pH, macronu-
trients, and micronutrients, especially soil-available nutrients. Additionally, changes in the
soil chemistry caused by integrated fertilization were key factors in improving the growth
parameters of the tea plant. Furthermore, integrated fertilization significantly improves the
quality of tea compared to the solo application of mineral fertilizers or organic fertilizers.
Combined fertilization also significantly improved the Chl concentrations (Chl a, Chl b, and
Chl a+b). The growth parameters and quality of tea were significantly positively correlated
with soil macronutrients (N, P, K, Ca, and Mg), nitrate, ammonium, and soil micronutrients
(Cu, Mn, Fe, and Zn). The chlorophyll content was also significantly positively correlated
with tea quality and growth. The present study suggested that, compared with organic
or inorganic fertilizer alone, integrated fertilization (NPK+RC and NPK+B) shows better
performance in promoting soil properties and tea growth and quality, and it has impor-
tant potential to improve the chemical properties of degraded tea garden soil and further
improve the growth and quality of green tea.
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Abstract: This study aimed to determine the effects of the nitrogen (N) application period and level on
the fate of fertilizer N and the contribution of N absorption and translocation to apple organ N. Two N
application periods (labeled by the 15N tracer technique in spring and summer, represented by SP and
SU, respectively) and three N levels (N0, MN, and HN) were used to determine the physiological indexes
and aboveground, root, and soil 15N content of 4-year-old dwarf (‘Red Fuji’/M9T337) and arborized
(‘Red Fuji’/Malus hupehensis Rehd.) apple trees. The results showed that HN led to shoot overgrowth,
which was not conducive to the growth of the apple root system (root length, root tips, root surface
area, and root volume) or the improvement of root activity. The contribution of soil N to apple organ N
accounted for more than 50%, and the contribution of N application in summer to fruit N was higher
than that in spring. Under HN treatment, the proportion of soil N absorbed by trees decreased, while
that of fertilizer N increased; however, the highest proportion was still less than 50%, so apple trees were
highly dependent on soil N. Under MN treatment, fertilizer N residue was similar to soil N consumption,
and soil N fertility maintained a basic balance. Under HN treatment, fertilizer N residue was significantly
higher than soil N consumption, indicating that excessive N application increased fertilizer N residue in
the soil. Overall, the 15N utilization rate of arborized trees (17.33–22.38%) was higher than that of dwarf
trees (12.89–16.91%). A total of 12.89–22.38% of fertilizer 15N was absorbed by trees, 30.37–35.41% of
fertilizer 15N remained in the soil, and 44.65–54.46% of fertilizer 15N was lost. The 15N utilization rate
and 15N residual rate of summer N application were higher than those of spring N application, and the
15N loss rate was lower than that of spring N application. High microbial biomass N (MBN) may be
one of the reasons for the high N utilization rate and the low loss rate of N application in summer.

Keywords: apple; 15N labeling; N fate; N use efficiency; microbial biomass N

1. Introduction

China holds the top position globally in both apple cultivation area and apple yield [1].
Nitrogen (N) fertilizer plays a decisive role in increasing yield in the barren orchard soil of
China. To ensure large fruit and high yield, the amount of N fertilizer used in the main
apple-producing areas in China continues to increase, which far exceeds the demand of
the trees [2,3]. Excessive unused N accumulates in the soil, which can easily cause deep
leaching and surface runoff loss [4,5].

After N fertilizer is applied to the orchard, it is absorbed by the trees through the roots
system to meet the needs of growth and development; however, it exists in the form of
inorganic N or in combination with organic N (such as microbial biomass N (MBN)) in
the soil profile. Other N is lost to the environment from the plant–soil system through
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processes such as ammonia volatilization, nitrification/denitrification, and leaching [6].
The fate of fertilizer N is influenced by crop type, soil type, N application rate, fertilization
method, and fertilization period, which vary greatly [7,8]. Ge et al. [9] showed that the soil
residual rate and loss rate of fertilizer N in 2-year-old apple orchards were 19.38–31.28%
and 21.50–29.13%, respectively.

For the fertilization period, due to the high activity of N transformation (including
ammonia volatilization, nitrification/denitrification, and leaching), separate fertilization
generally has a higher N use efficiency than one-time fertilization. Researchers have found
that the utilization rate of topdressing N is significantly higher than that of base fertilizer, while
the loss rate is lower than that of base fertilizer [8,10,11]. Most studies only focus on N use
efficiency and do not consider the residue of fertilizer N in the soil—that is, the compensation
effect on the soil N pool. In the period of N application in apples, trees are fertilized in spring
and summer [12]. Furthermore, the two fertilizer application periods corresponded to the
two peak periods of apple root growth. However, differences in the direction of N fertilizer
application and the absorption of apple trees in different periods have rarely been reported.

The 15N isotopic tracer technique has been used to monitor the budget of N fertilizer and
is still widely used to evaluate fertilization management [13–15]. The 15N tracer method can
quantify the source of N absorbed by the plant—that is, the amount of N from fertilizer and
soil. If the amount of N from the soil is greater than the residual fertilizer N, it means that
the residual fertilizer N cannot maintain the balance of the soil N pool. In contrast, residual
fertilizer N can maintain the balance of the soil N pool. Therefore, the 15N tracer method can
better reflect the compensation effect of fertilization on the soil N pool.

Therefore, the present study used 15N isotope tracing technology to determine the
effects of N supply levels and N application periods (spring and summer) on N absorption,
utilization, residue, and loss in apples. This can further clarify the relationship between
fertilizer N, soil N, and tree N, improve N management in apple production, improve N
application efficiency, and reduce negative impacts on the environment, which is of great
significance for improving N conservation and efficiency in apple production.

2. Results

2.1. Biomass

Different levels of N application had different effects on the biomass of apple organs
(Figure 1 and Table S1). Overall, the total biomass of arborized trees was higher than that
of dwarf trees. With the increase in the N application level, the root biomass first increased
and then decreased. The root biomass of the HN treatment was lowest, at 13.98% (‘Red
Fuji’/M9T337) and 16.44% (‘Red Fuji’/M. hupehensis Rehd.) lower than the N0 treatment
(p > 0.05). With the increase in the N application level, the biomass of annual branch, leaf,
and fruit increased gradually and was highest under the HN treatment. HN was not
conducive to root growth and led to shoot overgrowth.

2.2. Annual Branch Length, Leaf Area, and Chlorophyll Content

Figure 2 and Table S2 show the effects of N application in spring and summer on
annual branch length, leaf area, and chlorophyll content of ‘Red Fuji’/M9T337 and ‘Red
Fuji’/M. hupehensis Rehd. under different N levels. Over time, the annual branch length,
leaf area, and chlorophyll content of ‘Red Fuji’/M9T337 and ‘Red Fuji’/M. hupehensis Rehd.
increased gradually. There was no significant difference in the new annual branch length in
May under the N treatment, but it reached a significant level after July. In October, the growth
rate of the new annual branch length of arborized trees was higher than that of dwarf trees.
Compared with N0, MN and HN treatments increased the annual branch length and leaf area
of ‘Red Fuji’/M9T337 and ‘Red Fuji’/M. hupehensis Rehd. to different degrees. In different
periods, the chlorophyll content of the MN and HN treatments was higher than that of N0,
although there was no significant difference in May. Over time, the chlorophyll content of
‘Red Fuji’/M9T337 and ‘Red Fuji’/M. hupehensis Rehd. showed an increase with the increase
in N application level. HN had the most significant effect on annual branch length.
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Figure 1. The biomass of apple organs. DW means dry weight. Error bar indicates the standard
deviation of three replications. Different letters indicate statistically significant differences (p < 0.05).

Figure 2. Annual branch length, leaf area, and chlorophyll content of apples. Error bar indicates
the standard deviation of three replications. Different letters indicate statistically significant
differences (p < 0.05).
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2.3. Root Activity and Root Morphology

As shown in Figure 3 and Table S3, the effect of N application levels on apple root
activity differed. Sampling in different periods showed that compared with N0, the root
activity of ‘Red Fuji’/M9T337 under MN was the highest, while HN decreased the root
activity to different degrees, although the difference was not significant in April. Early
April, early June, and early October correspond to the three peak periods of apple root
growth (spring, summer, and autumn). The root activity of ‘Red Fuji’/M9T337 in early
June and early October was relatively high (47.73–65.20 μg h−1 g−1), followed by early
April (40.81–45.78 μg h−1 g−1), while the root activity in May and July was relatively low
(29.88–48.98 μg h−1 g−1). ‘Red Fuji’/M. hupehensis Rehd. followed the same trend.

Figure 3. Root activity of apple under different N levels at different stages. Error bar indicates
the standard deviation of three replications. Different letters indicate statistically significant
differences (p < 0.05).

N level had a significant effect on root morphology at the mature stage
(Figures 4 and S1, and Table S3). With the increase in N level, the root length, root tips, root
surface area, and root volume of ‘Red Fuji’/M9T337 increased first and then decreased,
and were highest under the MN treatment. Compared with N0, the root length, root tip
number, root surface area, and root volume of the MN treatment increased by 138.31, 95.95,
35.85, and 84.88%, respectively, and the differences all reached a significant level (p < 0.05).
However, the root morphology of HN increased compared with N0 but decreased signifi-
cantly compared with MN. ‘Red Fuji’/M. hupehensis Rehd. showed the same trend. The
results showed that the HN treatment decreased root activity and was not conducive to
root growth.
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Figure 4. Root morphology of apples under different N levels during maturity stage. Error bar
indicates the standard deviation of three replications. Different letters indicate statistically significant
differences (p < 0.05).

2.4. Apple Organ N Derived from Fertilizer (%Ndff) and Soil (%Ndfs)

The study of ‘Red Fuji’/M9T337 showed that the contribution of soil N to apple organ
N (52.74–74.63%) was significantly higher than that of spring N application (10.43–22.39%)
and summer N application (11.71–25.20%) (Figure 5 and Table S4). Under the MN treatment,
fertilizer N contributed the most to fruit N (42.13%); spring N and summer N contributed
18.56% and 23.57%, respectively; fertilizer N contributed the least to trunk N (22.14%), and
spring N and summer N contributed 10.43% and 11.71%, respectively. In contrast, soil
N contributed the most to trunk N (77.86%) and the least to fruit N (57.87%). The HN
treatment increased the contribution of spring and summer N applications and decreased
the contribution of soil N to each organ. A comparison of different N application periods
showed that a higher proportion of N applied in spring was transferred to annual branches
(15.01–18.69%) and leaves (18.95–22.39%), while a higher proportion of N applied in
summer was transferred to apple fruit (23.57–25.20%). ‘Red Fuji’/M. hupehensis Rehd.
showed the same trend. The contribution of soil N to apple organ N was more than
50%, and the contribution of summer N application to fruit N was higher than that of
spring N application.
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Figure 5. Contribution of spring N application (%Ndff-SP), summer N application (%Ndff-SU),
and soil N (%Ndfs) to apple organ N. SP and SU represent N application in spring and summer,
respectively. Error bar indicates the standard deviation of the three replications. * represents p < 0.05,
** represents p < 0.01, ns represents not significant.

2.5. 15N Residue

Figure 6 shows the residual 15N abundance of soil in the root layer (0–60 cm) at
different stages after N fertilizer application in the spring and summer. ‘Red Fuji’/M9T337
and ‘Red Fuji’/M. hupehensis Rehd. showed the same trend. In May (one month after
applying N fertilizer in spring), the 15N abundance of the 0–40 cm soil layer was higher than
that of the 40–60 cm soil layer; the abundance in each soil layer was higher under SP-HN
treatment than under SP-MN. In July (one month after applying N fertilizer in summer),
the 15N abundance of spring N application treatment (SP-MN and SP-HN) was highest
in the 20–40 cm soil layer, which was significantly higher than that of the 0–20 cm and
40–60 cm soil layers. The trends in August and October were similar. With the deepening
of the soil layer, the abundance of 15N increased gradually, and under the same amount
of N application, the abundance of residual 15N in each soil layer was higher than that
in spring. With the extension of time, the N application in spring and summer showed a

59



Plants 2024, 13, 813

downward trend, and the residue of N fertilizer applied in summer was higher than that in
spring at the mature stage.

Figure 6. 15N residue abundance in different soil layers under different treatments. SP and SU
represent N application in spring and summer, respectively. Error bar indicates the standard deviation
of the three replications.

2.6. Utilization, Residue, and Loss of 15N

Figure 7 and Table S5 show the fate of fertilizer N from spring and summer N applica-
tions at different N levels. The study of ‘Red Fuji’/M9T337 showed that the 15N utilization
rate of spring N application was lower than that of summer N application under MN and
HN treatments. The total 15N utilization rate of the HN treatment was significantly lower
than that of the MN treatment (decreased by 31.26%, p < 0.01), and the 15N utilization rate
of spring N application and summer N application significantly decreased by 38.20 and
26.25%, respectively. Under the MN and HN treatments, the 15N residual rate of spring N
application was lower than that of summer N application, and the 15N residual rate of the
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HN treatment was significantly lower than that of the MN (p < 0.05). The residual rates of
spring and summer N application decreased by 12.91 and 5.17%, respectively. Under MN
and HN treatments, the 15N loss rate of the spring N application was higher than that of the
summer N application, and the 15N loss rate of the HN treatment was significantly higher
than that of the MN treatment (increased by 14.24%, p < 0.01). The 15N loss rates of spring
N application and summer N application increased by 14.33 and 14.13%, respectively. ‘Red
Fuji’/M. hupehensis Rehd. also showed the same trend, and the 15N utilization rate (SP and
SU) under different N levels was higher than that of ‘Red Fuji’/M9T337, while the residual
rate and loss rate were lower than that of ‘Red Fuji’/M9T337. The 15N utilization rate and
soil residual rate were higher and the loss rate was lower in summer, and the HN treatment
significantly decreased the fertilizer 15N utilization rate and residual rate and increased the
15N loss rate.

Figure 7. Utilization rate, residual rate, and loss rate of fertilizer 15N under different N application
methods. SP and SU represent 15N application in spring and summer, respectively. Error bar indicates
the standard deviation of the three replications. * represents p < 0.05, ** represents p < 0.01.

Figure 8 and Table S6 show the utilization, residue, and loss of fertilizer N under
different N application levels and periods. Under MN and HN treatments, fertilizer N
showed the following trend: loss > residual > absorption. The 15N uptake and residual
amount of N applied in summer were higher than those applied in spring, and the 15N
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loss of N applied in spring was higher than that applied in summer. The HN treatment
significantly increased the total absorption, total residue, and total loss of fertilizer N
for ‘Red Fuji’/M. hupehensis Rehd. Residual fertilizer N in the soil was an important
supplement to the consumption of the soil N pool. Under the MN treatment, the residual
fertilizer N was similar to soil N consumption (Table 1), and soil N fertility maintained a
basic balance. Under the HN treatment, the residual fertilizer N was significantly higher
than soil N consumption, indicating that excessive N application increased the fertilizer N
residue in the soil.

Figure 8. Utilization, residue, and loss of fertilizer N under different N application methods. SP
and SU represent N application in spring and summer, respectively. Error bar indicates the stan-
dard deviation of the three replications. * represents p < 0.05, ** represents p < 0.01, ns represents
not significant.

Table 1. The amount of N absorbed by apple trees from fertilizer sources and soil sources.

Types of Trees Treatment

Total N Uptake
by Trees

(g Plant−1)

N Absorbed from Fertilizer (g Plant−1)
N Absorbed

from Soil
(g Plant−1)

Absorption of
Spring N

Application

Absorption of
Summer N

Application
Total

‘Red
Fuji’/M9T337

MN 55.03 7.97 10.07 18.04 36.99
HN 64.15 *** 8.65 * 11.96 ** 20.62 ** 43.53 **

‘Red Fuji’/M.
hupehensis Rehd.

MN 59.27 10.06 13.81 23.87 35.40
HN 70.56 ** 10.99 * 16.73 ** 27.72 ** 42.84 *

Note: * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001.

2.7. MBN

Figure 9 and Table S7 show the MBN-SP and MBN-SU contents in the 0–60 cm soil layer
under different treatments. Overall, the MBN content at 20–40 cm (135.15–203.40 mg pot−1)
was higher than that at 0–20 cm (106.66–166.99 mg pot−1) and 40–60 cm (88.35–140.93 mg pot−1).
The MBN content of HN in each soil layer was higher than that of MN, while the differ-
ence was not significant (p > 0.05). The MBN-SU content in each soil layer was signifi-
cantly higher than that of MBN-SP (p < 0.01). Compared with MBN-SP, MBN-SU signifi-
cantly increased by 35.46–38.74% (0–20 cm), 33.17–42.22% (20–40 cm), and 37.24–47.30%
(40–60 cm), respectively.
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Figure 9. MBN-SP and MBN-SU contents in the 0–60 cm soil layer under different treatments.
SP and SU represent N application in spring and summer, respectively. Error bar indicates the
standard deviation of three replications. ** represents p < 0.01, *** represents p < 0.001, ns represents
not significant.

3. Discussion

Higher root activity values indicate stronger root metabolic activities and nutrient
absorption capacities [16]. Our results showed that root activity was inhibited under N0
and HN treatments, while the inhibitory effect was more obvious under HN than under
N0 conditions. This is consistent with the study of Chen et al. [17] in pear seedlings.

The N absorbed by plants mainly comes from soil and fertilizer N. Stevens et al. [18]
found that Ndfs accounted for 54–83% of the total N assimilated by maize, with the
percentage decreasing with the long-term N application rate increasing, and explained
that the increase in fertilization history reduced the absolute N uptake from soil sources.
Yang et al. [11] showed that the N absorbed by summer maize mainly came from the soil,
and the proportion of fertilizer N was less than 44%. In the present study, the contribution
of soil N to apple organ N accounted for more than half. A comparison of different N
application periods showed that a higher proportion of N applied in spring was transferred
to annual branches and leaves, while a higher proportion of N applied in summer was
transferred to apple fruit. Under the high N treatment, the proportion of soil N absorbed
by trees decreased, while that of fertilizer N increased, but the highest proportion was still
less than 50%, which shows that apple trees are highly dependent on soil N.

After applying N fertilizer into the soil, its utilization rate is 30–50%, and this varies
greatly with different fertilization methods, soil properties, and management methods [19,20].
The timing and level of N application affect the N fate. The present study found that the
N fertilizer utilization rate of spring N application ranged from 10.81 to 14.95%, while
that of summer N application ranged from 14.96 to 18.88%. HN treatment significantly
reduced the utilization and residual rate of fertilizer N and increased the N loss rate of
fertilizer, consistent with Wang et al. [3]. This study also found that the 15N utilization
rate of N application in summer was higher than that in spring due to strong root growth
and more new roots in spring, but the growth period of new roots is relatively short. In
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summer, due to high temperatures, high humidity, a large leaf area in fruit trees, and high
root vitality, root utilization efficiency after N application is higher. In addition, this study
found that the N fertilizer utilization rate of arborized trees was higher than that of dwarf
trees because the root morphology indicators (root length, root tips, root surface area, and
root volume) and root activity of arborized trees were higher than those of dwarf trees.
Thus, the root system of arborized trees has a higher absorption and utilization rate of
fertilizer N. Webster [21] concluded that the decrease in absorption capacity was related
to the smaller root systems in apple dwarf rootstocks and to the graft union, which had
very convoluted xylem vessels that act as filters, affecting the balance of different solutes
reaching its scion.

The portion of N not absorbed by the plants remains in the soil. Zhu [22] summarized
that the residual rate of fertilizer N during crop harvests in China is generally 15–30%.
The N residue rate of fertilizer in this experiment ranged from 25.78 to 39.56%. With the
increase in the N application rate, the N residual amount increased, while the N residual
rate decreased. This is consistent with Wang et al. [3]. The residual fertilizer N in the soil
is an important supplement to the soil N pool. In this study, the 15N tracer method better
reflected the compensation effect of N application in the soil N pool. Under MN treatment,
fertilizer N residue was similar to soil N consumption, and soil N fertility maintained
a basic balance. Under HN treatment, fertilizer N residue was significantly higher than
soil N consumption, indicating that excessive N application increased fertilizer N residue
in the soil. The abundance of 15N in the soil reflected the residual fertilizer N in each
soil layer. The results showed that with the extension of time, both spring and summer
N applications showed a downward trend of migration. The 15N residual abundance of
summer N application in each soil layer was higher than that of spring N application,
and the 15N residual abundance of high N treatment was higher than that of medium N
treatment, indicating that excessive N application could aggravate the accumulation of
fertilizer N in the soil.

MBN is closely related to soil N supply, which can be used as both an N source and
N sink to regulate soil N supply through microbial immobilization and mineralization.
Zhao et al. [23] showed that MBN was positively correlated with wheat biomass and N
uptake, which could be used as an index of soil N supplying capacity. At the same time,
microbial fixation of inorganic N was also an effective way to reduce N loss. Our research
found that MBN-SP and MBN-SU were significantly correlated with N uptake by trees in
SP and SU, respectively (p < 0.01), and significantly negatively correlated with N loss in
SP and SU (p < 0.01). Therefore, high MBN-SU may be one of the reasons for high N use
efficiency and low loss rate in SU. In this study, it was found that MBN content did not
increase significantly under HN (Figure 9). The reason is that the application of high N
decreases the C/N in soil, which is not conducive to the fixation of N by microorganisms.
In addition, the limited carrying capacity of soil microorganisms under high N does not
significantly increase MBN [24].

Under the conditions of continuous precipitation or massive irrigation, excessive
nitrate N accumulates in the soil, which can be easily leached from the root zone to the
deep soil layer, threatening the safety of shallow groundwater [25]. Other studies have
shown that residual N in the soil is still available to future crops [11,26]. Therefore, in the
late management of apple orchards, the water and fertilizer status should be reasonably
regulated. The amount of N fertilizer should be reasonably controlled and the residual
N resources in the root layer soil should be excavated to exert the aftereffect of residual
N. However, it is necessary to reasonably regulate the water content of the root layer to
prevent nitrate leaching [27].

The input of N fertilizer supplements the soil N pool, which is beneficial to improve
soil fertility, but there are some problems, such as waste of resources and environmental pol-
lution. Studies of winter wheat and summer maize in the North China Plain by Jia et al. [28]
and Yang et al. [11] pointed out that when the amount of N fertilizer exceeded the crop
demand, N loss increased sharply. Wang et al. [3] showed that the loss amount and rate of
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N fertilizer increased with an increase in the N application level. The same conclusion was
drawn in the present study, and the trend was as follows: loss amount of N fertilizer > soil
residual N > N absorbed by trees under medium and high N levels. Therefore, in fruit tree
production, N fertilizer application should not only ensure the growth needs of trees and
achieve efficient use of fertilizer N but also maintain the balance of the soil N pools and
reduce N loss. This study showed that in the medium N treatment, the N utilization rate
was higher and the N loss rate was lower. Under high N treatment, excessive N led to tree
overgrowth, lower N utilization rate, and higher N loss rate, causing lower agricultural
production efficiency and increasing the risk of environmental pollution.

4. Materials and Methods

4.1. Experimental Site and Materials

This experiment was performed from March 2022 to October 2022 at the Weifang
University Modern Horticulture Research Institute located in Weifang, Shandong Province,
China. The climate is semi-humid. The tested soil was collected from the surface layer of
the apple orchard (0–20 cm) at the experimental station. Table S8 shows the average results
of air-dried soil properties.

The test materials were 4-year-old apple trees. The variety was commercially im-
portant apple cultivar ‘Red Fuji’, which was grafted to dwarf rootstock M9T337 (‘Red
Fuji’/M9T337) and arborized rootstock Malus hupehensis Rehd. (‘Red Fuji’/M. hupehensis
Rehd.), respectively.

4.2. Experimental Design and Sampling

In an open space, pot experiments were carried out in pots with an inner diameter
of 50 cm and height of 60 cm. The soil bulk density at the depth of 0−20, 20−40, and
40−60 cm was 1.09, 1.21, and 1.32 g cm−3, respectively, and the wet soil weight per pot was
142 kg. An apple tree was planted in each pot. The experiment was a two-factor design with
3 replicates. The application of N fertilizer in different periods was factor A, and there were
two N fertilization periods: spring fertilization (SP) and summer fertilization (SU). The
amount of N application was factor B, with no N application (N0), medium N application
(MN, 0.21 g N kg−1 soil), and high N application (HN, 0.42 g N kg−1 soil) [29]. Of the
total amount of N applied, 50% was applied in spring (March 20), and the remaining 50%
was applied in summer (1 June). Each plant was treated with 0 (N0), 65 g (MN), or 130 g
(HN) of urea. A total of 6.5 (MN)/13 (HN) g of normal urea applied per plant was replaced
in each treatment with 6.5/13 g of 15N-urea (CO(15NH2)2, 10.22% abundance, Shanghai
Research Institute of Chemical Industry) in spring or summer, namely 15N-SP+14N-SU and
14NH-SP+15N-SU, respectively. Calcium superphosphate (0.11 g kg−1 P2O5) and potassium
sulfate (0.22 g kg−1 K2O) was applied as the base fertilizer to each plant. The fertilizers
used and their composition percentages are shown in Table S9. The method of fertilization
included digging a circular trench (radius of 30 cm, width and depth of 10 cm) around
each tree. The field management measures such as diseases and insect pests in each growth
period were consistent with the local conventional model. The soil moisture content was
measured regularly using a soil moisture meter (Handi-TRASE), and when the soil moisture
content was below the lower limit (60%), drip irrigation was performed.

Twenty-four trees from two rootstocks were treated with each N level in each N
application period. Among these, three trees of each rootstock were sampled and analyzed
before treatment, and the N content of the plant was used as the basic value to calculate the
N uptake of the trees. Annual branch length, leaf area, chlorophyll content, and soil 15N
residues were measured in May, July, August, and October, respectively, and root activity
was measured in April, May, June, July, and October (Figure 10).
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Figure 10. Processing and sampling time.

Soil collection was carried out at 6 sampling sites where each pot was uniformly
distributed. In the vertical direction of each sampling site, soil samples at depths of 0–20,
20–40, and 40–60 cm were collected, and 6 soil samples in each layer were evenly mixed
into one replicate. After collection, the soil samples were transferred to the laboratory for
15N abundance determination. On October 1st, all plants were destructively sampled to
determine the N content, 15N abundance, MBN, and root morphology.

4.3. Annual Branch Length, Leaf Area, and Chlorophyll Content

Ten annual branches and leaves were randomly selected from each tree to determine
the annual branch length, leaf area, and chlorophyll content. The average of the 10 mea-
sured values for each tree was considered as one replicate, with a total of 3 replicates. The
annual branch length was measured using a meter ruler. The leaf area was measured using
a leaf area meter (YMJ-B, Zhejiang Top Yunong Technology Co., Ltd., Hangzhou, China).
The chlorophyll concentration (total chlorophyll, chlorophyll a, and chlorophyll b) was
calculated according to Li et al. [30].

4.4. Root Activity and Root Morphology

Root activity was measured using the triphenyltetrazolium chloride (TTC) method,
and the reduction strength of tetrazolium (μg h−1 g−1 FW) was used to express root
activity [31]. WinRhizo software (WinRHIZO Pro 2017a, Regent Instruments Canada) was
used to analyze root morphological index [32].

4.5. 15N Abundance

Soil 15N-MBN was determined by chloroform fumigation extraction as described by
Zhang et al. [13]. MBN was calculated as the difference in N content between fumigated
and unfumigated samples divided by a conversion coefficient of 0.45 [13,33]. The 15N
abundance of fumigated and unfumigated solution was determined as for inorganic 15N
by DELTAV advantage isotope ratio mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) according to Zhang et al. [13].

Apple plants were divided into fruits, leaves, annual branches, perennial branches,
trunk, and roots. The samples were heated at 105 ◦C for 30 min and dried at 80 ◦C,
followed by homogenization and filtration with a 0.25 mm mesh screen. The N content
was determined using the Kjeldahl method [34]. The 15N abundance of the plants and soil
was determined using a DELTAV advantage isotope ratio mass spectrometer [6].
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The calculation formulas are as follows:

%Ndff =
amount of fertilizer 15N absorbed by trees (g)

amount of N absorbed by trees (g)
× 100% (1)

where %Ndff represents the percentage of N absorbed by tree from fertilizer.

%Ndfs = 100% − %Ndff (2)

where %Ndfs represents the percentage of N absorbed by tree from soil.

Ndff (%) =
abundance of 15N in plant-natural abundance of 15N

abundance of 15N in fertilizer-natural abundance of 15N
× 100% (3)

15N utilization rate (%) =
Ndff × totalNoforgans (g)

15N fertilization (g)
× 100% (4)

15N residual rate (%) =
15Nresidue in soil (g)

15Nfertilization (g)
× 100% (5)

15N loss rate (%) = 100% − 15N utilization rate (%) − 15N residual rate (%) (6)

4.6. Statistical Analysis

All graphs were plotted using Origin 8.0 (Northhampton, MA, USA). Data were
analyzed with SPSS 20.0 (IBM Corporation, Armonk, NY, USA). The significance of differ-
ences between two and three treatments was analyzed using a t-test (Student’s t-test) and
one-way factorial analysis of variance (ANOVA), respectively.

5. Conclusions

i: Soil N contributed more than half of the N of various apple organs, and N application
in summer contributed more to fruit N than N application in spring.

ii: Under MN treatment, the fertilizer N residue was similar to soil N consumption,
and soil N fertility maintained a basic balance. Under HN treatment, the fertilizer N
residue was significantly higher than the soil N consumption, indicating that excessive N
application intensifies the fertilizer N residue in the soil.

iii: The 15N utilization rate and 15N residual rate of summer N application were higher
than those of spring N application, and the 15N loss rate was lower than that of spring N
application. High MBN may be one of the reasons for high N utilization rate and low loss
rate of N application in summer. The loss rate of N fertilizer was high (44.65–54.46%), and
measures such as appropriately increasing the proportion of N application in summer, slow-
release fertilizers, and water–fertilizer integration should be taken to reduce fertilizer N loss.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/plants13060813/s1, Figure S1: photos of dwarf rootstock
M9T337 (‘Red Fuji’/M9T337) and arborized rootstock Malus hupehensis Rehd. (‘Red Fuji’/M. hupe-
hensis Rehd.); Table S1: ANOVA analysis for the effects of studied factors (N rate and rootstock) on
the biomass of apple organs. Significant (p < 0.05) values are highlighted using bold type; Table S2:
ANOVA analysis for the effects of studied factors (N rate and rootstock) on annual branch length,
leaf area, and chlorophyll content of apples. Significant (p < 0.05) values are highlighted using bold
type; Table S3: ANOVA analysis for the effects of studied factors (N rate, DMPP application, and
year) on root activity and root morphology. Significant (p < 0.05) values are highlighted using bold
type; Table S4: ANOVA analysis for the effects of studied factors (N rate and rootstock) on %Ndff-SP,
%Ndff-SU, and %Ndfs. SP and SU represent 15N application in spring and summer, respectively.
Significant (p < 0.05) values are highlighted using bold type; Table S5: ANOVA analysis for the effects
of studied factors (N rate and rootstock) on utilization rate, residual rate, and loss rate of fertilizer
15N. SP and SU represent 15N application in spring and summer, respectively. Significant (p < 0.05)
values are highlighted using bold type; Table S6: ANOVA analysis for the effects of studied factors (N
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rate and rootstock) on utilization, residue, and loss of fertilizer N. SP and SU represent N application
in spring and summer, respectively. Significant (p < 0.05) values are highlighted using bold type;
Table S7: ANOVA analysis for the effects of studied factors (N rate and rootstock) on MBN-SP and
MBN-SU. SP and SU represent 15N application in spring and summer, respectively. Significant
(p < 0.05) values are highlighted using bold type; Table S8: chemical properties of experimental soil;
Table S9: nutrient content of chemical fertilizer.
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Abstract: Intercropping legumes with cereals can lead to increased overall yield and optimize the
utilization of resources such as water and nutrients, thus enhancing agricultural efficiency. Legumes
possess the unique ability to acquire nitrogen (N) through both N2 fixation and from the available N
in the soil. However, soil N can diminish the N2 fixation capacity of legumes. It is postulated that
in intercropping, legumes uptake N mainly through N2 fixation, leaving more soil N available for
cereals. The latter, in turn, has larger root systems, allowing it to explore greater soil volume and
absorb more N, mitigating its adverse effects on N2 fixation in legumes. The goal of this study was to
evaluate how the supply of N affects the intercropping of faba beans (Vicia faba L.) and peas (Pisum
sativum L.) with wheat under varying plant densities and N levels. We measured photosynthetic
traits, biomass production, the proportion of N derived from air (%Ndfa) in the shoot of the legumes,
the N transferred to the wheat, and the land equivalent ratio (LER). The results revealed a positive
correlation between soil N levels and the CO2 assimilation rate (An), chlorophyll content, and N
balance index (NBI) in wheat. However, no significant effect was observed in legumes as soil N
levels increased. Transpiration (E) increased in wheat intercropped with legumes, while stomatal
conductance (gs) increased with N addition in all crops. Water use efficiency (WUE) decreased in
faba beans intercropped with wheat as N increased, but it showed no significant change in wheat
or peas. The shoot dry matter of wheat increased with the addition of N; however, the two legume
species showed no significant changes. N addition reduced the %Ndfa of both legume species,
especially in monoculture, with peas being more sensitive than faba beans. The intercropping of
wheat alleviated N2 fixation inhibition, especially at high wheat density and increased N transfer to
wheat, particularly with peas. The LER was higher in the intercropping treatments, especially under
limited N conditions. It is concluded that in the intercropping of wheat with legumes, the N2 fixation
inhibition caused by soil N is effectively reduced, as well as there being a significant N transfer from
the legume to the wheat, with both process contributing to increase LER.

Keywords: legumes; cereal; intercropping; N2 fixation; N transfer

1. Introduction

Legumes in symbiosis with rhizobia have the unique ability to fix di-nitrogen (N2) from
the atmosphere for their own metabolic processes. Thanks to this, the use of legumes in
agricultural systems reduces the negative impact on the agroecosystem caused by the use
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of synthetic nitrogen (N) fertilizers [1,2]. Furthermore, legumes, and especially pulses, are a
valuable source of protein for human nutrition [3,4] and animal feed [5]. Legumes can also
be a good alternative to use in combination with other crops (intercrop) to take advantage
of complementary processes [6,7]. This is because growth-promoting resources, such as
light, water, and nutrients, are used more efficiently in intercropping [8,9], leading to higher
productivity compared to monocrop systems [10]. Furthermore, the N2 fixation capacity of
legumes is significantly enhanced in intercropping systems with other species, thus increasing
soil N levels and improved yields of the companion crops, particularly cereals [11–14].

Indeed, early studies of peas (Pisum sativum L.)–barley (Hordeum vulgare L.) intercrop-
ping showed strong competition for soil N by the cereal, leading to a notable increase in the
proportion of N derived from air (%Ndfa) in peas compared to the monocrop system [15,16].
Also, in faba beans (Vicia faba L.)–barley intercropping, the %Ndfa increased on average
from 74 to 92% depending on the cropping intensity [17]. Furthermore, the meta-analysis
performed by Rodriguez et al. [18], showed that the proportion of %Ndfa increased in
average from 66 to 76%, in various grain legumes intercropped with cereals compared to
legumes cropped on their own. Apparently, the rise in the %Ndfa in legumes cultivated in
intercropping systems correlates with the decline in available soil N, which is attributed to
an increased N uptake by the cereal, which subsequently diminishes the inhibition of N2
fixation [11,16,19,20].

In legume–cereal intercropping, the latter take advantage of the N transfer facilitated
by the N2 fixation process carried out by legumes [6]. This N transfer is achieved through
the release of N compounds by the legume roots, through a process called rhizodeposition,
which proceeds in two ways: (1) the senescence, death, and decomposition of roots/nodules;
and (2) the exudation of compounds from the roots, which contain assimilable N [6,21].
Another mechanism by which N transfer occurs is through arbuscular mycorrhizal networks,
which spread and connect the root system of legumes and cereals, especially under limited
N conditions [22,23]. The N transfer is variable, depending on plant growth conditions. For
instance, the N transfer from soybeans to sorghum ranged from 32 to 58% [24], while Chu
et al. [25], showed that N transfer from peanut to rice in intercrop was between 6.2 and
12.2%, depending on the N applied as fertilizer. Similarly, Gungaabayar et al. [26] reported
N transfer in an intercrop of peas with cereals between 17 and 43%.

Therefore, legume–cereal intercropping is an effective strategy to increase the N
availability for the cereal and also to promote the N2 fixation of the legumes [27–30].
However, the benefit of N2 fixation is affected by N fertilization by reducing the nodule
number and their specific activity in legumes cultivated in monoculture [31–33]. The study
of Xiao et al. [14] in faba bean–wheat (Triticum aestivum L.) intercropping showed that the
N fertilization can be reduced by 5 to 15%, but still increasing wheat yield by 16 to 30%.
But the impact of N fertilization on N2 fixation and the nodulation of grain legumes grown
in intercropping systems with cereals remains unclear.

Intercropping systems offer the advantage of more efficient land use, measured by the
land equivalent ratio (LER). LER compares the yield of intercropped species to the yield of
the same species grown in monoculture on the same area [34]. A value of one indicates no
difference, while values above one indicate intercropping outperforms monoculture, and
values below one indicate lower yields due to competition [35,36]. Studies have shown
LER values above one in legume–cereal intercropping systems [37,38]. For instance, corn
intercropped with peanuts, soybeans, and mungbeans had LER values of 1.66, 1.60, and
1.48, respectively [39]. Similarly, pea–barley intercropping showed LER values of 1.14 and
1.10, respectively, indicating 14% and 10% more efficiency compared to monoculture, with
the intercrop performing better without additional N fertilizer [40].

In the current study, it was hypothesized that the inhibition of N2 fixation induced by
the presence of N in the soil could potentially be alleviated through intercropping. This
hypothesis is based on the premise that N uptake by the cereal would reduce soil N levels,
thus promoting N2 fixation by the legume. The objectives of this research were to assess
the impact of N supply on the intercropping of peas and faba beans with wheat across
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two wheat plant densities and three N levels, focusing on: leaf gas exchange and pigment
content of the three species, biomass production, the %Ndfa in the legumes, the N transfer
to the cereal, and the land equivalent ratio (LER) for the intercropping treatments.

2. Results

2.1. Gas Exchange Parameters

The N level did not affect the net assimilation of CO2 (An) of legumes in monocrop
or in intercrop with wheat, but had positives effects on wheat growing in monocrop or
intercropped with faba beans or peas (Figure 1a,b). An was slightly higher in legumes
intercropped with wheat than legumes cultivated alone (Figure 1c). The plant density had
no effects on An in legumes (Figure 1c). Similarly, the N increased transpiration (E) in wheat
(Figure 1d), but not in legumes (Figure 1d). When wheat was intercropped with legumes,
E increased, particularly in intercropping with faba beans. For faba beans, E decreased
as the N increased and was higher at the plant density of 1:2.3 than at 1:1 (Figure 1f).
Conversely, in peas, E nearly doubled at both plant densities compared to sole cultivation,
despite N having no effect on E (Figure 1f). The stomatal conductance (gs) followed a
similar pattern to An; increased in wheat with increasing N level, both in monoculture
and when intercropped with legumes (Figure 1g,h), whereas legumes showed no response
to N addition (Figure 1g). Interestingly, when intercropped with wheat, gs doubled at
both plant densities compared to sole cultivation, despite N level showing no significant
effect (Figure 1i). Intercellular CO2 concentration (Ci) remained unchanged with varying N
level in both legumes and wheat in monoculture (Figure 2a). Water use efficiency (WUE)
exhibited minimal change with N, with a slight increase observed in wheat (Figure 2d).

Figure 1. Responses of leaf gas exchange parameters to N supply of faba beans, peas, and wheat
growing in monocrop and intercropped at two plant densities: 1:1 and 1:2.3, respectively. An is the
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net assimilation of CO2 (a–c); E is the transpiration (d–f) and gs is the stomatal conductance (g–i). N
levels were zero (N available in the soil), 5, and 10 mM applied in the form of NH4NO3. Symbols
represent the mean and bars the standard error (n = 4 for each N level). r2 is the coefficient of
determination for linear regressions and asterisks indicate statistical significance at p-values: * < 0.05,
** < 0.001, and *** < 0.0001, respectively. Small letters indicate differences between treatments
according to two-way ANOVA and Tukey tests (p < 0.05).

Figure 2. Responses of intercellular carbon (Ci) and water use efficiency (WUE) to the N level of
faba beans, peas, and wheat in monocrop and intercropped at two plant densities: 1:1 and 1:2.3,
respectively. Ci is the intercellular CO2 concentration (a–c) and WUE is the water use efficiency
(d–f). N levels were zero (N available in the soil), 5, and 10 mM applied in the form of NH4NO3.
Symbols represent the mean and bars the standard error (n = 4 for each N level). r2 is the coefficient
of determination for linear regressions and asterisks indicate statistical significance at p-values:
* < 0.05, and ** < 0.001, respectively. Small letters indicate differences between treatments according
to two-way ANOVA and Tukey tests (p < 0.05).

2.2. Photosynthetic Pigments

Photosynthetic pigments were analyzed at 59, 66, and 74 days after sowing (DASs).
Since pigment contents were similar at the three measurement dates, data obtained at
59 DASs are presented in Figure 3 (see Supplemental Material Figures S1 and S2 for pig-
ments at 66 and 74 DAS). For wheat cropped alone or intercropped, the chlorophyll content
increased with N level, while for legumes there was no significant effect (Figure 3a–c).
Flavonoids decreased in wheat as the N increased, either cropped alone or intercropped
with legumes (Figure 3d,e). In addition, N did not alter the flavonoid content in legumes
(Figure 3f). When it comes to the nitrogen balance index (NBI), this increased in wheat as
the N level increased, either in monocrop or intercropped (Figure 3g,h). However, it re-
mained constant in peas, both in monocrop and intercropped. Interestingly, NBI increased
as the N level increased for faba beans intercropped with wheat at both plant densities
tested (Figure 3i).

73



Plants 2024, 13, 991

Figure 3. Responses of leaf chlorophyll (a–c), flavonoids (d–f) and nitrogen balance index (NBI) (g–i)
at 59 DAS to N level in faba beans, peas, and wheat growing in monocrop and intercropped at two
plant densities: 1:1 and 1:2.3, respectively. N levels were zero (N available in the soil), 5, and 10 mM
applied in the form of NH4NO3. Symbols represent the mean and bars the standard error (n = 4
for each N level). r2 is the coefficient of determination for linear regressions and asterisks indicate
statistical significance at p-values: ** < 0.001, and *** < 0.0001, respectively. Small letters indicate
differences between treatments according to two-way ANOVA and Tukey tests (p < 0.05).

2.3. Dry Matter and Land Equivalent Ratio (LER)

In monocrops, the shoot dry matter (DM) of faba beans was higher than wheat or peas,
at any N level (Figure 4a). For the faba bean–wheat intercrop, the shoot DM was higher
at the 1:1 plant density compared to the 1:2.3 (Figure 4b); the slope of the relationship
between DM yield and N level was significant at the 1:2.3 plant density. For the pea–wheat
intercrop, the shoot DM was higher compared to the monocrop, especially at 10 mM of N
(Figure 4c). For this combination, the factors plant density, N level, and their interaction
were significant (Table 1).

For faba beans, the nodule biomass per plant slightly decreased as N increased in
monocrop and intercrop with wheat (Figure 5a); the nodule biomass (nodule density) was
lower in the monocrop compared to the intercrop. For peas in monocrop, nodule biomass
decreased in response to the added N (Figure 5b). However, there was no variation in the
nodule biomass across the N levels for peas intercropped with wheat, except for peas in
monocrop at the high N dose.
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Figure 4. Shoot dry matter per pot in (a) faba beans, peas, and wheat in monocrop; (b) total dry matter
produced by the faba bean–wheat intercrop, and (c) total dry matter produced by the pea–wheat
intercrop, at two plant densities, 1:1 and 1:2.3 and three N levels, respectively. N levels were 0 (N
available in the soil), 5, and 10 mM applied in the form of NH4NO3. Symbols represent the mean
and bars the standard error (n = 4 for each N supply). r2 is the coefficient of determination for
linear regressions and asterisks indicate statistical significance at p-values: * < 0.05 and *** < 0.0001,
respectively. Small letters indicate differences among treatments according to two-way ANOVA and
Tukey tests (p < 0.05).

Table 1. Two-way ANOVA results for the effects of plant density, N dose, and their interactions in
DM produced per area, DM of nodules, and LER.

Factors Variable df F-Value p-Value

A: Plant density V. faba shoot DM 2 10.20 <0.001 ***
B: N dose 2 3.11 0.06

A × B 4 0.23 0.92
A: Plant density P. sativum shoot DM 2 11.17 <0.001 ***

B: N dose 2 40.36 <0.001 ***
A × B 4 3.23 0.03 *

A: Plant density V. faba nodule DM 2 6.19 0.006 **
B: N dose 2 1.44 0.25

A × B 4 0.39 0.81

A: Plant density P. sativum nodule
DM 2 3.08 0.12

B: N dose 2 0.95 0.40
A × B 4 2.03 0.12

A: Plant density LER for V. faba 1 0.94 0.35
B: N dose 2 38.3 <0.001 ***

A × B 2 0.09 0.91
A: Plant density LER for P. sativum 1 0.93 0.35

B: N dose 2 2.16 0.14
A × B 2 0.12 0.88

Asterisks indicate statistical significance at * < 0.05, ** < 0.01, and *** < 0.001.

The LER decreased as the N level increased for faba beans intercropped with wheat
independent of plant density (Figure 6a; Table 1). The relative contribution of wheat was
higher when it was intercropped with peas than with faba beans (Figure 6c,d). As the N
level increased, the relative contribution of wheat decreased when it was intercropped with
faba beans (Figure 6c); although its contribution increased when it was intercropped with
peas at 1:1 plant density; otherwise, the wheat contribution was maintained at the different
N levels when density increased (Figure 6d).
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Figure 5. Nodule biomass per plant in (a) faba beans in monocrop and intercropped with wheat
and (b) peas in monocrop and intercropped with wheat at two plant densities, 1:1 and 1:2.3 and at
three N levels, respectively. N levels were zero (N available in the soil), 5, and 10 mM applied in the
form of NH4NO3. Symbols represent the mean and bars the standard error (n = 4 for each N level).
Small letters indicate differences among treatments according to two-way ANOVA and Tukey tests
(p < 0.05).

Figure 6. Land equivalent ratio (LER) of (a) faba bean–wheat intercrop, (b) pea–wheat intercrop,
at two plant densities, 1:1 and 1:2.3 and at three N levels. The relative contribution of faba beans
and wheat (c) and peas and wheat (d) in the LER are also shown. N levels were zero (N available
in the soil), 5, and 10 mM applied in the form of NH4NO3. Symbols represent the mean and bars
the standard error (n = 4 for each N level). In (a,b), r2 is the coefficient of determination for linear
regression and asterisks indicate statistical significance at p-values: ** < 0.001 and *** < 0.0001,
respectively. In (c,d), the numbers above the bars are the LER and the numbers inside the bars are
the relative contribution of wheat and legumes to the LER. Small letters in (a,b) indicate differences
between treatments according to two-way ANOVA and Tukey tests (p < 0.05).
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2.4. Proportion of Nitrogen Derived from Air (%Ndfa), N Transfer, and Equivalent N Uptake
Ratio (LERN)

The %Ndfa was above 80% in both legumes when there was no N addition. For faba
beans, the %Ndfa decreased as the N level increased, and no differences were observed
between intercropped or monocropped treatments (Figure 7a). For peas, the intercropping
with wheat reduced the inhibition of %Ndfa due to N addition (Figure 7b). The maximum
reduction of the %Ndfa by N was lower in faba beans (12%) than in peas (40%). In the
pea–wheat intercrop the %Ndfa at the highest N level was maintained at 77.4 and 82% at
1.1 and 1:2.3 plant density, respectively (Figure 7b). The effects of plant density and N dose
were significant in faba beans and peas, and also the plant density × N level interaction
was significant for peas (Table 2).

Figure 7. Proportion of N derived from air (%Ndfa) in (a) faba beans in monocrop and intercrop with
wheat and (b) peas in monocrop and intercrop with wheat. The N transferred from (c) faba beans to
wheat and (d) peas to wheat at two plant densities, 1:1 and 1:2.3, and at three N levels, respectively.
N levels were zero (N available in the soil), 5, and 10 mM applied in the form of NH4NO3. Symbols
represent the mean and bars the standard error (n = 4 for each N level). r2 is the coefficient of
determination for linear regressions and asterisks indicate statistical significance at p-values: * <
0.05, ** < 0.001, and *** < 0.0001, respectively. Small letters indicate differences among treatments
according to two-way ANOVA and Tukey tests (p < 0.05).

Nitrogen transfer from legumes to wheat was drastically reduced as the N level
increased (Figure 7c,d; Table 2). In the faba bean–wheat intercrop at the 1:1 plant density,
the N transfer to the wheat was of 14.1%, 10.9%, and 1.6% at 0, 5, and 10 mM of N,
respectively. In contrast, at the 1:2.3 plant density, N transfer decreased from 8.8% to 7.2%
and 2.4% at the 0, 5, and 10 mM of N rates, respectively (Figure 7c). In the pea–wheat
intercrop at the 1:1 plant density there was a maximum transfer of 29.4%, 12.0%, and 1.2%
at 0, 5, and 10 mM of N, respectively. At the 1:2.3 plant density, the N transfer decreased
from 22.3 to 12.2 and to 5.7% at 0, 5, and 10 mM of N, respectively (Figure 7d).

For faba beans, the land equivalent ratio for N uptake (LERN) decreased with N
supply, especially at the 1:1 plant density (Figure 8; Table 2). At the 1:1 plant density,
a maximum value of 2.3 and a minimum of 1.5 were recorded at 0 and 10 mM of N,
respectively (Figure 8a). For the pea–wheat intercrop, the LERN values were similar at both
plant densities and were not affected by N supply (Figure 8b).
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Table 2. Two-way ANOVA results for the effects of plant density, N dose, and their interactions in
%Ndfa, %N transferred, and LERN in different crop treatments.

Factors Variable df F-Value p-Value

A: Plant density %Ndfa V. faba 2 9.96 <0.001 ***
B: N level 2 57.5 <0.001 ***

A × B 4 0.32 0.86
A: Plant density %Ndfa P. sativum 2 72.3 <0.00 ***

B: N level 2 56.3 <0.001 ***
A × B 4 7.07 <0.001 ***

A: Plant density %N transferred V. faba 1 0.87 0.36
B: N level 2 3.74 0.04 *

A × B 4 0.38 0.68
A: Plant density %N transferred P. sativum 1 0.06 0.80

B: N level 2 15.8 <0.001 ***
A × B 4 1.05 0.37

A: Plant density LERN V. faba 1 2.22 0.15
B: N level 2 8.02 0.004 **

A × B 2 2.60 0.10
A: Plant density LERN P. sativum 1 0.008 0.93

B: N level 2 0.93 0.41
A × B 2 0.03 0.96

Asterisks indicate statistical significance at p * < 0.05, ** < 0.01, and *** < 0.001.

Figure 8. Land equivalent ratio for N (LERN) of (a) faba bean–wheat intercrop, (b) pea–wheat
intercrop, at two plant densities, 1:1 and 1:2.3 and at three N levels. The relative contribution of faba
beans and wheat (c) and peas and wheat (d) in the LERN are also shown. N levels were zero (N
available in the soil), 5, and 10 mM applied in the form of NH4NO3. Symbols represent the mean and
bar the standard error (n = 4 for each N level). In (a,b), r2 is the coefficient of determination for linear
regression and asterisks indicate statistical significance at p-value lower than ** < 0.001. In (c,d), the
numbers above the bars are the LERN and the numbers inside the bars are the relative contribution
of wheat and legumes to the LERN. Small letters in (a,b) indicate differences between treatments
according to two-way ANOVA and Tukey tests (p < 0.05).

In relation to the relative contribution of each species, in the intercropping of faba
beans and wheat, a higher contribution of wheat was observed with respect to faba beans
when there was no N addition, especially at the 1:1 plant density (Figure 8c). In the
pea–wheat mixture, the lowest N level also presented the highest ratio in favor of peas
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at the 1:1 plant density (Figure 8d). However, this value also decreased as N increased.
On the other hand, at the 1:2.3 plant density, as the N level increased, the relative contri-
bution of wheat underwent less variation than at the 1:1 plant density, particularly in the
intercropping of faba beans with wheat (Figure 8c).

3. Discussion

3.1. Overall Aspects

Intercropping legumes with cereals enhances complementarity processes [7]. The ad-
dition of N to the intercropping systems predominantly benefits wheat, fostering increased
photosynthesis and the accumulation of photosynthetic pigments in both monoculture
or intercropped with P. sativum or V. faba (Figures 1–3). Notably, legumes showed no
significant response to N addition, indicating that N2 fixation adequately supplied the
N required under the experimental conditions. Furthermore, the addition of N boosted
DM yield in wheat, and it had no positive effect on legumes (Figure 4). The DM yield
is reflected in the LER, which declined as N addition and wheat density increased, with
higher values observed in intercrops without N supply (Figure 6). The increased N uptake
by wheat helped to reduce the inhibition of N2 fixation caused by the N addition, especially
of P. sativum (Figure 7a,b). Alternatively, legumes use N2 fixation for their own metabolism,
thereby increasing the availability of N for wheat and the transfer of N compounds via
rhizodeposition [6] (Figure 7c,d). The higher %Ndfa found in legumes without N addi-
tion, suggests that N2 fixation and N transfer to the cereal are more efficient under low N
conditions. In the following sections, we will describe these effects in detail.

3.2. Leaf Photosynthetic Traits

The increase in leaf gas exchange (An, E and gs) of wheat growing in monoculture or
intercrop is consistent with the increase observed in the leaf chlorophyll content (Figures 1
and 2). The positive relationship between leaf N or chlorophyll content and An or gs has
been well stablished in different species, including wheat and faba beans [41–43]. The
higher An and gs of wheat growing in intercropping compared to monoculture, particularly
with no N addition, can be explained by the lower competition for resources in the intercrop.
The lack of response of An and gs of legumes to N addition was probably a consequence
of the leaf N status of legumes (NBI), especially for peas which showed no change at the
different N levels (Figure 3). This indicates that N2 fixation can sustain the growth of
legumes without extra N.

Photosynthetic pigments are useful for estimating the level of N in plants and are
directly related to biomass production and photosynthesis [44,45]. Other investigations on
legumes intercropped with non-legumes have demonstrated an increase in wheat chloro-
phyll content compared to monoculture, particularly combined with N supplementation,
e.g., Tosti and Guiducci [46] in wheat–faba bean; and Suryapani et al. [47] in lentil–wheat.
Experiments with soybeans reinforce the idea that intercropping with a legume increases
the amount of chlorophyll in both species [39], even if the companion crop is not a cereal,
e.g., mint or tea [39,48,49].

The slightly higher NBI of wheat in intercrop compared to being cropped alone
can be associated with a higher N availability in soil and the N transferred from the
intercropped legumes. Flavonoids exhibit antioxidant characteristics and play a role in
safeguarding cells during periods of stress, such as N deficiency. In conditions of N
sufficiency, plants prioritize chlorophyll synthesis, whereas during N deficit, they employ
flavonoid production as a protective measure [50]. In the three measurements performed
on wheat, flavonoid content decreased as the N level increased (Figure 3 and Supplemental
Figure S2). This contrasted with the results obtained in legumes, where the concentration
of flavonoids did not vary with the amount of N applied. Therefore, our data indicate
that cereals have a higher susceptibility to stress when they lack N to meet their demand,
leading to higher flavonoid production. In contrast, legumes are less likely to suffer from
N deficiency stress because they can meet their requirements through N2 fixation.
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3.3. Dry Matter Production and Land Equivalent Ratio (LER)

The height of the crop causes interspecific competition for light, benefiting if it is taller,
in this case, for wheat [51,52]. Furthermore, plants in intercrop have a higher radiation
use efficiency compared to those in monocrop [53–55]. The lower biomass production of
peas intercropped with wheat compared to faba beans in intercrop suggests that the latter
has more complementary physiological and morphological characteristics, resulting in a
more efficient use of resources. Faba beans having an upright growth habit with branching
stems similar to cereals enables them to compete better with wheat than peas, which have
prostrate growth [45].

The positive effect of N in wheat shoot DM was probably related with its more
extensive root system and greater soil exploration capacity, which allows it to take up more
N, mainly during the vegetative stage [16,29,56]. On the other hand, legumes, both in
monoculture and intercropping, did not significantly increase DM when N was added.
These results suggest that increased competition from cereals in intercropping forces
legumes to supply their N2 fixation to meet their demand [10,29,40]. Previous studies
supported these results, confirming that cereals are strong competitors for soil resources,
especially for N in mixtures of cereals and legumes [11,18].

In relation to the LER, various authors have reported LER values higher than one in
intercrop of legumes and cereals, including faba beans [14,57,58] and peas [59–61]. This
indicates a higher resource use efficiency in intercrop systems compared to monocrops.
In the present work, LER decreased as the proportion of wheat plants increased in the
intercrop, as reported by Dhima et al. [62] for faba beans intercropped with oat. The
higher LER value without N addition suggests that the intercropping of legumes and
cereals is especially advantageous in low-input agriculture, especially when N availability
is lower [63–65]. Regarding the relative contribution of the species to the LER, the shoot
DM obtained by wheat represents the high proportion of the LER index [10,63]. Conversely,
when the intercrop involves herbaceous grass species such as ryegrass, the legume has a
higher relative contribution to the LER [66,67]. Therefore, this pot experiment is aligned
with the idea that, under N limited conditions, legume–cereal mixtures can be more efficient
in terms of equivalent land use.

3.4. N2 Fixation, N Transfer, and Land Equivalent Ratio for N (LERN)

The results revealed that the %Ndfa of faba beans was less affected by N level than
peas, when cultivated as monocrops, as reported previously by Guinet et al. [68]. The
nodule biomass was much higher in faba beans, in both monocrop and intercrop (Figure 5).
A study by Liu et al. [69] showed that the number of nodules in faba beans slightly
decreases as the N level increases, reaffirming the idea that intercropping can inhibit the
negative effect of N on nodulation; in the case of peas, nodule biomass was not affected
by N increase, although the %Ndfa was significantly reduced (Figure 7). This can be
explained by a reduction of specific nodule activity which reduces the amount of N fixed
by each nodule.

Previous studies indicate that the intercropping of legumes with cereals improves the
nodulation capacity, increasing the number and weight of nodules, especially when there
is a higher density of cereal in the mixture [70]. Our results show that, for faba beans, the
nodule biomass increased in intercropping with wheat plants. Similar results were reported
by Li et al. [71], who recorded higher nodule biomass in intercropping than in monoculture
for faba beans. In the case of peas, the nodule biomass was similar in the monocrop and
intercrop; however, Hu et al. [72] reported higher nodule biomass in relation to the pea
cropped alone. The higher nodule biomass in intercropping systems could be related to a
decrease in the soil available N due to the cereal N uptake, which results in the production
of nodules to compensate for N uptake by the legume.

The intercropping of wheat and faba beans or peas improved the efficiency of N2
fixation and attenuated its inhibition to soil N, particularly benefiting the more sensitive
species—i.e., peas (Figure 7b). This can be explained by the fact that cereals have a root
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system with a greater capacity to take up N compared to legumes, presenting a greater
interspecific competition and promoting the process of N2 fixation by legumes [27,73,74].
Furthermore, the N transferred to wheat was higher when intercropped with peas than faba
beans (Figure 7c,d), suggesting that peas have a higher rate of decomposition and renewal
of roots and nodules, which upon completing their life cycle releases N compounds that are
mineralized by microorganisms, which is known as rhizodeposition [6,75]. The above could
also be related to the precocity of peas compared to faba beans, which could also improve
N transfer. In addition, the N application significantly decreased N transfer, particularly in
peas, which may be due to the inhibition of N2 fixation caused by N application [76,77].
Alternatively, it cannot be ruled out that the addition of N led to a dilution of N from
rhizodeposition that affects N transfer. Interestingly, when the intercrop has the same plant
density of cereals and legumes, the N transfer was higher than with less wheat plants. This
suggests a high N availability for wheat due to lower intraspecific competition.

With respect to the LERN, the results support previous findings showing values
higher than one in cereal and legume intercrops [29,78], indicating higher efficiency of
intercropping over monocrop. Furthermore, in the intercrop of faba beans with wheat at a
1:1 plant density, LERN was higher with no N addition. This coincides with the results of
Jiao et al. [79] and Wang et al. [77], who pointed out that N supply decreased the LERN.
This could be explained by the fact that legumes stop N2 fixation and increase competition
for N uptake, decreasing intercrop efficiency. In addition to the above, Zhu et al. [80]
reported that LERN decreased significantly in legume and cereal intercrops when N, P, and
water were more available. This indicates that, at lower resource availability, a positive
interspecific interaction is promoted, mainly by stimulating N2 fixation in the absence of
available soil N [80,81]. The results obtained confirm a higher N use efficiency in intercrop
systems with legumes and cereals, in contrast to monocrops. This is largely due to the
complementary use of the mineral N present in the soil and the N2 fixed by legumes [76,78].

4. Materials and Methods

4.1. Plant Growth Conditions and Experimental Design

The effects of intercropping on the inhibition of N2 fixation by exogenous N addition
were evaluated in a pot experiment using the faba bean var. ‘Super Agua Dulce’ and the
pea var. ‘Utrillo’ intercropped with soft wheat var. ‘Pandora’, at three levels of N. The
experiment was carried out using 10 L plastic pots filled with 12 kg of a 1:1 soil–sand
mixture based on weight, which were placed in a laterally open greenhouse (only the
roof-covered the plants to shield them from the rain) at the Phenomics Center of the Talca
University, Chile, during the 2021 season (Supplemental Figure S3). The soil used was
an Inceptisol with a pH of 6.3 (pH–soil to water ratio of 1:2.5) and 1.0, 20, and 196 mg
kg−1 of N, P, and K, respectively, 1.2% of soil organic matter (SOM), and 0.03 dS m−1 of
electric conductivity.

Before sowing, seeds of the three species were washed with distilled water, selected
according to shape and size and germinated in plastic clamshell containers with sterilized
vermiculite and subsequently irrigated with 200 mL of distilled water and placed in a
growth chamber (Pitec® BIOREF-38L) at 23 ◦C with a 12 h light/12 h dark photoperiod.
After 3–6 days, the most homogeneous seedlings were selected and transplanted at a depth
of 3 cm. In all treatments (monoculture and intercrop) ten seedlings were transplanted
per pot. In intercrop treatments, seedlings were transplanted at two densities: 1:1 = 5
legumes and 5 cereals, and 1:2.3 = 3 legumes and 7 cereals. After transplanting, seedlings
of legumes were inoculated with 4 mL/plant of a stationary Rhizobium leguminosarum bv.
viciae YEM culture (local strains 373-3007-Su303 for peas; and strain 1400 for faba beans),
with an approximate cell density of 109 mL−1 to promote nodulation. Treatments were
completely randomized with four replicates and three N levels applied as ammonium
nitrate (NH4NO3): 0, 5, and 10 mM. To achieve an optimal P supply, in addition to the P
present in the soil-sand mixture (1:1 ratio), 200 mg of P per kg of soil mixture was added in
the form of potassium phosphate (K2HPO4). All the plants were fertilized with a nutrient
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solution composed of 0.7 mM of K2SO4, 0.5 mM of MgSO4, 0.8 mM of CaCl2, 4.0 μM of
H3BO3, 0.1 μM of Na2MoO4, 1.0 μM of ZnSO4, 2.0 μM of MnCl2, 0.2 μM of CoCl2, 1.0 μM
of CuCl2, and 1.0 μM of FeNaEDTA. The nutrient solution was applied at a frequency of
every four days, with each application consisting of a volume of 500 mL. In the case of N, it
was applied alongside the nutrient solution according to the respective treatment, 0, 5, or
10 mM, but only once a week and starting three weeks after transplanting. The soil water
content was maintained at 75% of the maximum water-holding capacity.

The experimental design considered two factors: the N dose and plant density in
the intercropping system, using four replicates for all treatments, except for the treatment
of faba beans intercropped with wheat at a plant density of 1:1 and 10 mM of N, where
3 replicates were recorded. Analyses of variance (two-way ANOVA) were performed for
all measured variables after testing for normality and homogeneity of variances using
Shapiro–Wilk and Levene’s tests, respectively. Plots, regressions, and their parameters
were calculated using GraphPad Prism® version 10.0.

4.2. Gas Exchange and Photosynthetic Pigment Content

Leaf gas exchange was determined using a CIRAS-2 gas analyzer. Measurements were
taken between 11:00 and 14:00 h, during the peak of photosynthetic activity. The parameters
evaluated were net assimilation of CO2 (An), transpiration (E), stomatal conductance (gs),
intercellular CO2 concentration (Ci), and water use efficiency (WUE), the latter calculated
as a ratio of An–E. The conditions under which this measurement was carried out were
with an intensity of photosynthetic active radiation (PAR) from 1500 to 2100 μmol m−2s−1,
leaf temperature between 23 and 25 ◦C, and an airflow rate of 248 mL/min. In the case of
the legumes, measurements were made in the middle of the plant, considering the central
part of a leaf in good condition. For the wheat, measurements were made on the flag leaf.
Measurements were taken 63 days after sowing (DAS), with the legumes at an advanced
stage of flowering and the wheat at boot stage. The parameters were measured three times
in each leaf and in triplicate for each treatment.

The content of photosynthetic pigments (chlorophyll, flavonoids, and the nitrogen
balance index [NBI]) was determined using a portable chlorophyll meter (DUALEX®) on the
same leaves used previously for the measurement of gas exchange, but three measurements
were made on different dates. The first measurement was taken at 59 DAS, at which
time the legumes were in full flowering and the wheat was in the boot stage. The second
measurement was taken at 66 DAS when the legumes were in pod formation and the wheat
was at anthesis. Finally, the third measurement was made at 74 DAS when the legumes
and wheat were in the grain-filling stage. Three plants per treatment, one leaf per plant,
and three measurements on the same leaf were evaluated.

4.3. Determination of Plant and Nodule Dry Matter

The dry matter (DM) of shoots and nodules was evaluated at the grain filling stage.
All plants were harvested at 77 DASs. Shoots were separated from the roots and dried in
an air oven at 65 ◦C for 48 h until reaching a constant weight. The roots were carefully
separated from the soil, washed, and stored at −80 ◦C. Then, the nodules were separated
from the roots manually with steel tweezers. Subsequently, the nodules were dried at 65 ◦C
for 48 h for DM determination. Shoot DM was finely milled and stored in paper bags for
subsequent chemical analysis.

4.4. Determining the Proportion of N Derived from Air (%Ndfa)

The N concentration and 15N natural abundance (expressed as ‰ δ15N relative to
the 15N composition of atmospheric N2) were determined using an elemental analyzer
and an isotope ratio mass spectrometer at the Laboratory of Applied Chemistry and
Physics, Ghent University, Belgium. The natural abundance method of 15N, to measure the
fixation of N2, is based on the difference that exists between the abundance of 15N from
atmospheric N2 (δ15N = 0‰) and the N present in the soil (δ15N generally > 0‰) [82]. The
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percentage of N derived from the air (%Ndfa) in legumes was calculated by comparing
natural abundance of 15N of the legume (δ15Nleg) with that of the reference plants (δ15Nref),
using Equation (1) [83]:

%Nd f a = 100 ×
[

δ15Nre f − δ15Nleg

δ15Nre f − β

]
(1)

where, the reference plant provides the natural abundance of 15N that comes from the soil
and the β value represents the 15N abundance in legumes that rely solely on N2 fixation for
growth [82]. With this method, the greater the difference in the natural abundance of 15N
between the reference plants and the legumes, the greater the N2 fixation, and the closer the
δ15Nleg is to the β value. The reference plants used were wheat (Triticum aestivum L.), oat
(Avena sativa L.), sunflower (Helianthus annuus L.), and quinoa (Chenopodium quinoa Willd.).
These plants were grown under the same experimental conditions as the legumes, and
with the addition of 5 mM of N. The shoots of the reference plants were harvested, dried,
weighed, and milled in the same way as described above for the legumes. The reference
plants were harvested manually at the phenological stage of anthesis for wheat and oat or
at full flowering for quinoa and sunflower.

4.5. Determination of the β Value

Legumes have different N2 fixing capacities, which is reflected in the β value, which
indicates the amount of N2 fixed in the absence of N in the substrate [82,83]. Because the β

value was not determined in the absence of N, a sensitivity analysis was performed, with a
range of β values obtained from the literature and serving to evaluate the effect of N on the
inhibition of N2 fixation (Supplemental Figure S4).

4.6. N Transfer from Legume to Cereal

To measure N transfer from legumes to cereals, the δ15N present in the cereal in
monocrop was compared with the δ15N of the cereal intercropped with the legumes. The
%Ndfa transferred from legume to cereal (%Nt) was calculated by Equation (2):

%Nt = 100 ×
[

1 − δ15NCereal IC
δ15NCereal MC

]
(2)

where δ15NCereal IC represents the δ15N in the cereal intercropped with legumes and
δ15NCereal MC in the monocrop.

4.7. Land Equivalent Ratio (LER)

To calculate the land use efficiency, the land equivalent ratio (LER) was used, which
compares the yield achieved by intercropping two species with the yield obtained in a
monocrop. The LER was calculated according to Equation (3) proposed by Mead and
Willey [34]:

LER = (SBLeg IC/SBLeg MC) + (SBCereal IC/SBCereal MC) (3)

where, SBLeg IC is the legume shoot biomass in intercropping, SBLeg MC is the legume
shoot biomass in monocrop, SBCereal IC is the cereal shoot biomass in intercropping and
SBCereal MC is the cereal shoot biomass in monocrop. In addition, to calculate the equivalent
N uptake ratio (LERN), the same Equation (3) was used, but with the values of N content
accumulated in the shoot.

5. Conclusions

The intercrop of legumes with wheat can improve N use efficiency, since cereals, being
more competitive, decrease the inhibition of N2 fixation caused by the presence of N in the
soil. In addition, peas were found to be more sensitive to the presence of N than faba beans,
so the latter could have a better complementarity with wheat. However, peas can transfer
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up to 30% of the N fixed, so this is also a species that should be considered in intercropping
systems. In addition, when there is a lower amount of N in the soil, N2 fixation and N
transfer are promoted, which directly benefits the performance of wheat, increasing its N
content, photosynthetic parameters, and LER and LERN indexes.

Therefore, this study provides a deeper understanding of the dynamics in legume–
cereal intercropping. The role of N in competition, N fixation and transfer, and pho-
tosynthesis, highlighting the complexity of interspecific interactions and how they can
influence agricultural productivity and the efficient use of N. These findings have impor-
tant implications for the planning of sustainable cropping systems and the optimization of
food production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13070991/s1, Figure S1: Responses of leaf chlorophyll
(a–c), flavonoids (d–f), and nitrogen balance index (NBI) (g–i) at 66 DAS to N level in faba beans, peas,
and wheat grown in monocrop and intercropped at two plant densities: 1:1 and 1:2.3, respectively. N
levels were zero (N available in the soil), 5, and 10 mM applied in the form of NH4NO3. Symbols
represent the mean and bars the standard error (n = 4 for each N level). r2 is the coefficient of
determination for linear regressions and asterisks indicate statistical significance at p-values: * < 0.05,
** < 0.001, and *** < 0.0001, respectively. Small letters indicate differences between treatments
according to two-way ANOVA and Tukey tests (p < 0.05); Figure S2: Responses of leaf chlorophyll
(a–c), flavonoids (d–f), and the nitrogen balance index (NBI) (g–i) at 74 DAS to N level in faba
beans, peas, and wheat grown in monocrop and intercropped at two plant densities: 1:1 and 1:2.3,
respectively. N levels were zero (N available in the soil), 5, and 10 mM applied in the form of
NH4NO3. Symbols represent the mean and bars the standard error (n = 4 for each N level). r2 is
the coefficient of determination for linear regressions and asterisks indicate statistical significance at
p-values: * < 0.05, ** < 0.001, and *** < 0.0001, respectively. Small letters indicate differences between
treatments according to two-way ANOVA and Tukey tests (p < 0.05); Figure S3. Daily mean air
temperature, air humidity, and hours of daylight (photoperiod [P]) during the growth period of faba
beans, peas, and wheat grown in monocrop and intercropped at two plant densities: 1:1 and 1:2.3,
respectively. Plants were grown during the springtime in the southern hemisphere (September to
November 2021); Figure S4. Sensitivity analysis for β values for V. faba (a–c) and P. sativum (d–f)
in monocrop and intercropped with T. aestivum at two plant densities (1:1 and 1:2.3) and three N
levels, respectively. N levels were zero (N available in the soil), 5, and 10 mM applied in the form
of NH4NO3. A range of β values were tested as recorded in the literature. The β values resulted
in an average of −0.49 and −0.61, for peas and faba beans, respectively. In the case of faba beans,
the β value proposed by the literature correctly fitted the linear regression (the green line in Figure
S4a–c), since it never exceeded 100% of %Ndfa. However, the β value used for the peas did not fit
well, thus a range of β values were analyzed in a sensitivity analysis and the one that best fitted the
linear regression was β = −1.3 (the green line in Figure S4d–f). Independently of the β value used, it
was observed that the %Ndfa decreases as N increases.
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Abstract: To investigate the effects of biogas slurry substitution for fertilizer on rice yield, fertilizer
utilization efficiency, and soil fertility, a field experiment was conducted on rice–wheat rotation soil in
the Chaohu Lake Basin for two consecutive years, with the following six treatments: no fertilization
(CK), conventional fertilization (CF), optimized fertilization (OF), biogas slurry replacing 15% of
fertilizer (15% OFB), biogas slurry replacing 30% of fertilizer (30% OFB), and biogas slurry replacing
50% of fertilizer (50% OFB). The field experiment results showed that, compared with CF treatment,
OF treatment in 2022 and 2023 significantly increased (p < 0.05) rice yield, promoted the uptake of
nitrogen (N), phosphorus (P), and potassium (K) by grains and straws, improved fertilizer utilization
efficiency, and increased the contents of soil organic C (SOC), NH4

+-N, NO3
−-N, hydrolysable N,

and available P. The 15% OFB and 30% OFB treatments significantly increased (p < 0.05) rice grain
and straw yields compared with CF treatment, and rice grain and straw yields were the highest in
the 30% OFB treatment. Compared with CF and OF treatments, 30% OFB treatment significantly
increased (p < 0.05) the N, P, and K uptake of grains and straws and increased the fertilizer utilization
efficiency. Compared with CF treatment, the grain yield of 50% OFB treatment was significantly
decreased (p < 0.05) in 2022, and there was no significant difference in 2023, which may be because
the biogas slurry was applied before planting in 2023 to provide more nutrients for early rice growth.
Compared with CF treatment, 30% OFB treatment significantly increased (p < 0.05) the contents
of SOC, NH4

+-N, available K, and hydrolysable N. In summary, optimizing N and K topdressing
methods can increase rice yield and improve the fertilizer utilization efficiency and soil fertility. The
30% OFB treatment resulted in the highest rice yield, fertilizer utilization efficiency, and improved
soil fertility, indicating that biogas slurry replacing 30% of fertilizer was the best application mode
for rice in this region.

Keywords: biogas slurry; fertilizer optimization; rice yield; fertilizer utilization efficiency; soil fertility

1. Introduction

Rice is an important food crop in China and plays an important role in ensuring
national food security. Due to the high yield of rice, farmers tend to apply a large amount
of fertilizer, which has led to some negative consequences, such as low fertilizer utilization
efficiency and environmental pollution [1–3]. Currently, China’s fertilizer production
and consumption are 3.7 times that of the world average, and the fertilizer intensity
and application amount per unit area far exceed the world average [1]. The amount of
synthetic fertilizer application in China has increased from7.8 × 104 tons in the 1950s to
6.02 × 107 tons, increasing at a rate of 9.8% per year [1]. The amount of fertilizer applied
in the central region of Anhui Province ranked first among the four major regions of east,
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central, west, and northeast China [2]. From 2006 to 2015, the amount of fertilizer applied
in Anhui Province increased by 1.4 × 107 tons, with an annual growth rate of 41.41% [2].
Nitrogen (N) is an essential nutrient element for increasing crop yield and improving crop
quality [3]. From 2010 to 2015, the average N fertilizer application rate in China was the
highest across the world, but the N fertilizer utilization efficiency in the current season was
less than 35% [4], resulting in economic losses, biodiversity reduction, and environmental
pollution. Therefore, N fertilizer application technology is a difficult problem that needs
to be overcome in agriculture at present [5]. A short-term effect of excessive fertilizer
application was the increase in crop yield, but the long-term effects include crop yield
reducing, crop quality declining, fertilizer utilization efficiency declining, soil acidification,
nutrient loss, and environmental pollution [6].

With the development of animal husbandry, the discharge of livestock and poultry
excrement is increasing. Without safe treatment before discharging, it is directly discharged
into the environment, causing environmental pollution and ultimately endangering human
health [7]. Data have shown that in 2020, Lujiang County, which belongs to Hefei City,
Anhui Province, raised 1.50 × 105 pigs, 7.68 × 105 laying hens, and 2.44 × 106 meat
and poultry animals, with an annual output of 1.08 × 106 tons of livestock and poultry
manure [8]. China produces 3.8 billion tons of livestock and poultry manure every year, and
its utilization rate is 70% [9]. However, the allocational rate of livestock and poultry manure
treatment facilities is only 63% [9]. Thus, it is necessary to further improve the safe treatment
and resource utilization of livestock and poultry manure [9]. In the process of livestock
manure composting and biogas engineering, the N and P nutrient contents of livestock and
poultry manure, were reduced by 22% and 10%, respectively, and the available N and P
nutrient supply amounts were 0.9 × 104 and 0.3 × 104 t, respectively [10,11]. Therefore, the
rational consumption and resource-oriented utilization of livestock and poultry manure is
an urgent problem to be solved.

A biogas slurry is an organic liquid fertilizer produced by the anaerobic fermentation
of livestock and poultry manure. It was rich in N, P, and K, as well as microelements, such as
iron, calcium, and copper [12]. Partial replacement of chemical fertilizer with biogas slurry
can reduce the amount of chemical fertilizer needed, enrich the soil, and enable the resource
consumption of livestock and poultry manure [10]. Compared with conventional fertilizer
application, replacing 25% of fertilizer with biogas slurry can increase the soil available
K and available P contents, while replacing 100% of fertilizer with biogas slurry can
significantly increase the soil total N, organic C, available P, and available K contents [13].
In recent years, there have been many studies on the application of biogas slurry as a
fertilizer replacement for different crops. However, the effects of different biogas slurry
proportions on yield and fertilizer utilization efficiency were inconsistent. Compared with
conventional fertilizer application, the replacement of 15% and 30% of fertilizer with biogas
slurry can significantly increase wheat yield, while the replacement of 50% of fertilizer can
significantly reduce wheat yield [14]. Replacing 40% of fertilizer with biogas slurry can
increase the yield of summer corn and winter wheat and improve the fertilizer utilization
efficiency [15,16]. However, the replacement of 50% and 75% of fertilizer with biogas slurry
increased rice yield [17]. The effects of biogas slurry replacement of fertilizer on different
crops and soil nutrients were jointly determined by the biogas slurry content, replacement
ratio, soil properties, climate factors, and farming systems [14]. Therefore, research on
the optimal ratio of biogas slurry to replace fertilizer should be carried out in specific
regions, aiming at providing a theoretical basis for biogas slurry consumption and fertilizer
reduction in the region.

In this study, field experiments with biogas slurry as a fertilizer replacement were
carried out in a rice–wheat rotation system in the Chaohu Lake Basin, and three ratios
of biogas slurry were set to replace fertilizer (15%, 30%, and 50%) to explore the effects
of different ratios of biogas slurry on rice yield, fertilizer utilization efficiency, and soil
fertility. In two years of field trials, the optimal ratio of biogas slurry as a fertilizer re-
placement in the Chaohu Lake Basin was determined, providing a scientific basis for the
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quality and sustainable development of agricultural products under rice–wheat rotation in
central Anhui.

2. Materials and Methods

2.1. Study Site

The field experiment was conducted from June 2022 to November 2023 in Guanghan
Village, Guohe Town, Lujiang County, Hefei City, Anhui Province (31◦29′ N, 117◦12′ E),
which belongs to the subtropical monsoon climate zone with a mild climate, abundant
rainfall, and an annual average temperature of 15.9 ◦C. The average precipitation was
1262.9 mm. The soil was derived from alluvial sediments, and the physical and chemical
properties of the 0–20 cm soil layer were as follows: soil pH, 4.83; bulk density, 1.01 g·cm−3;
SOC, 9.79 g·kg−1; TN, 1.11 g·kg−1; NH4

+-N, 9.24 mg·kg−1; NO3
−-N, 1.56 mg·kg−1; hy-

drolysable N, 109.67 mg·kg−1; available P, 10.63 mg·kg−1; and available K, 124.67 mg·kg−1.

2.2. Field Experiment

The field experiment began on 15 June 2022, and consisted of six treatments: no
fertilization (CK), conventional fertilization (CF), optimized fertilization (OF), biogas slurry
replacing 15% of fertilizer (15% OFB), biogas slurry replacing 30% of fertilizer (30% OFB),
and biogas slurry replacing 50% of fertilizer (50% OFB). Each treatment was performed
in three repetitions. The plots were designed in a completely random block design, with
an area of 30 m2 (5 m × 6 m), which were separated by a ridge covered with plastic film.
Irrigation and drainage channels were used to eliminate the mutual interference of water
and fertilizer among the plots, and protection lines were set.

The chemical fertilizers tested were urea (N ≥ 46.4%), superphosphate (P2O5 ≥ 12%),
and potassium chloride (K2O ≥ 60%). The biogas slurry was obtained from Wugongshan
Livestock and Poultry Breeding Co., Ltd., Hefei, China. The nutrient content of the biogas
slurry was measured before application. The N, P2O5, and K2O contents were 0.15%, 0.02%,
and 0.03%, respectively, before application in the 2022 rice season. In 2023, the N, P2O5,
and K2O contents in the biogas slurry were 0.11%, 0.05%, and 0.03%, respectively.

The amount of fertilization in each treatment is shown in Table 1. P fertilizer treatment
was applied as a base fertilizer, and N and K fertilizers were divided into base fertilizer
and topdressing fertilizer. N fertilizer treatment for conventional fertilization was applied
as 50% base fertilizer, 35% tillering fertilizer, and 15% booting fertilizer, and K fertilizer
was applied as 50% base fertilizer and 50% booting fertilizer. The optimized fertilization
treatment of N fertilizer was applied as 50% base fertilizer, 30% tillering fertilizer, and 20%
booting fertilizer, and K fertilizer was applied as 45% base fertilizer, 15% tillering fertilizer,
and 40% booting fertilizer. In 2022, the biogas slurry was applied as a tillering fertilizer,
and in 2023, the biogas slurry was applied as a base fertilizer. The application of N, P, and
K fertilizers was consistent with the optimal fertilization treatment. All fertilizers were
distributed manually, and the management measures of the field plot were consistent with
local practices.

The rice variety planted was Wankenuo No. 2, and plant space was 30 cm × 14 cm,
with two or three seedlings in each hole. The specific application times of base fertilizer,
tillering fertilizer, booting fertilizer, and rice harvest time are shown in Table 2.

2.3. Collection and Analysis of Soil and Plant Samples

Before the experiment and after rice harvest, fresh soil samples were collected from
the 0–20 cm layer by soil drilling in each plot according to the five-point sampling method.
After fully mixing, a portion of the soil samples was stored at 4 ◦C. The other portion of
the soil samples were air-dried and screened with 2 and 0.15 mm sieves. The methods for
determining the physical and chemical properties of the soil are shown in Table 3.
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Table 1. Fertilizer amount of different treatments in 2022 and 2023 rice seasons.

Years Treatment

Organic
Fertilizer
(kg·ha−1)

Fertilizer
(kg·ha−1)

Converted to Pure Nutrients
(kg·ha−1)

Biogas Slurry Urea Superphosphate
Potassium
Chloride

N P2O5 K2O

2022

CK 0 0 0 0 0 0 0
CF 0 485 500 200 225 60 120
OF 0 485 500 200 225 60 120

15% OFB 22,500 412 462 189 225 60 120
30% OFB 45,000 339 425 177 225 60 120
50% OFB 75,000 242 375 162 225 60 120

2023

CK 0 0 0 0 0 0 0
CF 0 485 500 200 225 60 120
OF 0 485 500 200 225 60 120

15% OFB 30,682 412 372 185 225 60 120
30% OFB 61,363 339 244 169 225 60 120
50% OFB 102,272 242 74 149 225 60 120

Table 2. Field management time in 2022 and 2023 rice seasons.

Management Measure 2022 2023

Base fertilizer 15 June 2022 9 June 2023
Booting fertilizer 11 July 2022 13 July 2023
Tillering fertilizer 10 August 2022 17 August 2023

Harvest 2 November 2022 15 November 2023

Table 3. Soil measurement indexes and methods.

Sample
Measurement

Indexes
Measurement Methods

Soil

pH Potentiometry
SOC Potassium dichromate oil bath plus heat capacity method
TN Kjeldahl method for nitrogen determination

NH4
+-N Indophenol blue colorimetry

NO3
−-N Ultraviolet spectrophotometry

Available P Sodium bicarbonate extraction-molybdenum antimony
resistance spectrophotometry

Available K Flame photometer method
Hydrolysable N Alkalolytic diffusion method

During the mature stage of rice, straw and grain yields were measured separately in
each plot. Plant samples from each plot were collected at multiple points using the double
diagonal method to determine plant height, 1000-grain weight, and kernels per spike.
The samples were threshed separately according to straw and grain and then crushed
for N, P, and K content analysis in grain and straw. The N, P, and K contents in plants
were determined using the Kellner method, molybdenum yellow colorimetry, and flame
spectrophotometry, respectively.

2.4. Calculations and Statistical Analysis

N (P and K) uptake in rice grain was calculated by the product of rice grain yield and
N (P and K) content. N (P and K) uptake of rice straw was calculated by the product of
rice straw yield and straw N (P and K) uptake content. The fertilizer utilization efficiency
was determined by the difference in N (P and K) uptake between rice grain and straw in
fertilized and non-fertilized areas, and the ratio of the N (P and K) application amount.
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N (P and K)uptake in rice grain (NUG, PUG, KUG, kg·ha−1
)
= GY × GN(GP, GK) (1)

N (P and K)uptake of rice straw (NUS, PUS, KUS, kg·ha−1
)
= SY × SN (SP, SK) (2)

N utilization efficiency (NUE, %) =
(NUG + NUS)− (NUG0 + NUS0)

TNA
× 100 (3)

P utilization efficiency (PUE, %) =
(PUG + PUS)− (PUG0 + PUS0)

TPA
× 100 (4)

K utilization efficiency (KUE, %) =
(KUG + KUS)− (KUG0 + KUS0)

TKA
× 100 (5)

GY and SY refer to the rice grain yield and straw yield (kg·ha−1); GN and SN refer to
N content of rice grain and straw (%); GP and SP refer to P content of rice grain and straw
(%); GK and SK refer to K content of rice grain and straw (%); NUG, NUS (PUG, PUS, KUG,
KUS) refer to N (P, K) uptake by rice grains and straws in fertilized area (kg·ha−1); NUG0,
NUS0 (PUG0, PUS0, KUG0, KUS0) refer to N (P, K) uptake by rice grains and straws in
non-fertilized area (kg·ha−1); TNA (TPA, TKA) refer to total N (P, K) application (kg·ha−1).

The IBM-SPSS Statistics 23 software package (SPSS, Chicago, IL, USA) was used to
perform a one-way analysis of variance (LSD) between processing treatments, and p < 0.05
was considered a significant difference. Origin 2023 (Systat Software, Inc., Washington, DC,
USA) software was used for mapping.

3. Results

3.1. Analysis of the Nutrient Content of Biogas Slurries in Lujiang County

The nutrient content of biogas slurries sampled from 12 townships of Lujiang County
(including Guohe Town, Jinniu Town, Ketan Town, and so on) in 2022 and 2023 was
analyzed. The field experiment site, location, and quantity of biogas slurry sampling are
shown in Figure 1.

As shown in Figure 2, the N content of the biogas slurry was 0.08–0.18%, and the P
and K contents were 0.01–0.05%. The soil organic C (SOC) was 0.01–0.05%, and the pH was
7.08–8.40.

3.2. Rice Yield

The grain and straw yields of rice in 2022 were 6737.39–9527.44 and 6654.98–9019.71 kg·ha−1,
respectively (Figure 3). In 2023, rice grain and straw yields were 6508.60–8346.14 and
5857.97–7548.34 kg·ha−1, respectively, and the rice grain yield under all treatments was
higher in 2022 than in 2023. Compared with CF treatment, grain and straw yields of OF
treatment increased in 2022 and 2023, with grain yield increasing by 1.67% and 7.87%,
respectively, and straw yield increasing by 7.20% and 14.58%, respectively. In 2022 and
2023, the rice grain yield under 15% OFB and 30% OFB treatments significantly increased
(p < 0.05) compared with CF treatment. The rice grain yield was the highest after 30% OFB
treatment in two years. In 2022, the grain yield of 50% OFB treatment was significantly
lower than that of CF treatment (p < 0.05) by 4.52%, while there was no significant difference
between 50% OFB treatment and CF treatment in 2023. In comparison to the OF treatment,
the yields of rice grain and straw showed an increasing trend in both the 15% OFB and 30%
OFB treatments during 2022. Furthermore, in 2023, only the 30% OFB treatment led to an
elevation in both rice grain and straw yields. With the increase in the proportion of biogas
slurry replacing fertilizer, the rice yield in 2022 and 2023 showed a trend of first increasing
and then decreasing (30% OFB > 15% OFB > 50% OFB).
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Figure 1. Field experiment site, location, and quantity of biogas slurry samples.

94



Plants 2024, 13, 2024

Figure 2. Analysis of nutrient content of biogas slurry in twelve townships of Lujiang County.

× ×

Figure 3. Effects of biogas slurry substitution for fertilizer on grain yield (a) and straw yield (b) of
rice. Bars represent the SD of the means (n = 3), and the different lowercase letters above the column
indicate that the differences among treatments are significant at p < 0.05.

In 2022 and 2023, the plant height, 1000-grain weight, and kernels per spike of rice
under the OF treatment increased compared with CF treatment, but the differences were not
statistically significant (Table 4). Compared with CF treatment, the plant height, 1000-grain
weight, and kernels per spike of rice treated with 15% OFB, 30% OFB, and 50% OFB
increased in 2022 and 2023. The 1000-grain weight and kernels per spike of rice treated with
30% OFB showed significant differences (p < 0.05), with the 1000-grain weight increasing
by 25.72% and 6.82% and kernels per spike increasing by 61.19% and 36.81%, respectively.
Compared with OF treatment, the 1000-grain weight of rice treated with 30% OFB in 2022
and 2023 significantly increased (p < 0.05) by 25.72% and 6.50%, respectively. With the
increase in the proportion of biogas slurry replacing fertilizer, the composition factors of
rice yield in 2022 and 2023 showed a trend of first increasing and then decreasing.
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Table 4. Effects of biogas slurry substitution for fertilizer on rice yield components.

Years Treatment
Plant Height

(cm)
Thousand Grain Weight

(g)
Kernels per Spike

(kernel)

2022

CK 70.53 ± 2.84 b 20.81 ± 0.92 c 124.33 ± 5.13 e
CF 77.73 ± 2.73 a 22. 51 ± 0.34 b 146.00 ± 3.00 d
OF 78.40 ± 2.03 a 22. 91 ± 0.44 b 172.67 ± 6.81 c

15% OFB 79.73 ± 1.30 a 23.05 ± 0.92 b 196.00 ± 5.20 b
30% OFB 81.80 ± 2.80 a 28.30 ± 0.84 a 235.33 ± 5.69 a
50% OFB 78.53 ± 1.67 a 22.68 ± 0.42 b 191.00 ± 6.93 b

2023

CK 78.00 ± 4.36 b 23.27 ± 1.32 c 122.00 ± 20.07 b
CF 90.00 ± 2.00 a 24.53 ± 0.55 bc 144.00 ± 11.53 b
OF 90.67 ± 1.15 a 24.60 ± 0.66 bc 170.00 ± 34.70 ab

15% OFB 91.67 ± 2.08 a 25.67 ± 0.32 ab 193.33 ± 8.62 a
30% OFB 94.00 ± 2.00 a 26.20 ± 0.79 a 197.00 ± 46.60 a
50% OFB 92.67 ± 1.15 a 24.87 ± 0.15 ab 184.00 ± 40.85 a

Note: Data are presented as mean ± SD (n = 3). Different lowercase letters within each column indicate that the
differences among treatments are significant at p < 0.05.

3.3. Fertilizer Utilization Efficiency

Compared with CF treatment, the N, P, and K uptake of rice grains under OF treatment
increased by 12.83%, 4.77%, and 33.20%, respectively, in 2022 and by 4.46%, 23.96%, and
7.64%, respectively, in 2023 (Table 5). In contrast to CF treatment, the N uptake of rice
straws under OF treatment increased by 5.50% and 3.90%, the P uptake increased by 15.76%
and 27.89%, and the K uptake increased by 8.78% and 45.65% in 2022 and 2023, respectively.
Compared with CF treatment, in 2022, 15% OFB and 30% OFB treatments significantly
increased (p < 0.05) the N, P, and K uptake of rice grains, and the 30% OFB treatment
significantly increased (p < 0.05) the N, P, and K uptake in rice straw. In 2023, the N, P, and
K uptake of rice grains and straws treated with 15% OFB, 30% OFB, and 50% OFB were
significantly increased (p < 0.05) compared with those treated with CF. When compared
to OF treatment, in 2022 and 2023, 30% OFB treatment significantly increased (p < 0.05)
the N, P, and K uptake in grains and straws, and the 15% OFB and 50% OFB treatments
significantly increased (p < 0.05) the K uptake of grain and straw. With the increase in the
proportion of biogas slurry replacing fertilizer, the N, P, and K uptake in grain and straw
in 2022 and 2023 showed a trend of first increasing and then decreasing (30% OFB > 15%
OFB > 50% OFB).

Table 5. Effects of biogas slurry substitution for fertilizer on nutrient uptake of rice.

Years Treatment
Grain Nutrient Uptake (kg·ha−1) Straw Nutrient Uptake (kg·ha−1)

N P K N P K

2022

CK 51.28 ± 9.34 d 10.05 ± 2.91 d 6.26 ± 1.09 e 28.12 ± 8.76 c 7.43 ± 1.05 d 22.33 ± 2.85 d
CF 77.54 ± 7.98 c 16.77 ± 1.00 c 15.18 ± 1.46 d 41.67 ± 4.83 b 9.39 ± 2.00 cd 31.42 ± 1.32 c
OF 87.49 ± 9.66 bc 17.57 ± 0.51 bc 20.22 ± 3.04 c 43.96 ± 1.32 b 10.87 ± 0.23 bc 34.18 ± 1.25 c

15% OFB 94.05 ± 8.34 b 20.45 ± 1.44 ab 26.86 ± 0.57 b 47.07 ± 4.34 b 12.80 ± 1.34 b 53.94 ± 5.07 b
30% OFB 111.89 ± 7.59 a 23.28 ± 0.46 a 35.22 ± 2.12 a 63.84 ± 3.38 a 17.27 ± 0.81 a 67.76 ± 5.92 a
50% OFB 90.25 ± 2.30 bc 18.90 ± 1.95 bc 23.69 ± 1.56 b 44.99 ± 2.39 b 11.65 ± 0.75 b 49.38 ± 1.68 b

2023

CK 75.29 ± 1.60 e 11.89 ± 1.27 d 14.50 ± 1.43 c 18.77 ± 3.91 d 5.45 ± 0.75 e 23.36 ± 5.50 e
CF 95.68 ± 3.14 d 15.36 ± 0.89 cd 22.77 ± 1.38 b 27.98 ± 4.27 c 6.97 ± 0.46 d 33.10 ± 1.42 d
OF 99.95 ± 5.62 cd 19.04 ± 2.15 bc 23.40 ± 1.34 b 29.07 ± 1.35 c 8.50 ± 0.91 c 48.21 ± 3.98 c

15% OFB 106.58 ± 2.34 b 21.58 ± 1.88 b 30.28 ± 2.51 a 36.68 ± 1.94 b 9.81 ± 0.14 b 57.53 ± 2.72 b
30% OFB 111.82 ± 0.74 a 27.16 ± 3.92 a 33.23 ± 4.77 a 65.97 ± 4.79 a 11.76 ± 1.01 a 80.34 ± 7.10 a

50% OFB 104.40 ± 0.87
bc 20.63 ± 0.96 b 29.03 ± 0.22 a 36.05 ± 5.21 b 8.82 ± 0.49 bc 56.43 ± 3.55 b

Note: Data are presented as mean ± SD (n = 3). Different lowercase letters within each column indicate that the
differences among treatments are significant at p < 0.05.
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Compared with CF treatment, the N use efficiency (NUE), P use efficiency (PUE), and
K use efficiency (KUE) of rice under OF treatment increased by 29.11%, 27.44%, and 43.31%
in 2022, and by 15.10%, 67.71%, and 87.34% in 2023, respectively (Figure 4). The NUE, PUE,
and KUE of rice treated with 15% OFB, 30% OFB, and 50% OFB were significantly increased
(p < 0.05) compared with CF treatment. In contrast to OF treatment, the NUE and KUE of
rice treated with 15% OFB, 30% OFB, and 50% OFB were significantly increased (p < 0.05).
With the increase in the proportion of biogas slurry replacing fertilizer, the NUE, PUE, and
KUE in rice in 2022 and 2023 showed a trend of first increasing and then decreasing (30%
OFB > 15% OFB > 50% OFB).

Figure 4. Effects of biogas slurry on N use efficiency (NUE) (a), P use efficiency (PUE) (b) and K use
efficiency (KUE) (c) of rice. Bars represent the SD of the means (n = 3). The different lowercase letters
above the column indicate that the differences among treatments are significant at p < 0.05.

3.4. Soil Nutrients

Compared with CF treatment, the contents of soil total N (TN), NH4
+-N, NO3

−-N,
and hydrolysable N (HN) under OF treatment in 2022 increased by 1.87%, 6.25%, 26.85%,
and 18.50%, respectively (Table 6). In 2023, the content of NH4

+-N, NO3
−-N, and HN

in soil under OF treatment increased by 16.33%, 14.13%, and 2.29%, respectively. In
2022, the contents of NH4

+-N and HN in soil under 30% OFB treatment significantly
increased (p < 0.05) compared with CF treatment, showing increases of 16.03% and 32.86%,
respectively. In contrast to CF treatment, the contents of NH4

+-N, NO3
−-N, and HN

increased under 15% OFB, 30% OFB, and 50% OFB treatments in 2023, while the contents
of TN, NH4

+-N, and HN under 30% OFB treatment significantly increased (p < 0.05) by
31.00%, 38.90%, and 21.80%, respectively. There were no significant differences in soil
NO3

−-N content between CF and other treatments. Over the course of two years, the soil
TN content increased under 15% OFB, 30% OFB, and 50% OFB treatments when compared
to the OF treatment. Additionally, the soil NH4

+-N content rose under 15% OFB and
30% OFB treatments as well. Compared with OF treatment, in 2022, the soil NH4

+-N
and HN contents significantly increased (p < 0.05) by 9.21% and 12.12%, respectively,
under 30% OFB treatment. When compared to OF treatment, in 2023, the contents of
TN and HN significantly increased by 35.05% and 19.07%, respectively, under 30% OFB
treatment (p < 0.05). With the increase in the proportion of biogas slurry replacing chemical
fertilizer, the contents of NH4

+-N and HN in the soil first increased and then decreased
(30% OFB > 15% OFB > 50% OFB) in 2022 and 2023.

97



Plants 2024, 13, 2024

Table 6. Effects of biogas slurry replacing fertilizer on soil N content.

Years Treatment
TN

(g·kg−1)
NH4

+-N
(mg·kg−1)

NO3
−-N

(mg·kg−1)
HN

(mg·kg−1)

2022

CK 0.97 ± 0.11 b 33.19 ± 2.63 c 2.51 ± 0.54 b 90.90 ± 3.10 c
CF 1.07 ± 0.08 ab 42.10 ± 0.66 b 2.98 ± 0.62 ab 92.83 ± 7.95 c
OF 1.09 ± 0.07 ab 44.73 ± 3.45 b 3.78 ± 0.49 a 110.00 ± 5.29 b

15% OFB 1.02 ± 0.02 b 45.15 ± 1.05 b 3.55 ± 0.31 ab 112.67 ± 3.51 ab
30% OFB 1.23 ± 0.10 a 48.85 ± 0.85 a 3.99 ± 0.57 a 123.33 ± 3.21 a
50% OFB 1.06 ± 0.12 b 42.67 ± 2.02 b 3.15 ± 0.72 ab 111.13 ± 11.04 b

2023

CK 0.95 ± 0.03 c 23.97 ± 2.97 c 2.60 ± 0.44 b 76.77 ± 4.26 b
CF 1.00 ± 0.04 c 27.25 ± 6.71 bc 2.83 ± 0.43 ab 77.30 ± 8.69 b
OF 0.97 ± 0.03 c 31.70 ± 2.20 abc 3.23 ± 0.34 ab 79.07 ± 3.71 b

15% OFB 0.99 ± 0.01 c 32.95 ± 4.25 ab 3.12 ± 0.52 ab 91.87 ± 4.14 a
30% OFB 1.31 ± 0.07 a 37.85 ± 2.95 a 3.60 ± 0.44 a 94.15 ± 1.35 a

Note: Data are presented as mean ± SD (n = 3). Different lowercase letters within each column indicate that the
differences among treatments are significant at p < 0.05. TN: total N; HN: hydrolysable N.

Compared with CF treatment, OF treatment increased the soil bulk density by 7.08%
and 6.48%, pH by 0.76% and 4.89%, SOC by 1.28% and 0.20%, and available P by 19.16%
and 2.53% in 2022 and 2023, respectively (Table 7). The available K was reduced by 21.56%
and 3.07% in 2022 and 2023, respectively. In 2022, the contents of SOC, available K, and P
under 30% OFB treatment significantly increased (p < 0.05) by 14.77%, 43.10%, and 17.67%,
respectively, compared with CF treatment. In 2023, soil available K and SOC contents
under 15% OFB and 30% OFB treatments significantly increased (p < 0.05). In contrast to OF
treatment, the SOC and available K contents increased under 15% OFB, 30% OFB, and 50%
OFB treatments in two years, and the available P content also increased under 15% OFB
and 30% OFB treatments. The 15% OFB, 30% OFB, and 50% OFB treatments significantly
increased (p < 0.05) the soil available K content in 2022 and 2023, and the 15% OFB and 30%
OFB treatments significantly increased (p < 0.05) the SOC content in 2023. With the increase
in the proportion of biogas slurry replacing fertilizer, the contents of SOC, available P, and
K showed a trend of first increasing and then decreasing (30% OFB > 15% OFB > 50% OFB)
in 2022 and 2023.

Table 7. Effects of biogas slurry replacing fertilizer on soil nutrients.

Years Treatment
BD

(g·cm−3)
pH

(H2O)
SOC

(g·kg−1)
Available P
(mg·kg−1)

Available K
(mg·kg−1)

2022

CK 1.22 ± 0.04 a 5.50 ± 0.03 a 9.40 ± 1.08 c 29.93 ± 3.72 b 79.67 ± 9.50 c
CF 1.13 ± 0.00 b 5.29 ± 0.05 c 10.17 ± 0.79 bc 30.63 ± 4.90 b 111.33 ± 3.21 b
OF 1.21 ± 0.03 a 5.33 ± 0.05 c 10.30 ± 0.90 abc 36.50 ± 2.52 ab 87.33 ± 9.71 c

15% OFB 1.23 ± 0.02 a 5.44 ± 0.05 ab 11.02 ± 0.25 ab 39.07 ± 9.23 ab 127.67 ± 7.77 a
30% OFB 1.23 ± 0.06 a 5.27 ± 0.07 c 11.75 ± 0.90 a 43.83 ± 2.41 a 131.00 ± 9.85 a
50% OFB 1.24 ± 0.03 a 5.36 ± 0.07 bc 10.48 ± 0.23 abc 32.33 ± 2.73 b 111.67 ± 2.52 b

2023

CK 1.16 ± 0.08 a 6.57 ± 0.32 a 9.71 ± 0.44 c 21.67 ± 5.33 a 65.00 ± 5.00 d
CF 1.08 ± 0.10 a 6.34 ± 0.35 a 10.11 ± 0.38 c 22.50 ± 7.37 a 87.00 ± 7.00 c
OF 1.15 ± 0.03 a 6.65 ± 0.39 a 10.13 ± 0.52 c 23.07 ± 2.64 a 84.33 ± 4.04 c

15% OFB 1.19 ± 0.07 a 6.53 ± 0.45 a 11.19 ± 0.24 b 27.83 ± 1.59 a 116.67 ± 5.77 a
30% OFB 1.16 ± 0.12 a 6.31 ± 0.38 a 12.59 ± 0.91 a 29.77 ± 2.83 a 117.67 ± 7.09 a
50% OFB 1.15 ± 0.03 a 6.27 ± 0.39 a 10.48 ± 0.38 bc 22.63 ± 5.59 a 102.00 ± 2.00 b

Note: Data are presented as mean ± SD (n = 3). Different lowercase letters within each column indicate that the
differences among treatments are significant at p < 0.05. BD: bulk density, SOC: soil organic C.

3.5. Correlation Analysis of Yield, Soil Fertility and Fertilizer Utilization Efficiency

As shown in Figure 5, grain yield was significantly positively correlated with soil
NH4

+-N, hydrolysable N, and available P contents (p < 0.01), significantly positively
correlated with soil NO3

−-N, bulk density (BD), and straw P uptake (p < 0.05), signifi-
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cantly negatively correlated with rice plant height and soil pH (p < 0.01), and significantly
negatively correlated with kernels per spike (p < 0.05). There was a significant positive
correlation between SOC and N, P, and K utilization efficiency (p < 0.01). Soil TN and
NO3

−-N contents were significantly positively correlated with the NUE, PUE, and KUE
(p < 0.05).
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Figure 5. Correlation analysis of yield and yield composition, soil nutrient content and nutrient
uptake of rice grain and straw, fertilizer utilization efficiency. Note: * indicates significant correlation
(p < 0.05), ** indicates significant correlation (p < 0.01).

4. Discussion

4.1. Effects of Biogas Slurry Substitution for Fertilizer on Rice Yield

In this study, the rice grain yield was 6737.39–9527.44 and 6508.60–8346.14 kg·ha−1

in 2022 and 2023, respectively. The overall rice yield in 2023 was lower than that in 2022.
The reason may be that the extreme maximum temperature from June to August in Anhui
province was 36–38 ◦C in 2023. Affected by Typhoon “Du Suri” in late July, there was too
much rainfall, the rice seed setting rate decreased, and rice was vulnerable to diseases
and pests. Moreover, there was less sunshine during the whole growing period of rice,
resulting in a lower rice yield. This resulted in poor environmental conditions, including
temperature, rainfall, and sunshine time, in Hefei compared with 2022 [18,19], and they
were not suitable for rice growth [20]. In this experiment, compared with CF treatment,
OF treatment significantly increased rice yield in 2022 and 2023 (p < 0.05), indicating that
optimized N and K application can effectively increase rice yield. Studies have applied 10%,
20%, and 40% N fertilizer at the booting stage, resulting in rice yields of 5494.50, 10,400, and
5002.73 kg·ha−1, respectively, which indicated that 20% N fertilizer applied at the booting
stage was conducive to increasing rice yield [21–23]. In this study, the proportion of N
fertilizer applied at the booting stage increased from 15% in the CF treatment to 20% in
the OF treatment, which was one of the reasons why the optimized fertilization treatment
resulted in a higher rice yield than the conventional fertilization treatment. The results of
previous experiments showed that when the proportion of K fertilizer applied at the booting
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stage was 40% and 30%, the rice yield was 5002.73 and 3724 kg·ha−1, respectively [23,24].
In addition, K fertilizer applied at the tillering stage can promote N and P uptake, increase
lodging resistance and the seed setting rate of rice, and further increase the yield, thus
increasing the K fertilizer utilization efficiency [25]. In the present study, K fertilizer was
applied as 45% base fertilizer, 15% tillering fertilizer, and 40% booting fertilizer under
OF treatment, which was further optimized on the basis of conventional fertilization
(50% base fertilizer + 50% booting fertilizer). Therefore, adjusting the proportion of K
fertilizer at the booting stage and increasing the proportion of K fertilizer at the tillering
stage may be another reason for optimizing fertilization to increase yield and fertilizer
utilization efficiency.

Organic fertilizer instead of chemical fertilizer can improve the ability of rice to
absorb and transform nutrients, increasing nutrient accumulation and thus achieving high
yield [26,27]. When organic fertilizers replaced 15%, 30%, and 50% of fertilizer, the rice
yield showed a trend of first increasing and then decreasing, and the yield effect was the
best in the 30% replacement treatment [28], which was consistent with the results of this
experiment. In this study, the yield of rice treated with 15% and 30% of fertilizer replaced by
biogas slurry was significantly higher than that of rice treated with conventional fertilizer,
and the yield of rice treated with 30% fertilizer replacement with biogas slurry was the
highest. Biogas slurries were rich in N, P, K, and other nutrients required for crop growth,
which can meet the needs of soil microorganisms, improve the richness of the soil microbial
community, reduce soil water and nutrient losses, promote crop growth, and enhance the
root absorption capacity [29]. In this study, the N, P, and K contents of grains and stalks
treated with 15% and 30% of fertilizer replacement with biogas slurry increased compared
with the optimized fertilization treatment. The contents of SOC, NH4

+-N, hydrolysable N,
available P and K increased compared with the optimized fertilization treatment, which
further confirmed that biogas slurry application promoted rice growth and increased the
soil nutrient supply [30]. The biogas slurry partially replaced chemical fertilizer treatment,
significantly increased the 1000-grain weight and kernels per spike of rice, and increased
crop yield by regulating N release in the early stage and supplementing organic nutrition
in the later stage [31]. This study reached a consistent conclusion that the plant height,
1000-grain weight, and kernels per spike of rice treated with 15% and 30% of fertilizer
replacement with biogas slurry increased compared with the optimal treatment.

Excessive application of biogas slurry cannot significantly improve crop yield because
it releases nutrients slowly. Soil microorganisms need time to decompose it, and the
nutrients available in soil cannot timely meet the early growth needs of crops, resulting
in poor development of vegetative organs, which is not conducive to high and stable
crop yield [32]. Compared with the CF treatment, the yield of rice treated with 50% OFB
decreased by 4.52% in 2022. Xiao et al. (2023) also showed that wheat yield decreased
when 50% of fertilizer was replaced by biogas slurry [14]. This may be because the biogas
slurry was applied at the rice tillering stage, and organic fertilizer was not applied at
the base fertilizer stage, resulting in insufficient N fertilizer, which affected rice growth.
Even if the N content was fully compensated for at the tillering stage, the rice yield was
still affected [33]. The nutrient release of biogas slurry organic fertilizer was slow, and an
excessive substitution ratio led to an insufficient N supply, affecting rice growth. Therefore,
compared with optimal fertilization, rice yield was still reduced [34], and the method by
which the biogas slurry was applied may also affect rice yield. Studies have shown that the
application of biogas slurry as a base fertilizer can increase yield [30], while application at
the tillering stage can reduce yield [35]. In this study, in 2022, when the biogas slurry was
applied at the tillering stage, the rice yield under the 50% OFB treatment was significantly
lower than that of conventional fertilizer treatment. However, in 2023, when the biogas
slurry was applied as a base fertilizer, the rice yield under 50% OFB treatment was not
significantly different from that of the conventional fertilizer treatment. This may be
because the application of biogas slurry as a base fertilizer can timely provide sufficient
nutrients to rice at the tillering stage and promote rice growth and development, while the
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application of biogas slurry at the tillering stage led to insufficient nutrients for growth in
the early growth stage, affecting rice yield [36].

4.2. Effects of Biogas Slurry on the Fertilizer Utilization Efficiency of Rice

The N application level can affect the NUE of rice [37], and the NUE decreased with
the increase in the N application rate [38]. In this study, the NUE of rice in 2022 and 2023
were 18.69–43.81% and 15.76–39.82%, respectively, which were higher than 17.79–26.61%
observed by Liu et al. (2017) [39] and lower than 25.12–48.16% observed by Zhou et al.
(2021) [40]. The reason may be that the N application rate in this experiment (225 kg·ha−1)
was lower than that in Liu et al. (2017) (300 kg·ha−1) and higher than that in Zhou et al.
(2021) (179.4 kg·ha−1) [39,40].

The substitution of organic fertilizer for chemical fertilizer promoted the uptake of N,
P, and K in rice grains and straws, and the utilization efficiency of fertilizer increased [41].
In this study, compared with CF treatment, replacing 15%, 30%, and 50% of fertilizer
with biogas slurry increased the N, P, and K uptake of rice grains and straws in 2022 and
2023, further significantly improving the fertilizer utilization efficiency (p < 0.05). The
SOC content was extremely significantly positively correlated with the fertilizer utilization
efficiency, and soil TN and NO3

−-N contents were significantly positively correlated with
the NUE, PUE, and KUE (Figure 5). This indicated that applying biogas slurry to the soil
promoted the mineralization and decomposition of organic matter and other nutrients by
soil microorganisms and promoted the release of a large amount of N, P, and K nutrients,
which was conducive to the absorption of N, P, and K by crop grains and stalks, thus
improving the fertilizer utilization efficiency [42]. In this study, when biogas slurry replaced
15%, 30%, and 50% of fertilizers, the fertilizer utilization efficiency showed a trend of first
increasing and then decreasing (30% OFB > 15% OFB > 50% OFB) in 2022 and 2023. The
maximum value was found in the 30% OFB treatment, showing a significant effect (p < 0.05).
Studies have shown that with the increase in the proportion of organic fertilizer replacing
chemical fertilizer, the fertilizer utilization efficiency presented a trend of first increasing
and then decreasing [43], and the effect of organic fertilizer replacing 30% chemical fertilizer
was the best [40]. This was consistent with the results of this study. This may be because the
fertilizer effect of organic fertilizer was slow and lasting. When organic fertilizer replaced
chemical fertilizer in a proportion that was too high or too low, the available nutrients
cannot meet the needs of rice in time. When organic fertilizer replaced 30% of chemical
fertilizer, the nutrients required for rice growth and development could be better supplied,
and it was easy to absorb N, P, and K [44].

4.3. Effects of Biogas Slurry Replacement of Fertilizer on Soil Nutrients

There was a significant positive correlation (p < 0.05) between NO3
−-N content in

soil and N application amount [45]. In this study, the NO3
−-N content in the 0–20 cm soil

layer was 2.51–3.99 mg·kg−1, which was higher than 0.48–1.56 mg·kg−1 observed by Xiao
et al. (2023) in wheat season, possibly because the N application amount was higher in this
study (225 kg·ha−1) than that in the study of Xiao et al. (2023) (180 kg·ha−1) [14]. In this
experiment, compared with CF treatment, replacing 15%, 30%, and 50% of fertilizer with
biogas slurry increased the contents of SOC, NH4

+-N, and HN. The contents of SOC, NH4
+-

N, and hydrolysable N significantly increased when biogas slurry replaced 30% of the
fertilizer (p < 0.05). Previous studies have also reached a similar conclusion that, compared
with conventional treatment, treatment with organic fertilizer instead of chemical fertilizer
can increase the contents of soil SOC, NH4

+-N, and hydrolysable N, and the difference
was significant when 30% of chemical fertilizer was replaced by organic fertilizer [46–48].
The reason may be that organic fertilizer was rich in humic acid and organic acid, which
increased the SOC content, provided abundant carbon sources for the soil–crop system [49],
and increased the mineralization rate and mineralization potential of N. Furthermore, an
increase in SOC content promoted the accumulation of N mineralization amounts [50],
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increased the content and availability of soil N, and further increased the content of SOC,
NH4

+-N, and hydrolysable N in soil [51].
Compared with the conventional fertilization treatment, the replacement of 15%, 30%,

and 50% of fertilizer with biogas slurry increased the available K and P contents in soil,
and the replacement of 15% and 30% of fertilizer with biogas slurry significantly increased
the available K content in soil (p < 0.05). Previous studies have shown that, compared with
a single application of chemical fertilizer, biogas slurry, pig manure, commercial organic
fertilizer, and cow manure can all increase the soil available K and P contents, and the
replacement of 15% and 30% fertilizer with organic fertilizer can significantly increase the
soil available K content [46,52–55]. This was consistent with the results of this study. This
may be because a reasonable proportion of organic fertilizer replacing chemical fertilizer
promoted the after-effect of P, which was conducive to the conversion of accumulated P
in the soil to the available state and significantly increased the P content in the soil [56].
Additionally, the K contained in organic fertilizer was highly mobile, and once the organic
fertilizer was applied to the soil, it decomposed rapidly, released more organic P, and
increased the P and K contents in the soil [57].

5. Conclusions

This study investigated whether optimizing N and K topdressing methods increased
rice yield and fertilizer utilization efficiency and improved soil fertility. The substitution
of biogas slurry for N fertilizer increased rice yield and yield composition, and replacing
30% N fertilizer with biogas slurry had the highest yield of grain and straw in rice. In
addition, the substitution of biogas slurry for N fertilizer promoted the uptake of N, P, and
K in rice grains and straws and improved the fertilizer utilization efficiency. Replacing
fertilizer with biogas slurry increased the contents of SOC, NH4

+-N, hydrolysable N, and
available K and improved soil fertility, and the replacement of 30% of N fertilizer with
biogas slurry had a more obvious effect. The 30% OFB treatment resulted in the highest rice
yield and fertilizer utilization efficiency and improved soil fertility, indicating that biogas
slurry replacing 30% of fertilizer was the best application mode for rice in this region.
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Abstract: Populus deltoides Bartr. ex Marsh. represents a valuable genetic resource for fast-growing
plantations in temperate regions. It holds significant cultivation and breeding potential in northern
China. To establish an efficient breeding population of poplar, we studied the genetic variation of
P. deltoides from different provenances. Our focus was on genotypes exhibiting high growth rates
and efficient water and nutrient use efficiency (WUE and NUE). We evaluated 256 one-year-old
seedlings from six provenances, measuring height, ground diameter, total biomass, and leaf carbon
and nitrogen isotope abundance (δ13C and δ15N). Our analytical methods included variance analysis,
multiple comparisons, mixed linear models, correlation analysis, and principal component analysis.
The results showed that the coefficient of variation was highest for δ15N and lowest for δ13C among
all traits. Except for δ15N, the effects of intra- and inter-provenance were highly significant (p < 0.01).
The rates of variation for all traits ranged from 78.36% to 99.49% for intra-provenance and from 0.51%
to 21.64% for inter-provenance. The heritability of all traits in AQ provenance was over 0.65, and all
exhibited the highest level except for seedling height. All traits were significantly positively correlated
with each other (p < 0.05), while ground diameter, total biomass, and WUE were highly significantly
negatively correlated with latitude (p < 0.01). After a comprehensive evaluation, two provenances
and eight genotypes were selected. The genetic gains for seedling height, ground diameter, total
biomass, WUE, and NUE were 27.46 cm (178-2-106), 3.85 mm (178-2-141), 16.40 g (178-2-141), 0.852‰
(LA05-N15), and 3.145‰ (174-1-2), respectively. Overall, we revealed that the abundant genetic
variation in P. deltoides populations mainly comes from intra-provenance differences and evaluated
provenances and genotypes. The results of this study will contribute to optimizing and enhancing
the breeding process of Chinese poplar and improving the productivity of fast-growing plantations.

Keywords: poplar; genetic variation; δ13C and δ15N; water and nutrient use efficiency

1. Introduction

Poplar is one of the fastest-growing tree species in temperate regions, playing a
significant role in the production of wood raw materials, the supply of bioenergy, and
ecological protection [1,2], and is one of the major species cultivated in plantations around
the world [3]. China boasts the largest area of poplar plantation forests globally, covering
8.5 million hectares, which accounts for about one-third of the world’s poplar plantations [4].
It plays an irreplaceable and important role in the construction of China’s national reserve
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forests, the creation of farmland protection forests, and the maintenance of domestic timber
production. Populus deltoides Bartr. ex Marsh., as one of the most suitable tree species for the
intensive management of industrial timber with short rotation periods in the mid-latitude
regions of the world, also has a dominant position in the poplar plantations in China [5].
However, P. deltoides is highly sensitive to drought and nutrient stress, which significantly
limits its effectiveness in the cultivation of poplars in the arid, infertile, saline, and sandy
regions of North China. In addition, as a common parent for hybrid selection, the existing
resources of P. deltoides in China are few, and all of them are imported from abroad [6].
Therefore, evaluating the physiological characteristics of the existing P. deltoides, such as
drought resistance and tolerance to nutrient deficiency, as well as selecting germplasm
resources with superior traits, has become crucial for the breeding of this poplar species at
the present stage.

Throughout the life cycle of plants, environmental stresses can significantly impact
their growth and development [7]. In particular, the participation of water and nitrogen is
indispensable for various metabolic activities and physiological reactions [8,9]. Optimal
levels of water and nitrogen are crucial for enhancing plant growth and photosynthetic ca-
pacity [10], and the effective supply of water and nitrogen is the core element for improving
plant primary productivity [9,11]. With the effects of global warming and human activities
in recent years, the global landmass is generally heading towards increased aridity [12–14],
which inevitably leads to greater evaporative loss of soil–water from otherwise arid regions,
and also exacerbates the degree of mineralization of soils, which in turn restricts plant
survival and growth [15]. Providing adequate water and applying nitrogen fertilizer can
significantly enhance the growth and yield of crops such as maize (Zea mays L.) [16], wheat
(Triticum aestivum L.) [17], cotton (Gossypium hirsutum L.) [18], and others [19,20]. However,
for fast-growing, short-rotation tree species, which tend to have higher water and nutrient
requirements, frequent harvesting can limit nutrient cycling and reduce soil fertility [21–23].
Additionally, the excessive use of nitrogen fertilizers can in turn lead to reduced yield, qual-
ity, and nutrient effectiveness, as well as water, air, and soil pollution [20,24,25]. Therefore,
in a resource-limited environment, the selection and breeding of plant material that uses
resources efficiently is an important method of attaining sustainable forest development.

The pattern of plant uptake and utilization of water and nutrients determines, to a certain
extent, the outcome of plant responses to changes in environmental water status [26]. Water
use efficiency (WUE) and nitrogen use efficiency (NUE) are widely used to assess the water
and nutrient utilization status of plants and are key physiological parameters reflecting the
relationship between plant productivity and water and nutrient utilization [27,28]. However,
traditional research methods for evaluating water and nutrient utilization often face limitations
due to their destructive nature or restrictive conditions [29]. With the development of testing
methods such as mass spectrometry, the isotope natural abundance method has become a
new technical tool to quantitatively study plant WUE and NUE due to its advantages of being
unlimited in time and space, non-invasive, and easy to measure [30–33]. In C3 plants, the
abundance of carbon stable isotope (δ13C), which is primarily associated with the ratio of leaf
internal to atmospheric CO2 concentration (Ci/Ca), serves as a reliable indicator of long-term
internal WUE [34]. Nitrogen stable isotope abundance (δ15N) can detect and quantify plant N
inputs and losses and is used to characterize plant NUE [35,36]. Currently, δ13C and δ15N are
widely used in crop and forest breeding studies [37–41]. However, studies on forest trees have
primarily concentrated on investigating the effects of artificially controlled environmental
factors on WUE or NUE, including drought stress [42], salinity stress [43], and nutrient
addition [44]. Chinese researchers have studied the WUE and NUE physiological mechanisms
of P. tomentosa Carrière [45], P. × canadensis Moench [46], and P. alba L. × P. glandulosa) [47].
Nevertheless, current poplar research in China has not adequately addressed the genetic
variation characteristics of provenances, which limits the selection of breeding parents with
high WUE and NUE, thereby hindering the extension of poplar cultivation to more arid and
barren regions.
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P. deltoides originates from the lower Mississippi River in North America and has a
natural distribution from southern Canada to the southeastern United States [5,48], and was
introduced to China for the first time in the 1950s [49]. Currently, Chinese researchers are
selecting and breeding several genotypes of P. deltoides with improved traits, successfully
propagating them in China, but the number of bred cultivars is still insufficient, and most
of the cultivars are mainly cultivated in the southern region, where precipitation is plentiful
and soil fertility is relatively high [50]. In regions characterized by short growing seasons,
low precipitation, and low soil fertility, there are limited suitable cultivars of P. deltoides,
resulting in generally low-yielding stands and a low application rate of cultivars [51]. This
situation constrains the yield of Chinese poplar wood, making efficient poplar breeding
an urgent and significant task in contemporary research. Building on the core germplasm
construction previously established by our research team [52], this study aims to explore
the genetic variation patterns of WUE and NUE among provenances of P. deltoides. We
hope to obtain breeding materials of P. deltoides for arid and semi-arid regions in northern
China. The results will also address the following key questions: Is there significant genetic
variation in growth, WUE, and NUE among provenances? Which provenance exhibits
higher heritability? Is there consistency in growth, WUE, and NUE? What are the best
provenances and genotypes? How much genetic gain can we achieve?

2. Results

2.1. Genetic Variation in Growth and Biomass

Table 1 shows that at inter-provenance level, seedling height, ground diameter and
total biomass ranged from 61.56 cm to 77.67 cm (mean: 68.12 cm), 7.02 mm to 8.20 mm
(mean: 7.48 mm), and 19.10 g to 23.28 g (mean: 20.65 g), respectively. Seedling height was
maximum in AW, ground diameter, and total biomass in AL. The mean CV for seedling
height, ground diameter, and total biomass was 22.48%, 13.57%, and 27.11%, respectively.
The CVs across different provenance sources ranged from 17.23 % to 29.91%, 9.54% to
17.89%, and 18.91% to 31.92%, respectively. There were large variations in seedling height,
ground diameter, and total biomass at the provenance level, with total biomass > seedling
height > ground diameter in the order of variability.

Table 1. Multiple comparisons of growth traits. The data in brackets are the coefficient of variation
values. Different lowercase letters indicate significant differences at the 0.05 level. Presented here
are Iowa America (AI), Louisiana America (AL), Missouri America (AM), Tennessee America (AT),
Quebec Canada (AQ), and Washington America (AW).

Trait AW AT AQ AM AL AI Mean

Height (cm) 77.67 a
(21.27%)

61.56 d
(29.91%)

62.49 cd
(22.7%)

70.67 b
(17.23%)

70.16 b
(25.1%)

66.17 c
(18.66%)

68.12
(22.48%)

Ground Diameter (mm) 7.38 bc
(9.54%)

7.64 b
(14.1%)

7.02 d
(16.98%)

7.54 b
(12.74%)

8.20 a
(17.89%)

7.12 cd
(10.19%)

7.48
(13.57%)

Total Biomass (g) 20.12 bc
(26.49%)

20.67 bc
(31.92%)

19.18 c
(30.62%)

21.53 b
(23.63%)

23.28 a
(31.1%)

19.10 c
(18.91%)

20.65
(27.11%)

Table 2 shows that there were highly significant differences (p < 0.01) in plant height,
ground diameter, and total biomass in intra- and inter-provenance, with intra-provenance
variation accounting for 90.53%, 83.48%, and 93.75%, respectively, which were higher than
that of inter-provenance variation. Furthermore, seedlings from AW exhibited greater
height, while AL showed significantly a larger ground diameter and total biomass com-
pared to other provenances.
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Table 2. Analysis of variance of growth traits. ** represents extremely significant correlation (p less
than 0.01).

Trait

Quadratic Sum Mean Square F Percentage of Variation (%)
Intra-

Provenances
Inter-

Provenances
Intra-

Provenances
Inter-

Provenances
Intra-

Provenances
Inter-

Provenances
Intra-

Provenances
Inter-

Provenances

Height (cm) 196,889.5 14,969.44 772.122 2993.89 6.500 ** 25.222 ** 90.53 9.47
Ground Diameter (mm) 1142.81 136.64 4.48 27.33 6.29 ** 38.34 ** 83.48 16.52

Total Biomass (g) 29,099.52 1597.38 114.12 319.48 5.28 ** 14.79 ** 93.75 6.25

2.2. Genetic Variation in Leaf δ13C and δ15N

The results show (Table 3) that at the inter-provenance level, the variability of δ13C
ranged from −30.555‰ to −29.804‰ (average: −30.164‰) and δ15N ranged from −0.967‰
to −0.656‰ (average: −0.831‰), with δ13C and δ15N being the largest in AI. The average
CVs of δ13C and δ15N were 2.11% and 94.9%, respectively, with ranges of 1.81% to 2.48%
and 85.54% to 114.89%.

Table 3. WUE and NUE of P. deltoides. Different lowercase letters indicate significant differences at
the 0.05 level.

Trait AW AT AQ AM AL AI Mean

δ13C (‰)
−30.277 b −29.937 a −30.514 c −30.555 c −29.894 a −29.804 a −30.164

(1.84%) (2.48%) (2.35%) (1.90%) (2.26%) (1.81%) (2.11%)

δ15N (‰)
−0.798 −0.916 −0.967 −0.814 −0.834 −0.656 −0.831

(97.90%) (88.36%) (114.89%) (85.54%) (91.49%) (91.24%) (94.90%)

Table 4 shows that leaf δ13C was significantly different at intra- and inter-provenance
levels (p < 0.01), while leaf δ15N was significantly different at intra-provenance level
(p < 0.01), but not at inter-provenance level (p < 0.05). The percentage of variation in δ13C
and δ15N at intra-provenance level was 78.36% and 99.49%, respectively, which were
all higher than inter-provenance level. Additionally, the leaf δ13C of AI, AL, and AT
provenances were significantly higher than those of the provenances, as shown in Table 3.

Table 4. Analysis of variance of WUE and NUE. ** represents extremely significant correlation (p less
than 0.01).

Trait

Quadratic Sum Mean Square F Percentage of
Variation (%)

Intra-
Provenances

Inter-
Provenances

Intra-
Provenances

Inter-
Provenances

Intra-
Provenances

Inter-
Provenances

Intra-
Provenances

Inter-
Provenances

δ13C 428.19 69.29 1.68 13.86 9.85 ** 81.31 ** 78.36 21.64
δ15N 1055.17 6.27 4.14 1.25 5.51 ** 1.67 99.49 0.51
Mean 88.93 11.08

2.3. Heritability of Traits

Table 5 shows that the heritability for all traits in AQ was above 0.65 and was at the
highest level for all traits in this provenance except seedling height. WUE was almost the
highest heritability trait for all the provenances, except for AT, where the heritability of
WUE was second only to the heritability of seedling height. The heritability for WUE was
the most constant among all the traits. The lowest heritability for seedling height (0.36)
was recorded for AM, and the lowest heritability for NUE was recorded for AI, AW, and
AT with 0.42, 0.39, and 0.32, respectively. The lowest heritability for total biomass was
recorded for AQ and AL, with 0.66 and 0.48, respectively.
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Table 5. Heritability of traits.

Heritability (h2) Height Ground Diameter Total Biomass WUE NUE

AM 0.36 0.49 0.48 0.62 0.60
AI 0.71 0.60 0.55 0.73 0.42

AW 0.61 0.47 0.42 0.73 0.39
AQ 0.69 0.67 0.66 0.77 0.71
AL 0.51 0.58 0.48 0.69 0.66
AT 0.68 0.51 0.50 0.61 0.32

2.4. Correlation Analysis of Parameters

Figure 1 shows that seedling height, ground diameter, total biomass, leaf δ13C, and leaf
δ15N were significantly (p < 0.05) or extremely significantly (p < 0.01) positively correlated
with one another. All traits, with the exception of seedling height and leaf δ15N, exhibited
a highly significant (p < 0.01) negative correlation with LAT. With the exception of total
biomass and leaf δ15N, the rest of the traits were extremely significantly (p < 0.01) positively
correlated with LNG.

Figure 1. Correlation coefficient among plant traits, longitude, and latitude. The lower left corner is
the correlation coefficient. The red font indicates a positive correlation and the blue font indicates
a negative correlation. The color of the font indicates the strength of the correlation: the deeper
the color, the stronger the correlation. The upper right corner is a highly significant level. The red
indicates a positive correlation and blue indicates a negative correlation. The elliptical eccentricity
size and the color depth indicate the correlation strength: the greater the elliptical eccentricity, the
deeper the color, the stronger the correlation. * indicates p less than 0.05 and ** means p less than
0.01. The right color column represents the correlation coefficient. Presented here are the latitude,
the longitude (LNG), the height (H), the ground diameter (GD), the total biomass (TB), the carbon
isotope composition (δ13C), and the nitrogen isotope composition (δ15N).

2.5. Comprehensive Evaluation

A total of two factors were extracted from the principal component analysis with
a cumulative contribution of 78.01% (Table 6). The first principal component included
the total biomass, ground diameter, and seedling height with a contribution of 55.10%,
characterizing growth and total biomass. The second principal component included δ13C
and δ15N with a contribution of 22.91%, characterizing WUE and NUE (Figure 2).
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Table 6. Principal component analysis of traits. Presented here are principal component 1 (PC1), principal
component 2 (PC2), carbon isotope composition (δ13C), and nitrogen isotope composition (δ15N).

Trait
Total

Biomass
Ground

Diameter
Height δ15N δ13C Eigenvalue

Contribution
Rate/%

Cumulative
Contribution Rate/%

PC1 0.94 0.90 0.88 0.37 0.40 2.76 55.10 55.10
PC2 −0.15 −0.19 −0.27 0.73 0.70 1.14 22.91 78.01

Comprehensive evaluation model: PCE−i = 0.707 × y(PCi1) + 0.293 × y(PCi2)

Figure 2. PCA analysis of 256 genotypes in 6 provenances. The x-axis and y-axis represent principal
component 1 (PC1) and principal component 2 (PC1) with the proportions. Presented here are the
following: height (H), ground diameter (GD), total biomass (TB), carbon isotope composition (δ13C),
nitrogen isotope composition (δ15N), Iowa America (AI), Louisiana America (AL), Missouri America
(AM), Tennessee America (AT), Quebec Canada (AQ), and Washington America (AW).

Combined with the results of the principal component analysis, a comprehensive
evaluation model was established using the fuzzy mathematical affiliation function method.
Subsequently, the genotypes were screened according to the comprehensive score, and as
shown in Table 7, there were eight genotypes with superior WUE and NUE, of which five
were from the AL provenance and three from the AQ provenance. Except for genotype
LA05-N27, there were two or more single traits with excellent performance (Table S2).
Moreover, the genetic gain of traits was calculated for each genotype and all the traits
had positive genetic gain. The highest genetic gain for seedling height, ground diameter,
total biomass, WUE, and NUE were 27.46 cm, 3.85 mm, 16.40 g, 0.852‰, and 3.145‰,
respectively, corresponding to genotypes 178-2-106, 178-2-141, 178-2-141, LA05-N15, and
174-1-2, in that order.
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Table 7. Comprehensive evaluation of superior genotypes. Presented here are Louisiana America
(AL) and Quebec Canada (AQ).

Genotype
Number

Population Comprehensive
Score

Ranking

Genetic Gain (ΔG)

Height (cm)
Ground

Diameter (mm)
Total Biomass (g)

WUE
(‰)

NUE
(‰)

178-2-141 AQ 0.81 1 22.17 3.85 16.40 0.221 1.265
174-1-2 AQ 0.80 2 23.09 1.41 8.86 0.721 3.145

LA05-N15 AL 0.77 3 23.53 1.82 7.49 0.852 1.104
178-2-106 AQ 0.76 4 27.46 2.80 15.78 0.008 1.167
LA05-N25 AL 0.71 5 22.34 1.48 7.96 0.532 0.807
LA05-N27 AL 0.70 6 9.93 1.44 4.89 0.774 1.374
LA09-N23 AL 0.67 7 11.46 1.60 6.08 0.110 1.499
LA01-N3 AL 0.65 8 13.50 1.66 6.94 0.447 0.615

Mean 19.19 2.01 9.30 0.458 1.372

3. Discussion

3.1. Genetic Variation of P. deltoides

Inheritance and variation are the basis of tree breeding and its genetic improvement,
where the coefficient of variation provides an assessment of the genetic variability of a
trait or population [53,54]. Generally, the level of genetic variation is categorized into
three classes, namely, low (<10%), medium (10% to 20%), and high (>20%) [55]. A higher
classification indicates that an individual or population possesses a greater level of genetic
diversity and enhanced capacity for environmental adaptation [56,57]. In this study, the
coefficients of the variation in phenotypic traits (seedling height, ground diameter, and
total biomass) of 256 P. deltoides genotypes were all at a medium-high level, suggesting
that these individuals possess diversified genetic information and a large selection po-
tential. This result has similarity with previous findings in Widdringtonia whteir (Rendle)
Silba [58], Larix olgensis A. Henry [59] and Pinus sibirica (Ledeb.) Turcz. [60]. In addition,
the coefficient of variation for intra-provenance NUE (δ15N) was as high as 94.90%, which
provided a material basis for selecting genotypes that are suitable for efficient nutrient
utilization in soil-poor areas of northern China, thereby supporting the hypothesis posited
by Villani et al. [61] that the wide distribution of a species is associated with large genetic
variation among populations. However, some traits in plants are genetically conserved
during evolution or are influenced by the consistency of environmental conditions and
exhibit low levels of genetic variation [62]. In this study, poplars had a low level of variation
in WUE (δ13C) (2.11%), which may be due to the fact that carbon is a basic structural sub-
stance that constitutes the plant skeleton [63] and is in high abundance as an energy source
for physiological activities, such as metabolism, growth, development, and reproduction.
Consequently, carbon is highly abundant in plants and exhibits low variability [64], which
is consistent with the findings of Müller et al. [65].

Analysis of variance (ANOVA) is also an important method for assessing the mag-
nitude of variation in tree breeding studies [66]. In this study, the differences in the
phenotypic traits, WUE, and NUE of seedlings reached extremely significant levels across
inter-provenance; except for NUE, the differences in each trait in inter-provenance also
reached extremely significant levels, suggesting that long-term natural selection caused
poplars to exhibit high intra-provenance variation in growth and physiological traits, which
is similar to that in a related study on cedar [67]. As an important indicator of genetic
differentiation among provenances, variance components can be used to further reveal
the extent of genetic variation within and between provenances [68,69]. In our study, the
percentage of intra-provenance variation for each trait in poplars was higher than 78.36%,
and the percentage of inter-provenance variation was less than 21.64%, indicating that the
variation for each trait was mainly derived from intra-provenance variation, and inter-
provenance variation had less influence on the traits of poplars, which is similar to the
results of the previous study conducted by our team [70]. Furthermore, low differentiation
in inter-provenances was found in studies of genetic variation in P. tomentosa Carrière [71],
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P. simonii simonii [72], and P. trichocarpa Torr. & Gray [73], but it differs from the natural
P. euphratica Oliv. [74]. This may be related to the fact that P. deltoides is a heterozygous
wind-borne plant, and its provenance sites are mostly distributed in the vast plains and
close to the Mississippi, Columbia, and St. Lawrence Rivers. These conditions enhance
seed dispersal and facilitate frequent gene exchange among inter-provenances through
pollen and seeds, thereby limiting genetic differentiation among inter-provenances to a
certain extent [75].

3.2. Heritability of Traits in P. deltoides

In general, heritability, as one of the most crucial genetic parameters, reflects the
extent of genetic control over plant growth traits. A higher heritability indicates a greater
stability of these traits, enhanced parental ability to transmit them, reduced environmental
influence, and improved selection effectiveness [76,77]. The degree of genetic control was
broadly categorized based on the magnitude of broad-sense heritability: high (>0.80),
medium-high (0.60 to 0.79), medium (0.40 to 0.59), and low (<0.40) [55,78]. We found
that the heritability of P. deltoides provenance traits ranged from 0.36 to 0.77, which is low
to medium-high heritability under strong genetic control, which is in line with previous
findings [79,80]. P. deltoides WUE (0.61 to 0.77) had medium to high heritability among
inter-provenances, which was similar to the magnitude of heritability of P. nigra L. [81] and
P. trichocarpa WUE and NUE, suggesting that genetics is the main factor influencing WUE
across provenances and genotypes, further supporting the feasibility of early selection for
P. deltoides provenance and genotypes. However, NUE heritability was much higher in this
study than in P. trichocarpa [73], either because of differences in plant type or life type [82,83]
or because our experimental soil conditions were consistent and, compared to tracking soil
δ15N in leaves, measuring δ15N in leaves is less susceptible to phenotypic plasticity [84].
These results indicate that the materials selected in this study exhibit considerable variation
among provenances and genotypes, demonstrating strong heritability and significant
potential for genetic improvement and the selection of new cultivars.

3.3. Correlation of Traits and Geographic Location in P. deltoides

A correlation analysis responds to the associations that exist between traits and plays
an important role in understanding the relationships among different traits [85]. We found
that δ13C and δ15N were significantly and positively correlated with seedling height, and
highly significantly and positively correlated with ground diameter and biomass, which
indicated that improvements in any of the growth traits would bring positive improvements
in WUE and NUE. Notably, higher ground diameter and total biomass resulted in more
desirable WUE and NUE genotypes as compared to plant height, which was observed
similarly in the study of P. balsamifera L. with respect to the covariate trait relationship
between growth traits (seedling height) and physiological traits (isotope) [86]. In addition,
an extremely significant positive correlation between δ13C and δ15N was also found in this
study, which is consistent with the findings of Chen et al. [87] and Perid et al. [88], which
suggests that there is a strong coupling between δ13C and δ15N driven by water dynamics.

Phenotypic characteristics and physiological traits of plants are often related to the pat-
tern of variations in the geographic latitude and longitude of their growing sites [44,89,90].
In addition, climatic factors can influence Ci/Ca by affecting leaf stomatal conductance (Ci)
and chloroplastic conductance (Ca), which subsequently drives variability in leaf δ13C [91].
Due to high levels of summer light, high temperatures at low latitudes and increased
water stress, plants close some stomata to reduce water transpiration losses, which de-
creases stomatal conductance and intercellular CO2 concentration, decreases Ci/Ca, and
increases δ13C [34]. Lower winter temperatures in high-latitude regions decrease leaf
sarcolemmal conductance with a decreasing temperature, which increases the resistance
to CO2 diffusion within the leaf and decreases Ci/Ca, leading to an increase in δ13C with
a decreasing temperature [85,92]. Our findings indicated that the ground diameter, total
biomass, and δ13C of P. deltoides were extremely significantly negatively correlated with
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latitude, and seedling height, ground diameter, and δ13C were extremely significantly
positively correlated with longitude. This suggests that their WUE and growth capacity
have similar patterns, which may be due to higher WUE and faster growth in low latitude
and high longitude provenance areas, and limited energy recharge in high-latitude and
low-longitude provenance areas restricts WUE and growth [93]. This result aligns with the
climatic characteristics of P. deltoides provenance sites. Specifically, the AL provenance site,
located at a low latitude, experiences a humid subtropical monsoon climate characterized
by abundant rainfall and high levels of summer sunlight. In contrast, the AQ provenance
site, situated in a high longitude region, falls within the cool temperate zone and features
a humid continental climate with predominantly cloudy and wet weather. In addition,
plants are associated with a trade-off between long-term δ13C and NUE, with higher δ13C
coming at the cost of lower NUE [94,95]. However, this trade-off relationship between plant
WUE and NUE may be broken under different climatic contexts, showing no significant
correlation between the two [96,97]. In the present study, it was similarly found that δ15N
was not significantly correlated with δ13C and latitude and longitude. It is evident that the
relationship between WUE and NUE, as well as their respective associations with latitude
and longitude, is complex, and influenced by a multitude of factors. Plants may exhibit
adaptive changes to adjust water utilization and carbon and nitrogen allocation when faced
with environmental stresses. Based on these findings, we conclude that P. deltoides from
AL and AQ provenances exhibit enhanced growth performance and water acquisition
strategies, making them suitable candidates for efficient water utilization.

3.4. A Comprehensive Evaluation of P. deltoides

The criteria for selecting suitable materials vary based on different breeding objectives.
To achieve the goal of jointly selecting multiple traits, principal component analysis and
fuzzy affiliation function methods have been widely employed in the comprehensive
evaluation of multiple traits in plants and tree selection studies [98,99]. We utilized a
comprehensive index selection focusing on the WUE and NUE of P. deltoides, while requiring
fast growth and high productivity. The objective was to screen and breed a new generation
of P. deltoides genotypes suitable for northern China, and to obtain excellent parental
materials for Populus hybrid breeding. Based on this method, eight efficient genotypes
were obtained in this study, which were from the excellent provenances AQ and AL, among
which the two genotypes with the best overall evaluation (178-2-141 and 174-1-2) were
from the provenance AQ, and the heritability of each trait from the AQ provenance source
was above 0.65. Considering that high heritability does not imply high genetic gain for
a specific trait [100]. Genetic gain is a crucial parameter for assessing the effectiveness of
breeding, as it reflects the extent to which the breeding population surpasses the existing
population, thereby indicating the success of the breeding efforts [101]. Therefore, we
evaluated the genetic gain of the selected superior genotypes, and the average genetic
gains for seedling height, ground diameter, total biomass, δ13C, and δ15N were 19.19 cm,
2.01 mm, 9.30 g, 0.458‰, and 1.372‰, respectively. The results align with findings from
previous poplar studies [102–104], suggesting significant potential for early selection. All
superior genotypes exhibited positive genetic gain, which we recommend as promising
candidates for subsequent breeding.

4. Materials and Methods

4.1. Test Materials

From 2005 to 2009, we collected resources through the phenotypic selection of supe-
rior trees within the natural distribution area of P. deltoides. Six provenances (Figure 3),
31 families, and 61 clones were finally conserved through selection and seedling multiplica-
tion. Between 2008 and 2014, we established genebanks in several climate zones in China,
specifically at Junshan Forestry in Yueyang, Hunan; Shishou Poplar Research Institute in
Hubei; Gaoqiao Forestry in Ningyang, Tai’an, Shandong; and Dalinghe Forestry in Linghai,
Liaoning. The test materials were sourced from these genebanks (Tables 8 and S1). In April
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2016, one-year-old branches were collected, and cuttings were completed in April 2016 in
the greenhouse at the Tongzhou Experimental Nursery Base (39◦44′01′′ N, 116◦45′06′′ E),
under the auspices of the Research Institute of Forestry, Chinese Academy of Forestry.
In early August, nine well-grown plants were selected per genotype and subsequently
transferred to the field. The field experiment was conducted in a completely randomized
block design consisting of three blocks with three replications in each block. The plants
received 1200 mL of water every two days and were manually weeded and treated for
pests every two weeks.

Table 8. Provenances information of P. deltoides.

Provenance Longitude (W) Latitude (N) Type of Climate Genotype Number

Iowa, America (AI) 93◦05′60′′ 41◦52′48′′ Temperate continental climate 19
Louisiana, America (AL) 91◦52′48′′ 31◦18′36′′ Subtropical humid climate 37
Missouri, America (AM) 89◦50′24′′ 38◦03′36′′ Subtropical humid climate 11
Tennessee, America (AT) 89◦24′00′′ 36◦09′36′′ Subtropical humid climate 51

Quebec, Canada (AQ) 72◦29′24′′ 46◦20′24′′ Temperate continental climate 124
Washington, America (AW) 119◦04′48′′ 46◦13′12′′ Temperate continental climate 14

Total 256

4.2. Trait Measurement
4.2.1. Subsubsection Carbon and Nitrogen Isotope Ratios in Leaves

In September 2016, three replicates of three to five mature functional leaves were
collected from each genotype. The leaves were dried at 75 ◦C and ground, and the ratios of
13C to 12C and 15N to 14N in the samples were determined using a DELTA V Advantage
isotope ratio mass spectrometer (Thermo Fisher Scientific, Inc., Waltham MA, USA).

4.2.2. Growth Trait

In October 2016, the seedling height, ground diameter, and number of leaves were
measured for each genotype. Subsequently, all leaves, roots, and stems were harvested and
weighed after being dried at 75 ◦C until a constant mass was achieved for leaf, stem, and
root biomass.

4.3. Data Processing

A nested ANOVA, Duncan’s multiple comparisons, correlation analysis, and principal
component analysis were performed using SPSS 21.0; a mixed-effects modeling analysis
was performed using the R package Asreml 4.0 [105]; and plotting was performed using
Origin 2021. The experimental data were recorded using the Excel software application,
and the parameters were calculated as follows:

Coefficient of variation formula:

CV = σ/x × 100%, (1)

where CV is the coefficient of variation of traits, σ is the standard deviation, and x is the
mean value.

Total biomass formula:

TB = LN × LB + SB + RB, (2)

where TB is the total biomass, LN is the amount of leave, LB is the single leaf biomass, SB
is the stem biomass, and RB is the root biomass.
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Carbon/nitrogen isotope abundance formula:

δ13C/δ15N = (RSample − RPDB)/RPDB × 1000‰, (3)

where RSample represents the samples’ 13C/12C or 15N/14N ratios, and RPDB is the 13C/12C,
15N/14N of the international standard substance PDB (Pee Dee Belemnite); the analytical
accuracy of these ratios was ±0.20‰ [34].

Percentage of variation formula:

Vt/s = σ2
t/s/(σ2

t/s + σ2
s), Vs = σ2

s/(σ2
t/s + σ2

s), (4)

where Vt/s and Vs are the percentages of trait variation in the inter- and intra-provenance,
and σ2

t/s and σ2
s are the variance components of the inter- and intra-provenance [106].

The fuzzy mathematical affiliation function was used to calculate the composite score
of the principal component results:

y(PCij) = (PCij − PCjmin)/(PCjmax − PCjmin), (5)

wj = rj/∑rj, (6)

PCE−i = ∑wj × y(PCij), (7)

where y(PCij) represents the fuzzy mathematical affiliation function values for the jth
principal component of the ith genotype, PCij is the score of the jth principal component of
the ith genotype, PCjmin and PCjmax are the minimum and maximum values of the score of
the jth principal component, wj and rj are the weight and contribution of the jth principal
component, and PCE−i is the composite score of the ith genotype [107].

Combined trait superiority genotype : PCE−i ≥ ∑256
1 PCE−i

256
+ 2σ1, (8)

where PCE−i is the composite score of the ith genotype, and σ1 is the corresponding
standard deviation.

Mixed-effects model for extracting provenance variance components:

yi = μ + Si + R + ei, (9)

where yi is the observation of the ith provenance, μ is the mean of all observations, Si is
the effect of the provenance, R is the effect of repetition, and ei is the random error. In the
model, R indicates fixed effects, and Si indicates random effects.

The heritability of a trait formula:

h2 = VSi/[VSi + Vei], (10)

where h2 is the heritability of a trait, VSi is the variance component of the provenance, and
Vei is the variance component of the random error [68].

The genetic gain formula:

ΔG = (As−Ap) × hi
2, (11)

where ΔG is the trait’s genetic gain, As and Ap are the mean values of traits in the selected
genotypes and the total population of the experiment, and hi

2 is the heritability of the
selected provenance [105].
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5. Conclusions

P. deltoides received its name based on its origin in the Americas. Since its introduc-
tion to China, it has been recognized as a widely cultivated species in artificial forests,
including timber forests and shelterbelts. However, as its cultivation expands to north-
ern regions—primarily arid and semi-arid areas such as Shandong, Hebei, and Inner
Mongolia—its ability to withstand drought and barren conditions gradually diminishes.
This decline is evidenced by a significant reduction in survival rates, yield rates, and
growth rates. Given the practical challenges and emerging issues, an early screening
strategy for provenances and genotypes with optimal resource utilization of P. deltoides is
particularly important.

Our study revealed significant inter-origin and inter-genotype differences in the
growth, water use efficiency, and nutrient use efficiency characteristics of P. deltoides
germplasm resources, highlighting a high degree of genetic diversity and strong envi-
ronmental adaptation. Notably, trait variation within provenances emerged as the primary
driver of variation, while the low differentiation among provenances suggests that future
breeding efforts should prioritize the identification and selection of superior genotypes
within these provenances.

The heritability of various traits in P. deltoides from the six provenances is generally at
a medium to high level, particularly for water and nutrient use efficiency, which are signifi-
cantly influenced by genetic factors. This suggests a promising potential for cultivating new
varieties through genetic improvement. Additionally, the significant positive correlations
among the traits of interest indicate that future breeding practices or genetic enhancement
efforts could benefit from optimizing single traits, as this may synergistically improve
other important traits. Therefore, while focusing on the enhancement of a specific trait in
P. deltoides, it is essential to consider the comprehensive improvement of other target traits.

Another key result of this study is the successful identification of eight outstanding
P. deltoides genotypes that demonstrate significant positive genetic gains in growth as
well as in the utilization of water and nutrients. Among these, three genotypes originate
from Quebec, Canada: 178-2-141, 174-1-2, and 178-2-106. The remaining five genotypes
are from Louisiana, USA: LA05-N15, LA05-N25, LA05-N27, LA09-N23, and LA01-N3.
These exceptional genotypes represent valuable germplasm resources for the expansion
and consolidation of poplar plantations in arid and semi-arid regions globally, includ-
ing China and their respective provenance areas. Furthermore, they serve as breeding
parents for the development of superior new poplar germplasm, thereby establishing a
robust material foundation and theoretical support for the ongoing enhancement of poplar
genetic improvement.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants13162228/s1, Table S1: Information of provenances and genotypes of
P. deltoides; Table S2: Clonal character ranking of P. deltoides.
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Abstract: Environmental sustainability is a crucial issue in modern agriculture and special
attention needs to be paid to soil health preservation. Eggplant (Solanum melongena L.)
cultivation implies the supply of relevant quantities of chemical fertilizers, since the crop
has high nutrient requirements. This study investigated the combined effects of two
common organic amendments—compost and digestate—and two types of biostimulant—a
plant-based product and a microbe-based product—on fruit production and quality of
eggplant, to highlight the potential synergistic effects of fertilization and biostimulation.
The experiment was carried out in a Mediterranean greenhouse in the winter/spring
period, assessing early and total marketable yield and fruit qualitative traits (firmness,
color, nitrogen, ascorbic acid, carotenoid and phenol content, and antioxidant activity).
Results showed that the fertilization strategy significantly influenced plant productivity,
with digestate promoting the early fruitification and mineral fertilizers resulting in a higher
total yield. Biostimulants, particularly the microbial type, improved the fruit quality in
terms of carotenoid content and antioxidant activity. These findings highlight the potential
benefits of combining organic amendments with biostimulants in eggplant cultivation,
enhancing the economic value of the product through the increase in the early production
and fruit nutraceutical value while realizing sustainable practices.

Keywords: Solanum melongena L.; compost; digestate; plant-based biostimulant;
microbial biostimulant

1. Introduction

Among the sustainable development goals of the Agenda 2030, endorsed by govern-
ments of the 193 member countries of the United Nations and approved by the General
Assembly, the planet’s health and the sustainability of production and consumption pro-
cesses require wide attention.

Accordingly, environmental sustainability has gained importance in many aspects of
daily life during the last years. In agriculture, this concept is mainly associated with the
rational use of pesticides and chemicals directly applied on plants. However, it is often
neglected that sustainability should start from the soil health. Indeed, in the Mediterranean
basin, intensive farming has resulted in several negative effects, including the reduction in
soil organic matter (hence, in soil fertility) with consequent soil degradation [1].

Plants 2025, 14, 962 https://doi.org/10.3390/plants14060962
124



Plants 2025, 14, 962

The enhancement of soil health can be achieved through proper management strate-
gies. For instance, as stated by Amsili et al. [2], a positive impact can be obtained through
those practices, which positively influence carbon and nutrient cycling [3].

According to Clapp et al. [4], a notable increase in the use of organic amendments
occurred in response to the decline in organic matter in agricultural soils, with compost and
digestate among the most common products. Composting is an effective and ecologically
friendly method for recovering and valuing organic biomasses, including bio-wastes,
within the agro-food chain [5]. Digestate is a derivative of biodegradable residues and
by-products of livestock and agro-industrial sectors, and it results in a mixture of partially
degraded organic matter, inorganic compounds, and microbial biomass [6].

Organic fertilizers offer the advantage of bonding nutrients to the organic matrix,
limiting their leaching but also reducing their water solubility and availability for plants [7].
This imposes a long-term application, allowing environmental processes and manage-
ment factors (such as precipitation, tillage, and irrigation) to modify the natural cycle of
organic matter, driving the aggregate disruption and the nutrient redistribution [8]. To
overcome this constraint, nutrients can be made available earlier using specific microor-
ganisms or plant-derived substances that also exhibit growth-promoting activity. The
application of biostimulants to plant leaves and seeds or to soil can stimulate root growth
and help nutrient uptake and use efficiency [9], while increasing the beneficial microbial
population [10,11].

The combined application of organic amendments and biostimulants can enhance soil
health and productivity while reducing the supply of synthetic fertilizers and chemicals,
hence promoting environmental sustainability and the circular economy [12], reducing
harmful leaks and environmental pollution [13].

Eggplant (Solanum melongena L.) is an Asian native crop currently cultivated world-
wide [14]. In Europe, Italy is the main producer of eggplant fruits, largely used in the
Mediterranean diet, as they are low in calories and have high nutrient potential and are rich
in chlorogenic acid and anthocyanin pigments, which are antioxidant compounds [15,16].
Deep and well-drained soils with a high organic matter content are essential for the root
development of eggplant, and high levels of nitrogen (N) and phosphorus are required for
the proper growth of the aerial part [17].

Based on the above stated principles, this paper delves into the agronomic implications
of two organic amendments commonly used in Mediterranean agriculture—compost and
digestate—combined with two different types of biostimulants, one derived from a tropical
plant extract and one containing the beneficial microorganism Trichoderma afroharzianum,
on eggplant fruit production and nutraceutical quality. To our knowledge, the synergistic
effects of organic fertilization and biostimulation and its possible application to reduce the
use of synthetic fertilizers have never been evaluated in eggplant cultivation.

2. Results

2.1. Plant Growth and Fruit Production

The fertilization strategy affected the plant height, with digestate determining taller
plants than the other treatments at all the measurement dates (Figure 1). Plant height
showed a similar trend in the two biostimulant treatments, with higher values than the
control (CTR) with both the microbial (MIC) and the plant-based (BIO) products, in the
first two measurements (65 and 107 days after transplanting (DAT), corresponding to the
vegetative growth and production stage, respectively), while no difference was observed in
completely developed plants (139 DAT, senescence phase).
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Figure 1. Plant height of eggplant plants in 3 different times of cycle (65, 107, and 139 DAT, corre-
sponding to vegetative, productive, and senescence phases, namely I, II, and III, respectively) as
affected by fertilization strategies (digestate—DIG; compost—COM; mineral—MIN) (A) and bios-
timulants application (plant-derived biostimulant—BIO; microbial biostimulant—MIC; not treated
control—CTR) (B). Different letters indicate significant differences per p ≤ 0.05 according to Tukey’s
test. ns—not significant. Vertical bars represent the standard error (n = 3).

The leaf greenness, expressed as the SPAD index, showed a clear decrease over time
(Figure 2). The fertilization strategy had a significant effect only at the first sampling
(65 DAT, vegetative growth), with the highest value in digestate (Figure 2A) and the lowest
in mineral treatment.

Figure 2. SPAD index in leaves of eggplant plants in 3 different times of cycle (65, 107, and 139 DAT,
corresponding to vegetative, productive, and senescence phases, namely I, II, and III, respectively) as
affected by fertilization strategies (digestate—DIG; compost—COM; mineral—MIN) (A) and bios-
timulants application (plant-derived biostimulant—BIO; microbial biostimulant—MIC; not treated
control—CTR) (B). Different letters indicate significant differences per p ≤ 0.05 according to Tukey’s
test. ns: not significant. Vertical bars represent the standard error (n = 3).

Biostimulants affected the SPAD index in all three measurement times, always deter-
mining higher values compared with CTR (Figure 2B).

The two experimental factors, fertilization strategy (F) and biostimulant application
(B), did not show a significant interaction on the main parameters of fruit production;
hence, Table 1 reports the average effects of each factor.

Fertilization affected all the main parameters of fruit yield and quality, except firmness
(Table 1). The early marketable production (sum of the first five harvests) reached the high-
est value in plants fertilized with digestate (9.5 fruits m−2), followed by those treated with
compost and minerals. The fruit weight was higher in digestate and mineral fertilization
(+7% compared with compost).
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Table 1. Number and average fresh weight of eggplant fruits of early and total marketable production,
dry matter (DM) percentage, firmness, and N-Kjeldahl content, as affected by fertilization strategy
(compost (COM), digestate (DIG), mineral (MIN)), and biostimulant application (untreated control
(CTR), plant-based biostimulant (BIO), microbial biostimulant (MIC)).

Treatments
Early Marketable Yield Total Marketable Fruits DM Firmness N-Kjeldahl

n◦ m−2 g fruit−1 n◦ m−2 g fruit−1 % kg cm−2 %

Fertilization
COM 7.8 ± 0.7 b 199.5 ± 3.9 b 25.5 ± 1.3 b 186.2 ± 4.7 b 6.53 ± 0.1 b 1.89 ± 0.02 1.92 ± 0.04 b
DIG 9.5 ± 0.7 a 213.5 ± 3.8 a 25.9 ± 1.2 b 193.4 ± 2.3 ab 6.87 ± 0.1 ab 1.89 ± 0.02 2.08 ± 0.02 a
MIN 5.3 ± 0.3 c 213.5 ± 6.8 a 27.4 ± 1.1 a 198.7 ± 2.6 a 7.14 ± 0.1 a 1.90 ± 0.02 1.98 ± 0.07 ab

Biostimulant
CTR 6.0 ± 0.6 b 200.3 ± 4.8 b 22.2 ± 0.7 b 189.3 ± 1.9 6.73 ± 0.15 1.84 ± 0.01 b 1.95 ± 0.05
BIO 8.1 ± 0.6 a 208.9 ± 5.9 ab 27.7 ± 0.6 a 193.3 ± 2.6 6.91 ± 0.12 1.90 ± 0.01 ab 2.01 ± 0.04
MIC 8.5 ± 0.9 a 217.3 ± 4.1 a 28.8 ± 0.8 a 195.7 ± 2.5 6.91 ± 0.11 1.94 ± 0.02 a 2.02 ± 0.05

Significance
Fertilization (F) ** * ** * ** ns *
Biostimulant (B) ** * ** ns ns ** ns

F × B ns ns ns ns ns ns ns

Within each column, different letters indicate significant differences according to Tukey’s test at p ≤ 0.05; ns, *, and
**: not significant and significant at p < 0.05 and p < 0.01, respectively. Values are mean ± standard error (n = 3).

In terms of total production, mineral fertilization gave the highest number of fruits
(27.4 fruits m−2), while no difference occurred between the two organic treatments. The
average fruit weight and dry matter (DM) percentage showed a significant difference only
between mineral and compost, with the first giving heavier fruits (+6.7%). Differently, the
nitrogen content was highest in DIG and MIN plants.

The biostimulant application increased the total number of fruits per plant compared
with the control (Table 1), and determined better productive results, in terms of both early
and total yield, with no difference between the two types of biostimulant (Figure 3B). Fruit
firmness increased significantly only with the microbial biostimulant (+2.1% than CTR)
(Table 1).

Figure 3. Early (sum of the first 5 harvests) and total (sum of all harvests) marketable yield of eggplant
as affected by fertilization strategy (digestate—DIG; compost—COM; mineral—MIN) (A) and biostim-
ulant application (plant-derived biostimulant—BIO; microbial biostimulant—MIC; not treated with
biostimulant—CTR) (B). Different letters indicate significant different per p ≤ 0.05 according to Tukey’s
test. Vertical bars indicate standard error (n = 3).

Fertilization strategies affected the fruit yield (Figure 3A), showing a better response of
plants fertilized with digestate (about 20 t ha−1) in the early production, but better results
in the mineral treatment (about 55 t ha−1) at the end of the cycle.
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2.2. Eggplant Fruit Quality
2.2.1. Color Parameters

Table 2 shows that no significant interaction between the two experimental factors
was found in the fruit color, expressed as CIELAB color space parameters (L*, a*, and
b*). The brightness parameter L* was unaffected by either the fertilization strategy or the
biostimulant application. The colorimetric parameter a* (green to red component) was
negatively influenced by the BIO biostimulant application compared with CTR. On the
other hand, the colorimetric parameter b* (blue to yellow component) was influenced
by both fertilization and the biostimulant, with the highest values in plants under DIG
fertilization and untreated by the biostimulant, respectively.

Table 2. Color parameters (L*: brightness, ranging from 0 = black to 100 = white; a*: chroma
component from green (−60) to red (+60); b*: chroma component from blue (−60) to yellow (+60)) in
eggplant fruits as affected by fertilization strategy (compost (COM), digestate (DIG), mineral (MIN))
and biostimulant application (untreated control (CTR), plant based biostimulant (BIO), microbial
biostimulant (MIC)).

Treatments L* a* b*

Fertilization
COM 25.7 ± 0.31 7.21 ± 0.58 0.96 ± 0.17 ab
DIG 26.3 ± 0.44 7.38 ± 0.40 1.07 ± 0.32 a
MIN 25.7 ± 0.18 7.22 ± 0.45 0.60 ± 0.09 b

Biostimulant
CTR 26.5 ± 0.46 8.26 ± 0.36 a 1.40 ± 0.28 a
BIO 25.5 ± 0.22 6.31 ± 0.23 b 0.51 ± 0.10 b
MIC 25.7 ± 0.17 7.24 ± 0.53 ab 0.71 ± 0.10 b

Significance
Fertilization (F) ns ns *
Biostimulant (B) ns * **

F × B ns ns ns
Within each column, different letters indicate significant differences according to Tukey’s test; ns, *, and ** not
significant or significant at p < 0.05 and p < 0.01, respectively.

2.2.2. Antioxidant Activity and Main Nutraceutical Compounds

The interaction between the fertilization strategy and the biostimulant application
also did not produce significant effects for qualitative traits.

The carotenoid content was not affected by the fertilization strategy, only by biostimu-
lants, with a significant increase in the MIC treatment compared with the control (Table 3).
The influence of fertilization was relevant only in the ascorbic acid (AsA) content and the
hydrophilic antioxidant activity (HAA), with higher values under the organic fertilizers
(Table 3). The biostimulant affected the phenol content and ABTS antioxidant activity,
which were higher in CNTR and MIC treatments (Table 3).

Table 3. Main bioactive compounds and antioxidant activity in eggplant fruits affected by fertilization
strategy (compost (COM), digestate (DIG), mineral (MIN)) and biostimulant application (untreated
control (CTR), plant-based biostimulant (BIO), microbial biostimulant (MIC)).

Treatments Carotenoids AsA Phenols HAA ABTS

μg g−1 fw mg g−1 fw mg Gallic Acid g−1 dw
mmol AA

100 g−1 dw
mmol Trolox
100 g−1 dw

Fertilization
COM 0.017 ± 0.001 45.42 ± 5.45 a 2.80 ± 0.09 5.26 ± 0.35 ab 12.87 ± 0.51
DIG 0.019 ± 0.001 32.82 ± 5.06 ab 2.44 ± 0.16 5.71 ± 0.28 a 13.11 ± 0.65
MIN 0.020 ± 0.002 29.15 ± 3.61 b 2.73 ± 0.17 4.88 ± 0.14 b 12.47 ± 0.80
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Table 3. Cont.

Treatments Carotenoids AsA Phenols HAA ABTS

μg g−1 fw mg g−1 fw mg Gallic Acid g−1 dw
mmol AA

100 g−1 dw
mmol Trolox
100 g−1 dw

Biostimulant
CTR 0.016 ± 0.001 b 36.87 ± 4.77 2.62 ± 0.08 ab 5.38 ± 0.32 12.81 ± 0.69 ab
BIO 0.018 ± 0.001 ab 37.44 ± 5.46 2.46 ± 0.17 b 5.25 ± 0.26 12.11 ± 0.58 b
MIC 0.022 ± 0.002 a 33.08 ± 5.72 2.89 ± 0.16 a 5.22 ± 0.30 13.53 ± 0.65 a

Significance
Fertilization (F) ns * ns * ns
Biostimulant (B) * ns * ns *

F × B ns ns ns ns ns

Within each column, different letters indicate significant differences according to Tukey’s test; ns, and * not
significant or significant at p < 0.05, respectively. AsA—ascorbic acid; HAA—hydrophilic antioxidant activity;
ABTS—antioxidant activity; dw—dry weight; fw—fresh weight. Analyses were performed on samples from the
8th harvest. Values are mean (n = 3) ± standard error.

3. Discussion

Intensive farming can reduce the content of organic matter and overall soil fertility,
resulting in soil degradation [1]. Our study evaluated the agronomic outputs achieved
using practices that increase the organic matter content in a loamy/sandy soil, in eggplant,
a nutrient demanding crop, grown in a Mediterranean greenhouse. We studied the impact
of two largely used amendments, a compost from urban solid residues and a solid digestate
from livestock waste, in combination with two different types of biostimulants, one from
tropical plant fermentation and one containing spores of the fungal biocontrol agent
Trichoderma afroharzianum T-22.

As is known, eggplant thrives better in sandy loam and clay loam soils, with regular
irrigation, ensuring constant soil moisture. Proper water management positively influences
fruit yield and quality, and the microbial community linked to soil fertility [18]. Also, the
plant genotype can influence the crop response to cultural practices such as fertilization.
The ecotype “Napoletana”, tested in our experiment, has been used in two previous
experiments [19,20], but none of them in combination with biostimulants to evaluate the
environmental benefit related to the reduction in chemicals. Morra et al. [19] investigated
plant response to different fertilization strategies, comparing two doses of compost from
urban solid waste with inorganic fertilization. On the other hand, Pane et al. [20] applied
eggplant extracts as a biocontrol agent against Sclerotinia.

Our results showed that the fertilization strategy influenced eggplant productivity.
Both the organic fertilizers elicited higher early production, through a higher number of
fruits per plant. However, mineral fertilization determined the highest total yield. This
result could be due to the constant supply of nitrogen during the whole cycle, guaranteed by
the application of minerals in fertigation. However, the average fruit weight did not differ
statistically between mineral and digestate fertilization, presumably because of several
reasons. For instance, the higher C/N ratio, which can prevent leaching and increase the
fixation of N and the presence of functional elements (such as magnesium) in digestate,
could have guaranteed sufficient N availability for the proper growth of the lower number
of fruits [21–23].

Plant productive performance was enhanced by the application of biostimulants,
as the plant-based product stimulates the plant primary metabolism [24], being rich in
amino acids (the main carriers of organic nitrogen, used for protein synthesis) [25], and the
microbial product increases the nutrient availability [7].

In our experiment, dry matter and N accumulation were influenced by fertilizers,
with lower values in compost and no differences between digestate and mineral fertilizer.
Dordas et al. [26] observed in various organs of maize a comparable dry matter production
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in plants grown with inorganic fertilizers and liquid manure. In contrast, in barley, Arduini
et al. [27] obtained a higher N content and dry matter accumulation in plants fertilized with
digestate, suggesting that these effects could be attributed to a supply of micronutrients
and improved soil biological activity. On this topic, Dion et al. [28] reported that the
nutritional composition of organic fertilizers affected microbial communities and their
nitrogen mineralization rate.

Regarding fruit firmness, in their review, Rodrigues et al. [29] reported the effects
of biostimulants in various examples on fruit plants (including vegetables), showing a
varying response due to both the crop and the biostimulant product. Our results align
with Consentino et al. [30], who observed a significant increase in fruit firmness due to the
application of T. afroharzianum in grafted eggplant.

In the present study, the pigment content was influenced by the biostimulant appli-
cation. Leaf greenness, expressed as the SPAD index, was higher in plants treated with
both biostimulants, and a significant increase in carotenoid content was observed in the
MIC treatment compared with the untreated control. Trichoderma is a fungal genus, which
includes several species, widely employed in agriculture, alone and in consortium, as a
biofertilizer, biostimulant, and bio-control agent [31]. The SPAD index is a non-destructive
method for determining the health status of the plant through the indirect measurement of
the chlorophyll and nitrogen content in leaves [32,33]. Our data show that it was positively
affected by the biostimulant application but, to determine whether this is due to an effect on
the chlorophyll content or nitrogen, further studies should be done. The scientific literature
reports that the application of Trichoderma in consortium increased the carotenoid content
in different plant species [34–36].

In our study, the type of fertilization influenced the amount of ascorbic acid and
the hydrophilic antioxidant activity of eggplant fruits, which increased in plants grown
with organic fertilization. Regarding the ascorbic acid in eggplant fruits, Michalojc and
Buczkowska [37] reported that no differences occurred due to nitrogen sources, while
Hassan et al. [38] showed a higher content under organic compared with mineral fertiliz-
ers, also hypothesizing that the composition of the organic fertilizer influences the plant
metabolism and its interaction with soil. As mentioned, ascorbic acid has a hydrophilic
antioxidant nature, so we can hypothesize that the HAA trend is dependent on ascorbic
acid due to their high correlation [39]. It is known that compounds with antioxidant
capacity, such as phenols, vitamins, and carotenoids, are an efficient countermeasure in
the prevention of degenerative diseases [40,41], protecting biological systems against the
harmful effects of oxidation [42]. In our experiment, the biosynthesis of phenols as well as
the ABTS antioxidant activity were positively influenced by the biostimulant application.
The positive effect of plant-based and microbial biostimulants on phenolic compounds
was also observed in lettuce [43]. Concerning ABTS, we may hypothesize that its trend is
triggered by the greater biosynthesis of carotenoids, as these compounds have a lipophilic
behavior [16]; however, the specific mechanisms involved remain to be elucidated.

4. Materials and Methods

4.1. Plant Material, Growth Condition, and Experimental Treatments

The experiment was carried out in a plastic tunnel at the Department of Agricultural
Sciences of the University of Naples Federico II (Portici, Italy; 40◦49′ N, 14◦15′ E, 72 m a.s.l.).

Seedlings of eggplant (Solanum melongena L.) ecotype “Napoletana” were transplanted
on 22 February 2022, at the density of 2.1 plants m−2, in a loamy/sandy soil, with 1.69%
organic matter, 0.11% total nitrogen (N), 97.3 ppm P2O5, and 1584.8 ppm K2O.

This study followed a 2-factor experimental design with 3 replicates, testing the com-
bined effects of a fertilization strategy and biostimulant application. Three fertilization
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strategies were compared: compost (COM), the solid fraction of a digestate (DIG), and a tra-
ditional mineral fertilizer (MIN). The compost originated from the organic fraction of urban
solid residues (Progeva s.r.l., Laterza, Taranto, Italy), containing 2% N (94.5% organic N)
and 28.3% organic carbon, whereas the digestate, obtained by the anaerobic digestion
of livestock waste, had 0.66% N (88% organic N) and 24.3% organic carbon (Power Ri-
nasce S.p.A., Santa Maria la Fossa, Caserta, Italy). Fertilizer rates were determined based
on the Fertilization Plain of Campania Region, to obtain the nitrogen dose for eggplant
(280 kg ha−1). Accordingly, the compost was applied at 17 t ha−1 (fresh weight), while the
digestate at 90 t ha−1 (fresh weight), both incorporated into the soil before transplanting.
To avoid leaching, the mineral fertilizer was applied by a 10 fertigations using calcium
nitrate (15.5% N). Based on the soil analyses, the P2O5 and K2O content were adequate to
sustain the eggplant growth cycle; hence, no additional fertilizers were supplied.

The biostimulant treatments consisted of the plant-based biostimulant (BIO) and the
microbial biostimulant (MIC). BIO (Auxym®, Italpollina S.p.A., Rivoli Veronese, Italy) was
obtained by fermenting tropical plants such as hibiscus (Hibiscus spp. L., 1753), and applied
4 times as a foliar spray, starting on February 28. MIC (Trianum-P®, Koppert Biological
Systems, Berkel en Rodenrijs, The Netherlands) contained the microorganism Trichoderma
afroharzianum (ex T. harzianum) strain Rifai KRL-AG2 (T-22) at a minimum concentration
of 1 × 109 CFU g−1. MIC was applied 5 times: the 1st one as root immersion (at the dose
of 2.5 kg ha−1) on the day of transplant, followed by 4 soil applications (at the dose of
1.0 kg ha−1). No biostimulant was applied in the control (CNT). The experiment consisted
of 27 plots (3 fertilization strategies × 3 biostimulant treatments × 3 replicates).

The air temperature in the tunnel was measured by dataloggers (Vantage Pro2, Davis
Instruments, Hayward, CA, USA) distributed randomly and located 30 cm above the
canopy. The air temperature (minimum and maximum) trend is shown in Figure 4.

Figure 4. Trend of minimum and maximum temperatures recorded in the greenhouse during the
experiment. I, II, and III indicate the 10-day intervals of each month.

4.2. Biometric Measurements, Leaf Greenness, and Fruit Yield

Three times during the growth cycle, the height (cm) of eggplant plants was measured,
specifically at 65, 107, and 139 days after transplanting (DAT, and corresponding to vegeta-
tive, full production, and senescence phases, respectively), starting from the bottom until
the shoot tip.

On the same days as height measurement, soil plant analysis development (SPAD)
was also performed using a portable Konica Minolta chlorophyll meter (SPAD-502, Tokyo,
Japan). Measurements were carried out on the fifth fully expanded leaf starting from the
apex, using three plants per repetition.
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The harvests were carried out 14 times, starting on May 19 until July 21 (the last one),
on the fruits that reached marketable size. We considered the fruits harvested during the
first five harvests as early, while the sampled fruits from the eighth harvest were frozen for
the following qualitative analysis.

At each harvest, the number and the average weight of fruits were measured and used
to calculate the yield, while a subsample was collected, weighted, and dried in an air oven
at 72 ◦C until constant weight to determine the dry matter (DM) percentage.

4.3. Qualitative Traits
4.3.1. Color Parameters and Firmness

The color parameters, expressed as stated by Commission International de l’eclairage
(CIELAB) L* (brightness), a* (redness component), and b* (yellowness component), were
measured using a CR-300 Chroma Meter (Minolta Camera Co., Ltd., Osaka, Japan) in the
middle portion of eggplant fruits at each harvest, in 4 points around the fruit circumference.

On the same fruits, the firmness was measured, expressed in kg cm−2, using a digital
penetrometer (T.R. Turoni s.r.l., Forlì, Italy) equipped with an 8 mm diameter probe.

4.3.2. Nitrogen and Carotenoid Content

The frozen eggplant fruits of the eighth harvest were used for various determinations,
such as the nitrogen content (expressed in percentage of dry weight) by the Kjeldahl
method [44] after sample drying.

Moreover, a portion (1 g) of frozen fruits was extracted in pure acetone and centrifu-
gated at 3000 G (for 5 min). Subsequently, the absorbance of the supernatant was measured
with a Hach DR 2000 spectrophotometer (Hach Co., Loveland, CO, USA) at 470 nm to
determine the carotenoid content [45].

4.3.3. Ascorbic Acid and Total Phenol Content, and Antioxidant Activity

The frozen fruits were lyophilized and used to determine the following analyses.
The ascorbic acid (AsA) assay was performed according to the protocol proposed by
Kampfenkel et al. [46], using a spectrophotometer. It was expressed as mg g−1 fw.
Two hundred mg of frozen dried samples were extracted by two different procedures to
assess the eggplant fruit’s antioxidant capacity. The first occurred with distilled water to de-
termine the hydrophilic fraction and was measured using the method proposed by Fogliano
et al. [47], involving N, N-dimethyl-p-phenylenediamine (DMPD), while the lipophilic
fraction was extracted by methanol and the extract was measured by the 2,20-azinobis
3-ethylbenzothiazoline-6-sulfonic acid ABTS method [48]. Both antioxidant activities were
determined by UV-Vis spectrophotometry at the absorbance of 505 and 734 nm, respectively.
Hydrophilic and lipophilic fractions were expressed as mmol ascorbic acid and Trolox
(6-hydroxy-2,5,7,8-tetramethylchro man-2-carboxylic acid) per 100 g−1 dw, respectively.

Total phenolics were quantified in methanol extracts using the Folin–Ciocalteu proce-
dure [49], and the absorption was measured at 765 nm using the same spectrophotometer.
The result was expressed as mg gallic acid per g dw.

4.4. Statistical Analysis

SPSS 2022 software v. 22.0 (IBM SPSS Inc., Chicago, IL, USA) was used for statistical
data analysis. A two-way ANOVA was conducted to evaluate the effects of fertilization (F)
and biostimulant (B) factors in a two-factorial experimental design (with three replicates
per treatment). Additionally, a one-way ANOVA was used to compare the mean effects of
individual factors. Significant statistical differences were determined by Tukey’s HSD test
at the level of p ≤ 0.05.
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5. Conclusions

Our results highlight that, in eggplants, fertilization with digestate allowed to reach
a total yield consistent with that obtained with mineral fertilizers. Interestingly, both
the digestate and compost elicited early production compared with mineral fertilization,
with consequent economic advantage for farmers, since early fruits are usually worth
more than the ordinary ones. Also, organic fertilizers improved some qualitative traits of
eggplant fruits.

Biostimulant treatments always determined better productive performance compared
with non-treated plants, along with a superior product quality, particularly when the
microbial-based inoculant was used.

In conclusion, the substitution of mineral fertilizers with digestate and the use of both
plant-based and microbial biostimulants are sustainable practices in eggplant cultivation,
contributing to maintaining a proper soil nutrient balance without detrimental effects on
yield, and possible improvement on fruit quality and useful economical outputs due to the
higher early production.
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Abstract: Huanglongbing disease (HLB), caused by Candidatus Liberibacter asiaticus (CLas),
affects all commercial citrus species. Persian lime (Citrus latifolia Tanaka), a crop of global
economic importance, has shown tolerance to this disease. Efforts are focused on extending
the productive life of diseased trees through effective agronomic management. This study
aimed to evaluate how different fertilization strategies influence the physiological and hor-
monal responses of Citrus latifolia on both healthy and HLB-affected plants. It compared the
effects of low (Ma-1), medium (Ma-2), and high (Ma-3) doses of macronutrients, with and
without the addition of micronutrients (Mi-1), using either soil (Mi-2) or foliar (Mi-3) appli-
cations. Treatments were applied every 18 days for one year. C. latifolia showed tolerance;
however, HLB infection negatively affected growth parameters, photosynthetic activity,
vascular bundle anatomy, reflectance at 550 and 790 nm, carbohydrate metabolism, and
the concentration of salicylic acid and its biosynthetic precursors. The hormonal response
showed higher levels of benzoic acid and lower levels of salicylic acid than those reported in
susceptible citrus. Plants treated with low doses of macronutrients along with soil-applied
micronutrients (Ma-1 + Mi-2) showed a 17.9% increase in growth, a 31.3% larger canopy
volume, and an 83.3% reduction in starch accumulation compared to the treatment with
high doses of macronutrients and both soil and foliar applied micronutrients (Ma-3 + Mi-3).
These findings indicate that split soil fertilization with low-dose macronutrients and mi-
cronutrients might influence plant physiological responses, potentially improving disease
management and decreasing fertilizer inputs.

Keywords: Candidatus Liberibacter asiaticus; Persian lime; phytohormones; macronutrients;
micronutrients

1. Introduction

Huanglongbing (HLB) is one of the most devastating diseases in citrus production,
causing severe yield losses and substantial economic damage [1]. This disease is caused by
a Gram-negative α-proteobacteria that is restricted to the phloem [2]. Candidatus Liberib-
acter asiaticus (CLas) is the species associated with HLB in Mexico and is transmitted by
Diaphorina citri Kuwayama, the Asian citrus psyllid [3]. Citrus production profitability
has declined due to the high costs of managing the disease in affected areas [4]. HLB is
now present in nearly all citrus-producing countries; however, in most regions, the disease
remains confined to specific areas [5]. It has resulted in substantial economic losses for
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countries like China, Brazil, India, and Mexico [6]. In the latter, HLB is present in all 24
citrus-producing states [6].

HLB-infected plants exhibit physiological impairments that lead to foliar symptoms, in-
cluding green islands, blotchy mottle, lightening and thickening of veins, death of branches
and secondary roots, deformation, uneven ripening, and premature fruit drop [1,7]. These
symptoms, caused by phloem blockage and restricted photoassimilate flow, disrupt carbo-
hydrate metabolism. Excessive starch accumulation in leaves leads to chloroplast degrada-
tion and loss of chlorophyll [8]. Photoassimilate flow to the roots decreases, affecting their
development with limited water and nutrient absorption. This limitation may arise from
the thickening of xylem cell walls, narrowing the vessel’s lumen, limiting the flow of water
and nutrients, and ultimately causing water deficits [9].

HLB symptoms are different between HLB-tolerant and -susceptible citrus. Reports
indicate that tolerant varieties could have a specific recognition system for CLas and a
more efficient detoxification system. This system reduces most damage caused by reactive
oxygen species (ROS) and promotes the induction of the immune system, leading to a lower
expression of foliar symptoms [10]. Furthermore, tolerant varieties could suppress the
direct defense response to CLas infection, especially salicylic acid-mediated signaling [11].
However, no CLas effectors directly related to foliar symptoms have been identified, which
has led to the hypothesis that HLB may act as an autoimmune disease [12].

In tolerant varieties, such as Persian lime, symptom development is slower, and
diseased plants maintain their development and production despite suffering from the
disease [13]. Furthermore, fewer effects of HLB on Persian lime are present at the subcellular
level than in susceptible varieties such as Mexican lime [14]. Despite the above, Persian
lime plants infected with HLB reduce fruit yield by approximately 2.4 t ha−1 due to a
17.3% reduction in fruit weight and 18.6% in juice volume, a reduction that has been
similar in the states of Yucatan and Veracruz [5,15]. In Mexico, proposed HLB management
included (a) monitoring and controlling the insect vector, (b) using plants from a nursery
certified to mass produce disease-free plants, and (c) promptly removing diseased plants
in the early stages of infection. To promote coexistence with HLB, cultural practices were
implemented, such as improved fertilization strategies, all within the framework of the
regulatory campaign against regulated citrus pests. This was further supported by the
establishment of Phytosanitary Epidemiological Management Areas (AMEFIs, its acronym
in Spanish) [6,16].

Balanced nutrition is crucial for maintaining plant health and vigor; healthy plants
are known to be less susceptible to pathogen attacks [17]. Mineral nutrients are part of the
plant’s first line of defense against pathogens since they are required to properly activate
defense mechanisms such as producing toxins, metabolites, and lignin. As an example,
calcium serves as a key structural component of the cell wall, critical for its integrity and
function, while zinc, iron, and manganese act as cofactors in the synthesis of secondary
metabolites [18]. Therefore, balanced fertilization has been suggested as a strategy to
extend the production of trees affected by HLB. Mineral nutrition can be supplied through
granular fertilizers added to the soil, as well as via the foliar application of macro- and
micronutrients [19]. It is relevant to note that balanced nutrition is a complementary tool in
the HLB management strategy. It works alongside other approaches, such as certified plant
material use and biological and chemical vector control [3].

HLB-infected plants show a reduced availability of micronutrients in symptomatic
leaves, including Ca2+, Mg2+, Fe2+, Zn2+, and Cu2+ [20]. Applying nitrogen, phosphorus,
potassium, calcium, magnesium, copper, iron, and zinc to HLB-infected trees might mitigate
the severity of the disease and enhance fruit production. This improvement might result
from fewer disruptions in carbohydrate metabolism and a reduced impact of the disease
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on plant growth and yield [21–24]. The foliar and soil application of calcium, magnesium,
zinc, and boron also significantly increased root lifespan [25]. High doses of Mn (4X) were
associated with reduced CLas titers [26]. Thus, a 45.0% increment in fruit production in
diseased plants was achieved with micronutrient foliar applications. However, applying
doses that exceed recommended levels might reduce fruit yield by up to 25.0% [27].

Several reports indicate that HLB-infected trees require higher nutrient levels com-
pared to those recommended for healthy plants [26,28,29]. However, other studies suggest a
greater nutrient uptake efficiency in HLB-infected plants than in healthy ones [30]. Notably,
not many comparisons have been made considering citrus plants with different levels of
HLB tolerance. Ghimire et al. [29] assessed the nutrient uptake potential in HLB-tolerant
and -susceptible rootstocks. Tolerant rootstock A + Volk × O-19 had the highest nutrient
uptake efficiency, while susceptible US-896 exhibited lower nutrient uptake efficiency and
a reduced expression of nutrient transporter genes.

Additional studies highlighted differences in the effectiveness of micronutrient appli-
cation methods, such as granular versus liquid forms, where micronutrient application
rates did not correlate with leaf micronutrient concentrations [30]. Additional research is
necessary to better understand the nutrient uptake capacity of Persian lime across differ-
ent rootstocks under CLas infection. This information will assist in designing improved
fertilization programs [29].

Applying the correct fertilizer at the right time, in the proper amount and location,
and from a suitable source will enhance the effectiveness of fertilization programs [31,32].
Recently, a consistent and gradual application of fertilizers has been adopted for managing
HLB in Florida, USA [33,34]. This approach reaches the crop’s annual fertilizer require-
ment through smaller doses administered more frequently rather than all the fertilizer at
once. The plant obtains a continuous supply of nutrients, avoiding leaching losses and
preventing nutrient deficiencies associated with HLB [32]. Fertigation allows for up to
thirty applications each year, whereas growers who depend on rainfed conditions typically
have four to six fertilizations each year [33,34].

Identifying the tolerance characteristics of Persian lime is crucial for determining
molecular targets that will help develop effective disease management strategies. This in-
formation will assist in implementing a balanced fertilization program specifically designed
for Persian lime affected by HLB. Balanced fertilization strategies are necessary for practical
field applications under irrigation or rainfed conditions. Recent progress has been made
in understanding the role of macro- and micronutrients, as well as their interactions and
effects on citrus trees affected by HLB, particularly in C. sinensis [26,33,35–37]. However,
in Mexico, the impact of balanced fertilization has not been thoroughly studied in either
tolerant or susceptible citrus species. This highlights the need for developing an HLB
management strategy for Persian lime based on local research, to design short-term, appli-
cable management strategies. This study focuses on nitrogen (N), phosphorous (P), and
potassium (K) as key macronutrients, complemented by calcium (Ca), magnesium (Mg),
and sulfur (S) as secondary macronutrients, as well as zinc (Zn), boron (B), manganese (Mn),
and iron (Fe) as micronutrients. Strategies with different levels of macro- and micronutri-
ents were designed based on recommended regional doses and commercial fertilizers used
locally. We hypothesize that applying macronutrients and micronutrients in split doses
through soil and/or foliar methods can enhance nutrient efficiency. This approach may
reduce the amounts needed while improving the physiological and hormonal responses of
C. latifolia plants infected with CLas. To test this hypothesis, we compared the effects of low,
medium, and high doses of individual macronutrients, as well as their combination with
micronutrients, using soil and/or foliar application methods. We assessed their impact
on foliar symptoms, CLas populations in midribs, and various physiological parameters,
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including growth and development, photosynthetic rate, leaf spectral reflectance, vas-
cular bundle damage, carbohydrate metabolism, and the accumulation of salicylic acid
(SA) and its biosynthetic precursors. This approach will help to develop new tools for
Huanglongbing disease management in Persian lime.

2. Results

2.1. Relative Quantification of CLas 16S rDNA Gene After Fertilization Treatments

The amplification of the 16S rDNA gene at the end of summer assessed the change
in the relative accumulation of CLas. This variable evaluated the effect of medium and
high macro- and micronutrient treatments compared to the Ma-1 + Mi-1 treatment. No
increase in the number of bacteria (with a value equal to or less than 1) was observed for
the treatments with low and medium doses of macronutrients (Ma-1 and Ma-2) across all
micronutrient levels (Mi-1, Mi-2, and Mi-3). In contrast, an increasing trend was observed
with high doses of macronutrients at all three micronutrient levels (Figure 1), especially
with the absence of micronutrients (Ma-3 + Mi-1).

Figure 1. Change in the number of bacteria for high and medium fertilization treatments com-
pared to the Ma-1 + Mi-1 treatment and its relationship with the severity of symptoms on leaves.
Ma = macronutrients, Mi = micronutrients. Mean ± propagated error, ns = not significant.

2.2. Fertilization and the Percentage of Severity of HLB Symptoms in Leaves

At the end of the experiment, no significant differences were observed in the percent-
age of severity among all fertilization treatments (p = 0.4728) (Figure 1). The percentage of
severity did not exceed 8.0% for any treatment; this rate was lower than results reported
for susceptible varieties and those observed in field conditions for Persian lime. Thus,
balanced fertilization was effective in delaying the progression of symptoms.

2.3. Fertilization on the Efficiency of Photosystem II (Fv/Fm) in Healthy and Diseased Plants

Before treatment applications, variation in Fv/Fm values was noted among the plant
groups. During the summer, means of Fv/Fm were lower in diseased plants (0.791 ± 0.008)
than in healthy plants (0.80 ± 0.006) (ps ≤ 0.0001). However, after fertilization treatments
were applied, Fv/Fm values did not differ significantly between healthy and HLB-infected
plants in the winter and autumn (ps = 0.1260 and 0.3689, respectively) (Figure 2).
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Figure 2. Effect of CLas infection and macronutrient and micronutrient levels on the efficiency of
photosystem II. ns = not significant. Different letters indicate significant differences (Tukey, p < 0.05).

2.4. Reflectance Spectrum on Leaves of Healthy and HLB-Diseased Plants After
Fertilization Treatments

Mean reflectance data collected during the experimental period revealed notable
differences between healthy and diseased plant groups in both the visible light spectrum
(VIS) and near-infrared (NIR) regions (Figure 3A). Wavelengths of 550 nm (visible light)
and 790 nm (near-infrared) showed the most significant variability between groups. The
first one may have been related to the loss of photosynthetic pigments and the last one to
the accumulation of carbohydrates, due to CLas infection (Figure 3B,C). Diseased plants
had a higher percentage of reflectance at 550 nm compared to healthy plants. Conversely,
at 790 nm, the response was the opposite. Unlike the trend in photosynthetic efficiency,
at the beginning of the experiment (summer), no differences were observed between
treatments in the VIS range (pMa×Mi = 0.7194). These results contrast with those obtained
during the winter (pMa×Mi = 0.0021) and autumn, where only macronutrient levels had a
marginally significant effect (pMa = 0.0589, pMa×Mi = 0.5316) (Figure S1A). In the NIR range,
no significant differences were found in the summer, winter, or autumn (pMa×Mi = 0.8634,
0.3083, and 0.2585, respectively) (Figure S1B). A significant variation in the percentage
of reflectance was observed between healthy and diseased leaves. Additionally, no clear
correlation was found between the percentage of reflectance and fertilization treatments.

 
Figure 3. (A) Spectrograms with means of reflectance of leaves from healthy (green line) and
diseased (red line) plants. (B,C) Wavelengths of 550 nm in the visible region (VIS) and 790 nm in
the near-infrared (NIR) regions were chosen to analyze reflectance on plants treated with different
fertilization strategies.
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2.5. Fertilization Impact on the Content of Chlorophyll, Sucrose, and Starch in Healthy and
HLB-Diseased Leaves

At the end of the experiment, diseased plants were affected in all variables of car-
bohydrate and chlorophyll metabolism. Healthy plants showed 24.2% more chlorophyll
(1.57 mg g−1 FW ± 0.20 SD) compared to diseased plants (1.19 mg g−1 FW± 0.11 SD). Also,
healthy plants presented 75.4% less sucrose concentration (1.68 mg g−1 FW ± 2.18 SD)
and 80.0% less starch (0.08 mg g−1 FW ± 0.03 SD) compared to diseased plants (sucrose:
6.87 mg g−1 FW ± 2.39 SD; starch: 0.41 mg g−1 FW ± 0.20 SD) (Figure S2A–C). Also,
starch accumulation and several anatomical changes in the central vein of the leaves were
observed in diseased plants compared to healthy ones (Figure S3). Results suggest that
HLB causes damage to the phloem and alters carbohydrate metabolism. Low doses of
macronutrients (Ma-1) were associated with the highest chlorophyll content and the lowest
sucrose and starch contents in leaves of HLB-diseased Persian lime plants. In contrast,
higher doses of macronutrients showed reduced chlorophyll content in healthy plants and a
more significant starch accumulation in diseased plants (Figure 4A,C,E). The micronutrient
levels applied did not have a significant effect on chlorophyll content in healthy and HLB-
infected plants (p = 0.1271 and 0.1032, respectively). Micronutrients influenced sucrose
content in healthy plants (p = 0.0283) but not in infected plants (p = 0.5784). The highest
starch accumulation in diseased plants occurred with soil and foliar application (Mi-3)
(p = 0.0181) and with soil applications in healthy plants (Mi-2) (p = 0.0001) (Figure 4B,D,F).

Figure 4. Polynomial regression analysis for macronutrient (A,C,E) and micronutrient (B,D,F)
treatment levels and their effect on total chlorophyll, sucrose, and starch content in healthy and
HLB-diseased plants. The blue line represents the data linear fit. Values represent four replicates,
mean ± standard deviation. Ma = macronutrients, Mi = micronutrients. Significant p-values are
shown in bold.
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2.6. Fertilization Impact on Cumulative Growth in Height, Canopy Volume, and Trunk Diameter
in Healthy and HLB-Diseased Plants

Infection with CLas significantly affected cumulative plant growth and canopy volume and
fostered a larger trunk diameter in healthy plants (ps ≤ 0.0001 for all three variables) (Figure S4A–C).

On average, healthy plants showed a 17.0% additional cumulative height (132.58 cm ± 14.86 SD)
compared to that in diseased plants (109.03 cm ± 12.04 SD). They also showed 33.7% more
canopy volume (2.40 m3 ± 0.33 SD) than diseased plants (1.59 m3 ± 0.34 SD), while having
a 19.5% smaller trunk diameter (9.44 mm ± 2.11 SD vs. 11.72 mm ± 2 SD in diseased
plants). This difference might be attributed to an increase in the phloem area of the stem,
similar to that observed in the midrib of leaves (Figure S4A–C).

After fertilizing every 18 days over the span of one year, the lowest doses of macronu-
trients were associated with the highest cumulative growth, greater canopy volume, and
trunk diameter in healthy and diseased plants (Figure 5A,C,E). In contrast, micronutrient
levels showed no significant effect in healthy or diseased plants (Figure 5B,D,F). Increased
doses of macronutrients plus the application of micronutrients, both to the soil and foliar,
do not seem to be favorable for promoting the growth and development of HLB-infected
Persian lime plants.

Figure 5. CLas infection and fertilization treatments had an impact on the growth and development
of Persian lime plants. Polynomial regression analysis was conducted to evaluate the effects of
macronutrient (A,C,E) and micronutrient treatment levels (B,D,F) on cumulative height, canopy
volume, and trunk diameter in both healthy and HLB-diseased plants. The blue line indicates the
linear fit of the data. Values are expressed as mean ± standard deviation. Ma = macronutrients,
Mi = micronutrients, CV = canopy volume, TD = trunk diameter. Significant p-values are shown
in bold.
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2.7. Fertilization Impact on Endogenous Content of Salicylic Acid and Its Biosynthetic Precursors
in Healthy and HLB-Diseased Plants

CLas infection increased the endogenous content of t-CA, BA, and SA in diseased
plants compared to healthy plants. Specifically, healthy plants showed 30.9% lower t-CA lev-
els (830.55 ng g−1 FW ± 99.84 SD) than diseased plants (1202.15 ng g−1 FW ± 149.80 SD). In
addition, healthy plants had 29.5% lower BA levels (45,218.49 ng g−1 FW ± 15,608.23 SD)
than diseased plants (64,104.37 ng g−1 FW ± 7315.19 SD). Furthermore, salicylic acid (SA)
levels were 41.5% lower in healthy plants (447.64 ng g−1 FW ± 122.69 SD) compared to
diseased plants (765.72 ng g−1 FW ± 103.52 SD) (Figure 6A,D,G).

 

Figure 6. Impact of CLas infection and fertilization treatment on the content of endogenous sal-
icylic acid and its biosynthetic precursor content. (A,D,G) Concentration of trans-cinnamic acid,
benzoic acid, and salicylic acid in leaves (B,C,E,F,H,I). Polynomial regression analysis for macro- and
micronutrient levels in healthy and diseased plants. The blue line represents the linear fit of data.
According to the general linear model (ANOVA), the main effects are shown within graphs. Different
letters indicate significant differences (Tukey, p < 0.05). Values represent mean ± standard deviation.
Ma = macronutrients, Mi = micronutrients. Significant p-values are shown in bold.
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Consistent with the results above, the lowest doses of macronutrients were associated
with the lowest concentrations of t-CA and BA in diseased plants, with a trend to increase
at higher doses. A similar trend regarding t-CA was observed in healthy plants; however,
higher doses were associated with the lowest concentration of BA. SA concentration was
similar at all macronutrient levels in diseased plants, while in healthy plants, it was lower at
the medium macronutrient dose (Figure 6B,E,H). Micronutrient deficiency was associated
with lower t-CA concentrations in healthy and diseased plants. Furthermore, micronutrient
application to the soil resulted in the lowest concentration of BA and SA in healthy plants.
On the other hand, the concentration of these analytes was similar in diseased plants,
regardless of micronutrient levels (Figure 6C,F,I). Healthy and HLB-infected plants exhibit
different hormonal responses, indicating that nutrition may affect hormone regulation and
the Persian lime’s ability to respond to HLB disease progression.

2.8. Variables Associated with Healthy and HLB-Diseased Plant Groups Obtained by Principal
Component Analysis (PCA)

The contributions of PC1, PC2, and PC3 were 39.73%, 12.26%, and 9.90%, respectively,
accounting for 61.89% of the total variance in the data. The principal components plot
showed a clear separation between healthy and diseased plants, indicating differences in the
linear properties between the study variables. Healthy plants were associated with higher
values for height, canopy volume, photosynthetic efficiency, chlorophyll, and reflectance at
790 nm. In contrast, diseased plants showed elevated values for trunk diameter, glucose,
sucrose, starch, trans-cinnamic acid, benzoic acid, salicylic acid, and reflectance at 550 nm
(Figure S5). These findings suggest that HLB significantly affected most of the variables
studied, particularly those linked to growth and development, carbohydrate metabolism,
reflectance, and hormone levels, despite the fact that Persian lime is generally considered
tolerant to this disease.

3. Discussion

As a species tolerant to HLB, Persian lime shows symptoms more gradually, which
enables it to sustain development, cellular homeostasis, and productivity even when
infected [13,38]. The tolerance observed in specific citrus cultivars is associated with
polyploidy in both rootstocks and commercial varieties, contributing to more efficient
detoxification and enhanced phloem regeneration upon CLas infection [14,39]. In this case,
the severity of HLB symptoms in leaves remained below 8.0% in all treatments almost
two years after the initial inoculation. However, a severity percentage greater than 40.0%
has been reported in Persian lime trees in the field [40], suggesting that fertilization may
have contributed to the slow development of leaf symptoms.

CLas infection affects chlorophyll fluorescence parameters, including photosystem
II efficiency (Fv/Fm) [41]. While diseased plants exhibited a lower total chlorophyll
content than healthy plants, their photosynthetic efficiency remained similar across both
groups. This finding aligns with the low severity percentage observed in the leaves.
Reduced photosynthetic efficiency in diseased plants is linked to increased damage to the
photosynthetic apparatus caused by HLB infection [41]. However, fertilization can enhance
photosynthetic efficiency by reducing photoinhibition caused by stress [42]. Low doses
of macronutrients seem to support stability in chlorophyll content and photosynthetic
efficiency. This aligns with previous studies demonstrating how proper fertilization can
enhance the chlorophyll index in leaves and promote greater photosynthetic capacity [43].
The decline in chlorophyll content of the leaves in diseased plants was less pronounced
than what was reported in symptomatic trees in the field [44]. The loss of chlorophyll
may occur due to the buildup of carbohydrates, such as sucrose and glucose, which can
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suppress certain genes involved in photosynthesis [45]. Furthermore, the buildup of
starch in mesophyll chloroplasts can lead the rupture of thylakoids and the degradation
of chlorophyll [46].

The blockage of photoassimilate flow in the phloem due to HLB results in an accumu-
lation of carbohydrates in the leaves, including glucose, fructose, sucrose, and starch [47].
This accumulation can affect photosynthesis and reflectance parameters by altering leaf
pigments, their biochemical composition, and cellular structure [48]. Although Persian
lime shows some tolerance to HLB, research indicates that diseased plants accumulate
more glucose, sucrose, and starch in their leaves than healthy plants. This finding confirms
that the vascular system of Persian lime is affected by HLB, but to a lesser extent than in
more susceptible citrus varieties and species. This buildup of carbohydrates occurs due
to the reduced flow of photoassimilates caused by the obstruction of phloem sieve plate
pores. This phenomenon was previously observed in diploid varieties, such as the Mexican
lime, and triploid varieties, such as the Persian lime. However, reports indicate that Persian
lime presents less collapse of phloem cells, as well as an increase in the phloem area of the
petioles [14]. This observation aligns with our findings in the leaf veins (Figure S3).

Leaf reflectance is affected by several characteristics, such as the surface, internal
structure, and biochemical composition of the leaf [49,50]. Healthy and HLB-diseased
Persian lime plants showed distinctive reflectance patterns in the VIS and NIR, consistent
with previous reports on reflectance assessments in citrus [48,51]. However, the mild
severity of symptoms caused significant variation among plants and sampling times. Still,
PCA showed that reflectance at 550 nm is a variable associated with diseased plants,
even with disease management actions, which could further mask symptom expression
in Persian lime. Although the equipment is capable of distinguishing between healthy
and diseased plants, the variation between asymptomatic leaves and those with mild HLB
symptoms poses a challenge for early detection. This issue is particularly important for
devices that operate solely within the visible light spectrum (400–800 nm) and lack trained
software to improve detection accuracy. More advanced reflectance methods could improve
efficiency in detecting HLB. Hu et al. [52] combined multicolor fluorescence images with
multispectral reflectance and a pre-trained convolutional neural network model, which
allowed them to detect HLB in the field with an efficiency greater than 96.0%.

Diseased Persian lime plants showed lower cumulative growth in height and canopy
volume, as well as a greater trunk diameter compared to healthy plants. The adverse
impact of the disease on the height and canopy volume of affected plants has been well
documented, alongside the beneficial effects of foliar micronutrients [35,53]. Our results
are aligned with these findings, where the mildest impact on growth variables in diseased
plants occurred when low doses of macronutrients were combined with micronutrients
in the soil, in contrast to higher doses. Although the increase in trunk diameter in plants
infected with HLB has not been previously reported, some studies indicate anatomical
damage to the phloem due to the effect of HLB [54,55]. In addition, an increase in phloem
thickness has been reported in Persian lime, attributable to more significant regeneration in
response to HLB damage, which appears to be one of the tolerance characteristics provided
by polyploidy [14].

Phytohormones are crucial in regulating plant growth and development as well as in
the signaling networks that coordinate most physiological functions in plants, including
the response to pathogens [56]. This work evaluated the endogenous expression of salicylic
acid and its biosynthetic precursors in the phenylalanine ammonia-lyase (PAL) pathway,
trans-cinnamic acid, and benzoic acid. The results showed a higher concentration of t-
CA, BA, and SA in diseased plants compared to healthy ones, consistent with previous
reports in healthy [57] and diseased [58] orange plants. However, there are no reports of
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the hormonal response of Persian lime to CLas infection. Additionally, the quantification
of these analytes in Persian lime leaves revealed lower concentrations of t-CA and BA
at the lowest doses of macronutrients, and these levels have an upward trend at higher
doses. This finding suggests a more significant stress condition at the highest doses, which
aligns with alterations in other growth variables, the carbohydrate metabolism, chlorophyll
content, and bacterial presence observed by the end of the experiment.

Previous research has shown differences in the phytohormones pathways, such as
SA, between tolerant and susceptible citrus varieties [11,46,59,60]. Higher concentrations
of SA and Me-SA were reported in tolerant grapefruit (C. paradisi Macf.) compared to
susceptible C. sinensis. However, after inoculation with CLas, SA levels were reduced to
less than half in grapefruit, while SA concentration in susceptible oranges increased [59].
Similarly, Suh et al. [11] found that metabolites related to the SA signaling pathway de-
creased in tolerant Sugar Belle® mandarin compared to susceptible Murcott mandarin.
In Citrus reticulata Blanco, a moderately tolerant species, CLas infection repressed the SA
and ethylene signaling pathway [60]. On the other hand, Curtolo et al. [46] did not report
changes in the transcription of genes related to SA biosynthesis in P. trifoliata. The results
suggest that the SA-mediated defense response could be suppressed in tolerant varieties
upon CLas infection.

Although in this work, SA levels increased upon CLas infection, the concentration
found in HLB-tolerant Persian lime leaves was lower than that reported in susceptible
varieties [13]. The increase in BA levels could be associated with the increase in SA
levels [61], which differs from our results and leads us to hypothesize a lower conver-
sion of BA to SA. SA synthesis occurs via two chorismate-dependent pathways in the
shikimic acid pathway. The first converts chorismate to isochorismate via isochorismate
synthase (ICS) and then to SA via isochorismate pyruvate lyase (IPL) [62]. The second
pathway is through PAL, which converts L-phenylalanine to cinnamic acid, which is
converted into benzoic acid by aldehyde oxidase (AO) and finally into SA via benzoic
acid-2-hydroxylase (BA2H) [61,62]. No homologous genes for IPL or BA2H have been
found in citrus, suggesting that, in this case, the PAL-dependent pathway could be respon-
sible for SA biosynthesis [58,63]. This statement accounts for the increased concentration
of BA observed in Persian lime; however, it does not explain the reduced concentration
of SA. All these ideas suggest a lower conversion rate of BA to SA, both in healthy and
diseased plants, which may indicate that Persian lime exhibits some tolerance to HLB.
Furthermore, we found a significant positive correlation between BA and SA content in
healthy plants (R2 = 0.54) but not in diseased plants (R2 = 0.07). A possible characteristic
of tolerant varieties is the coexistence with the disease, either restricting or delaying the
defense response, thereby reducing damages caused by the disease and supporting the
hypothesis that HLB is an autoimmune disease [12]. The hypothesis of SA biosynthesis
via the PAL pathway has been raised based on the results in varieties susceptible to HLB;
however, citrus species such as C. aurantifolia and C. latifolia have shown lower PAL activity
than C. sinensis [64], which may indicate a reduced PAL-dependent pathway activity in
HLB-tolerant varieties.

Overall, the analysis of the combination of macronutrient and micronutrient levels
suggests that the low doses of macronutrients used in the present study, combined with
soil application of micronutrients (Ma-1 + Mi-2), allow diseased plants to show greater
height, canopy volume, and chlorophyll concentration, as well as less starch accumulation
in leaves. The results with lower-than-recommended doses agree with previous reports,
where a potential reduction in N dose of up to 25.0% does not affect vegetative growth,
juice yield, and juice quality in HLB-diseased citrus [65]. They also support the relieving
effect of micronutrient application to HLB-diseased plants [24,35].

146



Plants 2025, 14, 1086

CLas infection induces phosphorus deficiencies in C. sinensis due to the overexpression
of microRNAs, such as miR399, which encodes a ubiquitin-conjugating enzyme (PHO2)
related to the degradation of phosphorus-transporting proteins [66]. A subsequent study
confirmed that infection with CLas has a significant effect on the efficiency of phosphorus
resorption; however, in tolerant varieties such as C. limon and C. maxima, infection with CLas
did not affect phosphorus levels in leaves, unlike what was observed in HLB-susceptible
C. reticulata [67]. On the other hand, reports indicate that diseased plants are more efficient
in nutrient uptake, despite the reduction in root volume due to the effect of HLB. This is
attributed to the overexpression of genes related to the transport of cations such as NH4

+,
K+, Zn2+, Fe2+, and Cu2+ [43].

The results indicate that the increase in macronutrient doses, along with the simulta-
neous soil and foliar application of micronutrients in short periods, reduces the efficiency
of the applications, possibly due to the excessive presence of these micronutrients. This
effect was reflected in growth, carbohydrate metabolism, and an increase in the number of
bacteria. In addition, greater fertilizer efficiency was observed by applying lower doses,
split into more applications per year, compared to the higher doses evaluated, also with a
split application. Constant fertilization improves the availability and uptake of nutrients
by citrus plants that have lost secondary roots due to the disease; it also reduces leaching
losses [23]. Split fertilizer application was evaluated in citrus trees with HLB, and the
results have shown an improvement in canopy volume and a reduction in nitrogen require-
ment with 20 applications per year, in addition to improving the nutritional content at the
foliar level and the nitrogen content in the soil in the form of nitrates and ammonium [25].
These results require field validation, particularly with bearing trees, to determine the
appropriate dose and number of annual applications in Mexico’s citrus-growing areas, com-
plemented with cost–benefit analysis. Some studies have evaluated the economic feasibility
of enhanced nutritional programs, with contradictory results. While some authors report
benefits in yield and profitability, others have found no significant advantages [68,69].
Ozores-Hampton et al. [70] documented that an enhanced foliar nutrition program applied
over three years increased yield by 7.0 to 9.0% in Valencia oranges affected by HLB. In
contrast, Bassanezi et al. [71] evaluated various fertilization programs in Valencia oranges
with HLB. Surprisingly, the standard nutritional program used by growers provided the
best cost–benefit ratio, requiring fewer foliar applications than other treatments. This
result aligns with our findings regarding the continuous application of both soil and foliar
fertilizers, which does not appear to be beneficial for both healthy and HLB-affected Persian
lime trees. Additionally, the economic feasibility of large-scale split applications in tolerant
varieties such as Persian lime are needed. Implementing this strategy in rainfed orchards
might increase labor costs. However, reducing the total amount of fertilizers could help
offset the increased costs.

4. Materials and Methods

4.1. Study Site Description and Plant Material Used

The study was conducted in a greenhouse (290 m2) in Central Veracruz, Mexico
(Lat. 19.194167, Long −96.343611). Persian lime (Citrus latifolia Tan.) plants, grafted onto
2-year-old macrophylla (Citrus macrophylla Macf.) rootstocks, were purchased from a
certified nursery. Plants were transferred to a 40 × 40 cm container with a 2:1 mixture ratio
of soil (pH: 5.75 ± 0.07, texture: sandy loam, organic matter: 16.7%, electrical conductivity:
1.9025 dS/m, phosphorus content: 475 mg L−1, potassium content: 700 mg L−1, nitrite
content: 2 mg L−1, nitrates content: 500 mg L−1) and Peat moss®. A group of plants were
grafted at the end of summer with buds from a tree confirmed positive for Clas by PCR,
originating from plots of the National Institute of Forestry, Agricultural, and Livestock
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Research (INIFAP), Ixtacuaco Experimental Station. Both healthy and infected groups were
grafted in November 2020. A healthy group of plants was grafted with buds produced in
the certified nursery. The seasonal variability in macro- and micronutrient demand was
associated with Persian lime growth cycles. Therefore, the experiment was conducted over
a full year, starting in the summer of 2021 and ending in autumn in 2022.

4.2. Fertilization Treatments

This study evaluated three levels of macronutrients, low (Ma-1), medium (Ma-2), and
high (Ma-3), and three conditions for micronutrient application: no additional application
(Mi-1), soil-applied (Mi-2), and soil- and foliar-applied (Mi-3) (Table S1). Macronutrient
treatments included N, P, and K as essential elements, with Ca and Mg added in medium
(Ma-2) and high (Ma-3) doses. Soil-applied micronutrients (S, Zn, B, Mn, and Fe) were
selected for their essential roles and potential benefits in enhancing the health of HLB-
affected citrus trees [23,37,72]. The medium macronutrient dose was formulated based on
regional recommendations designed by INIFAP to meet the nutritional requirements of
two-year-old plants [73]. The low macronutrient dose (Ma-1) was defined as half of the
medium dose (Ma-2), while the high dose (Ma-3) was determined based on the nutrient re-
quirements of three-year-old plants. The amount of soil-applied micronutrients at medium
and high doses of macronutrients was calculated based on the recommendations of Morgan
and Kadyampakeni [34] for non-bearing trees, taking into account the amount of nitrogen
needed. The treatment with foliar-applied micronutrients associated with low doses of
NPK (Ma-1 + Mi-3) consisted of 1.1% B, 1.3% Zn, 6% Fe, 2.4% Mn, 0.25% Cu, and 0.25%
Mo. Foliar-applied micronutrient treatments at medium and high macronutrient doses
(specifically Ma-2 + Mi-3 and Ma-3 + Mi-3) contained 4.8% N, 4.9% Mg, 4.9% B, and 9.9%
Zn. Micronutrient concentrations used in foliar treatments followed recommendations
of commercially available products. Commercial granulated fertilizers were used for all
soil treatments, while both soil and foliar applications were carried out every 18 days,
according to the recommendations of Atta et al. [74].

The experiment used a 2 × 3 × 3 factorial design with two health levels (healthy and
diseased plants), three macronutrient levels, and three micronutrient levels. A randomized
block design was used for analysis, with nine fertilization treatments applied to both
infected and non-infected plants, with four replicates per treatment. Plants were placed in
the greenhouse in late July 2021, with an initial spacing of approximately 1 m. Distance
increased as required by canopy volume.

4.3. Severity of Foliar Symptoms

The damage scale proposed by Gottwald et al. [75] was used to evaluate foliar symp-
toms. Each tree was divided into eight sections, individually assessed for severity on a
scale of 0 to 5, based on the proportion of leaves showing HLB symptoms. The sum of
the results of each section resulted in a range of severity per tree with values from 0 to 40.
To standardize assessment criteria, photographs displaying the characteristic symptoms
of HLB were printed. The percentage of severity for each tree was calculated using the
Shokrollah et al. [76] formula:

Disease severity =
∑(a × b)

N × Z
× 100 (1)

where ∑(a × b) = sum of the symptomatic plant and their corresponding rating, N = total
number of sampled plants, and Z = highest rating.
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4.4. DNA Extraction and CLas Detection

DNA extraction was performed using the CTAB protocol in March–April 2021 [77].
Midribs of four leaves per plant were collected from the middle section of the canopy.
Confirmation of healthy and diseased plants at the start of the experiment was determined
by PCR, amplifying the 16S gene (rDNA) of CLas with the enzyme MyTaqTM DNA
Polymerase (Bioline®, London, UK) and oligos OI/OI2c. PCR protocol started at 95 ◦C for
5 min, followed by 35 cycles of 30 s at 94 ◦C, 30 s at 62 ◦C and 1 min at 72 ◦C, with a final
extension of 10 min at 72 ◦C according to Jagoueix et al. [78].

At the end of the experiment, the gDNA from the four plants in each treatment was
equimolarly mixed, and qPCR amplifications were conducted according to the recommen-
dations of Li et al. [79], with some modifications. Specific primers, CLas-4G [80], HLBr,
and the HLBp probe were used to amplify the 16S gene of CLas. Additionally, primers
COXF, COXR, and the COXp probe were used to quantify the endogenous COX gene [79].
Two replicates were run for each gDNA pool, and every reaction was performed in trip-
licate using the Taq PCR Master Mix Kit (Qiagen®, Hilden, Germany). The Ct obtained
in qPCR reactions was used for the relative quantification of the CLas genes, following
the 2−ΔΔCt method [81]. The relative quantification of the 16S rDNA gene of CLas was
assessed at the end of the experiment (autumn 2022). Changes in the amount of CLas under
the fertilization treatments were compared to those of the Ma-1 + Mi-1 treatment. The
propagated error of the ΔCT values for the 16S and COX genes was calculated [81].

4.5. Growth Variables

The trunk diameter was measured using a digital vernier caliper at a height of 15 cm from
the base of the stem. Canopy volume (CV) was determined by assessing the canopy diameter
in both the east–west and north–south directions, considering plant height. Then, the pro-
late spheroid formula VD (m3) = (4/3) × (π) × (height/2) × (average canopy radius)2 was
used [82]. Measurements were taken monthly over the course of one year. Net growth
(in cm) per month was calculated by subtracting the previous month’s value from the
value obtained in the current month for the three parameters evaluated. Monthly values
were added, with the final month’s value considered as the accumulated growth in height,
canopy volume, and trunk diameter.

4.6. Photosystem II (Fv/Fm) Efficiency

Maximum photosystem II efficiency (Fv/Fm) was measured in healthy and diseased
Persian lime leaves using a portable OS30p fluorometer (Opti-Sciences) during summer
2021, winter 2022, and autumn 2022. The leaves from healthy and diseased plants were
adapted to dark conditions before measurements. Data collection occurred under daylight
conditions in the greenhouse at a consistent morning time.

4.7. Chlorophyll Quantification in Leaves

The methodology outlined by Das et al. [83] was applied for chlorophyll extraction,
incorporating modifications from Flores-de la Rosa et al. [44]. The absorbance of the
solution was measured at wavelengths of 645 and 633 nm using a spectrophotometer, with
acetone serving as a comparative blank. Total chlorophyll content was calculated using the
following formula [84]:

mg of total chlorophyll/g of tissue = [20.2 (A645) + 8.02 (A633)] × V/1000 × FW (2)

where A = absorbance at a specific wavelength (633 and 645 nm), V = final volume of
chlorophyll extracted in 80% acetone, and FW = sample fresh weight.
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4.8. Quantification of Sucrose and Starch in Leaves

Sucrose extraction was carried out at the end of the experiment (autumn 2022) using
the methodology described by Geigenberger and Stitt [85]. For quantification, commercial
kit SCA20 (Sigma-Aldrich®) was used. A calibration curve was constructed with pure
rice starch to evaluate starch (y = 0.0011x + 0.0029, R2 = 0.9997). The extraction was
conducted following the methodology outlined by Zheng et al. [86], with modifications
made by Flores-de la Rosa et al. [44]. Sucrose was quantified by measuring the absorbance
at 594 nm.

4.9. Reflectance Measurement Using Spectrometry

A spectrometer with a spectral range of 339 to 822 nm and a resolution of 0.45 nm
was used to assess changes in leaf reflectance, resulting from the loss of photosynthetic
pigments. Based on preliminary results, analyses were focused on reflectance at 550 nm
(VIS) and 790 nm (NIR) (Figure 3). The QP600-025-VIS optical fiber is connected to a 74-UV
series collimating lens, positioned 5 cm from the module’s base. Oceanview® software
(version 2.0.8) helped to capture data. Spectrograms were generated using the ggplot2
package in RStudio (v4.3.1, R Project). The reflectance module was built under dark
conditions, with two 90 w halogen lamps serving as the primary light source. A white
polytetrafluoroethylene panel was used to calibrate the equipment. Results were analyzed
by building spectrograms illustrating the percentage of reflectance of healthy and diseased
plants. Reflectance data were collected in summer 2021, winter 2022, and autumn 2022.

4.10. Quantification of Benzoic Acid, Trans-Cinnamic Acid, and Salicylic Acid in Leaves
Using GC-MS

To evaluate the hormonal response of healthy and HLB-diseased plants, the accumula-
tion of salicylic acid (SA) and two precursors, benzoic acid (BA) and trans-cinnamic acid
(t-CA), in leaves was quantified. Gas chromatography/mass spectrometry (GC-MS) was
used at the end of the experiment (autumn 2022), following the methodology reported by
Hijaz et al. [87] and modified by Nehela et al. [57]. Derivatization of the standards was
performed using the same method. Calibration curves were generated by injecting 1 μL of
pure standards at concentrations of 100, 50, 20, 10, 5, 2, and 1 ng μL−1 for BA, and 10, 5, 2,
1, 0.5, and 0.2 ng μL−1 for both SA and t-CA. The GC-MS was operated in SIM and Scan
modes. Quantitative and qualitative ions were monitored for each standard. Results were
compared with the NIST (National Institute of Standards and Technology) library using
the MassHunter® program. Validation was conducted by assessing specificity, linearity,
precision, accuracy, detection, and quantification limits, following Rawlinson et al.’s [88]
criteria (Table S2).

4.11. Statistical Analysis

The analysis was conducted using RStudio version 4.3.1 [89]. The Shapiro–Wilk test
assessed the normality of the study variables. The Box–Cox transformation was applied
to variables that did not satisfy the normality assumption. Additionally, variables with
repeated measurements over time were evaluated by adjusting the data to correlation
structures based on the AIC (Akaike Information Criterion) [90]. Additionally, the residuals,
kurtosis, and homogeneity of variance were visually inspected after the transformations to
verify the proper fulfillment of statistical assumptions [91]. A mixed linear model was used
to perform the analysis of variance (ANOVA). Also, Tukey’s multiple comparison tests
(p ≤ 0.05) helped to determine differences between treatments. Data associated with levels
of macro- and micronutrients were adjusted using a second-degree polynomial regression
model, obtaining the 95% confidence intervals, R2, R2Adj, and the p-value from the F test
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(p ≤ 0.05). Finally, principal component analysis (PCA) facilitated the exploration of the
linear relationship among the study variables in both groups of plants.

5. Conclusions

CLas spreads more slowly in C. latifolia compared to susceptible citrus varieties, lead-
ing to a more gradual expression of symptoms. The disease affected plant development
and physiological parameters related to photosynthesis, altering vascular structures and in-
creasing starch accumulation in the leaf’s midribs and mesophyll. Additionally, an increase
in the endogenous content of salicylic acid and its biosynthesis precursors is confirmed
in diseased plants compared to healthy ones. However, it was observed that the levels
of benzoic acid in the leaves were higher, while the levels of salicylic acid were lower
than in findings reported from susceptible citrus varieties. This finding may suggest a
reduced conversion of benzoic acid to salicylic acid. Regarding the impact of combinatorial
treatments using macro- and micronutrients, it was concluded that soil application of low
doses of macronutrients in combination with micronutrients (Ma-1 + Mi-2) resulted in less
damage to Persian lime plants affected by HLB. This treatment promoted more signifi-
cant plant development, improved photosynthetic performance, and reduced metabolic
alterations, such as starch accumulation in the leaves of diseased plants. Applying the
fertilizer consistently and at lower doses may improve its utilization. In contrast, increasing
the doses of macronutrients and simultaneously applying micronutrients to the soil and
through foliar sprays does not seem advantageous, even for healthy Persian lime plants,
under the conditions evaluated. Thus, careful fertilization management may optimize
its use and help reduce the negative effects of HLB on diseased Persian lime plants. It is
essential to reassess the timing and dosage of fertilization practices in regions where HLB
has become prevalent, such as in the citrus-growing states of Mexico. This reevaluation
could lead to potential benefits in environmental sustainability and production costs.

Supplementary Materials: The following supporting information can be downloaded here: https://
www.mdpi.com/article/10.3390/plants14071086/s1. Figure S1: Leaf reflectance percentage at (A) 550 nm
and (B) 790 nm for macro- and micronutrient levels. According to Tukey (p < 0.05), different letters
represent significant differences. Values represent four replicates, mean ± standard deviation.
Ma = macronutrients, Mi = micronutrients, ns= not significant. Figure S2: Effect of CLas infection
and fertilization treatments on the content of (A) total chlorophyll, (B) sucrose, and (C) starch in
leaves. The main effects, according to the general linear model (ANOVA), are indicated in graphs.
According to Tukey (p < 0.05), different letters represent significant differences. The values represent
four replicates, mean ± standard deviation. Ma = macronutrients, Mi = micronutrients. Significant
p-values are shown in bold. Figure S3: Histological sections of leaf midribs show accumulation of
starch grains in collenchyma, parenchyma, and pith cells in HLB-diseased plants vs. healthy plants.
Diseased plants show anatomical changes in the vascular system, such as hyperplasia and increased
phloem area. coll = collenchyma, par = parenchyma, Pf = phloem fibers, P = phloem, X = xylem,
pi = pith, H = hyperplasia. Black arrows indicate the presence of starch. Figure S4: Effect of CLas
infection and fertilization treatments on cumulative growth in (A) height, (B) canopy volume, and
(C) trunk diameter. According to the general linear model (ANOVA), graphs indicate the main effects.
According to Tukey (p < 0.05), different letters represent significant differences. Values represent
four replicates, mean ± standard deviation. Ma = macronutrients, Mi = micronutrients. Significant
p-values are shown in bold. Figure S5: Multivariate principal component analysis (biplot-PCA),
including the study variables and their association with the groups of healthy and HLB-diseased
Persian lime plants. Ht = height, CV = canopy volume, DT = trunk diameter, Chl = chlorophyll,
Suc = sucrose, Glc = glucose, St = starch, tCA = trans-cinnamic acid, BA = benzoic acid, SA = salicylic
acid, Refl = reflectance, Fv/Fm = photosystem II efficiency. Table S1: Fertilization treatments
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evaluated in healthy and HLB-diseased plants, consisting of three levels of macro- and micronutrients.
Table S2: Validation of a chromatographic method for the quantification of BA, t-CA, and SA.
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Abstract: The purpose of this study was to evaluate the effects of different nitrogen (N),
phosphorus (P), and potassium (K) fertilization ratios on the carbon (C), N, and P con-
tents and their ecological stoichiometric characteristics in the leaf–soil–microbial system of
Sapindus saponaria and elucidate their relationship with yield. A “3414” experimental de-
sign was employed in a 6-year-old Sapindus saponaria woodland located in Fujian Province
of China. Fourteen N–P–K fertilization treatments with three replicates were established.
Leaf, soil, and microbial samples were collected and analyzed for C, N, and P contents.
Redundancy Analysis (RDA), Partial Least Squares Path Modeling (PLS–PM), and the
entropy-weighted technique of ranking preferences by similarity to optimal solutions
(TOPSIS) were utilized to assess the relationships among variables and determine optimal
fertilization strategies. It was found through research that different fertilization treatment
methods have a significant impact on both the soil nutrient content and the C, N, and P con-
tents of soil microorganisms. Compared with the control group, soil organic C, total N, and
total P, and microbial C, N, and P contents increased by 14.25% to 52.61%, 3.90% to 39.84%,
9.52% to 150%, 6.65% to 47.45%, 11.84% to 46.50%, and 14.91% to 201.98%, respectively.
Results from Redundancy Analysis (RDA) indicated that soil organic C, total N, and total P
exerted a significant influence on the leaf nutrients. PLS-PM demonstrated that fertilization
indirectly affected leaf nutrient accumulation and yield by altering soil properties, with
soil total phosphorus and leaf phosphorus being key determinants of yield. Additionally,
soil microbial entropy impacted yield by regulating microbial biomass stoichiometric ra-
tios. The entropy-weighted TOPSIS model identified the N2P2K2 treatment (600 kg/ha N,
500 kg/ha P, and 400 kg/ha K) as the most effective fertilization strategy. Optimizing N–P–
K fertilization ratios significantly enhances leaf nutrient content and soil microbial biomass
C, N, and P, thereby increasing Sapindus saponaria yield. This research clarifies the underly-
ing mechanisms through which fertilization exerts an impact on the C–N–P stoichiometry
within the leaf–soil–microbial system. Moreover, it furnishes a scientific foundation for
the optimization of fertilization management strategies in Sapindus saponaria plantations.

Plants 2025, 14, 1360 https://doi.org/10.3390/plants14091360
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1. Introduction

As global climate change intensifies and the issue of ecosystem degradation becomes
increasingly severe, the efficient management of nutrient cycling within ecosystems has
emerged as a crucial area of research. Specifically, the stoichiometric equilibrium of the
three key elements—carbon (C), nitrogen (N), and phosphorus (P)—has become a central
focus [1–3]. In forest ecosystems worldwide, the ecological stoichiometry associated with
plants, soils, and microorganisms provides essential insights into ecosystem processes
and functions [4,5]. According to the dynamic balance mechanism and growth rate the-
ory, the stoichiometric characteristics of C, N, and P are extensively utilized in assessing
plant nutrient balance, allocation of limiting elements, and decomposition processes of
litter [6–8]. Grasping the correlations and equilibrium conditions of C, N, and P elements
in soil and microorganisms is of vital importance. This understanding is key to clarifying
the mechanisms of nutrient cycling, particularly in terms of how varying fertilization ratios
of N, P, and potassium (K) influence the dynamics of soil nutrients [9,10]. Soil microbial
biomass changes are sensitive indicators of soil nutrient alterations and serve as effective
indicators for assessing the intensity of soil organic matter metabolism [11]. Previous
studies have demonstrated that the utilization of N, P, and K fertilizers not only enhances
leaf nutrient content and the survival environment of soil microorganisms but also signifi-
cantly increases soil microbial biomass and overall soil nutrient levels, thereby affecting
the composition structure and variety of microbial communities [12–14]. However, the
specific roles of different fertilization practices in influencing the ecological stoichiometric
properties of C, N, and P in leaf tissues and soil microbiomass remain underexplored.

It has been shown that the C, N, and P stoichiometric traits and plant yields in the
plant–soil–microbe system are chiefly impacted by natural factors such as climatic factors,
topographic features, altitude, soil properties, and plant traits, and human factors such as
fertilizer application, mulching, pruning, and so on [15–18], with the application of fertilizer
having a notably significant influence on the stoichiometric ratios of N, P, and K present
in the leaves, soil, and microbial biomass of the plants [15]. Attention should be drawn
to the fact that over fertilization reduces the efficiency of fertilizer utilization and affects
plant leaves, soil, and microbial biomass C (MBC), N (MBN), P (MBP), and stoichiometric
proportions, whereas lesser use of fertilizers or irrational ratios will result in an imbalance
of nutrients in plant leaves, soil, and microbials, leading to the reduction in soil fertility, and
this subsequently influences plant growth [15,19–22]. Scientific studies have confirmed that
balanced fertilization helps to promote plant leaf, soil, and microbial nutrient balance and
improve soil quality, which in turn increases crop yields and improves fruit quality [23].
While high P or K input significantly impacted the diversity in combination with the
composition of soil bacterial communities while decreasing differences in soil C, N, and P
and their stoichiometric ratios, high N input significantly increased MBC and MBC:MBN
when compared to low N input over time under various fertilization conditions [24]. A
number of studies have discovered that the addition of P significantly decreases the N:P
and C:N ratios of plant, soil, and microbial biomass, with little effect on the C:N ratio [7]. In
addition, N nitrogen addition significantly reduced plant and soil C:N but increased plant
N:P ratios and soil microbial carbon and phosphorus limiting [3]. In addition, soil nutrient
status has important direct effects on plant leaf C, N, and P content and stoichiometry [25].
Meanwhile, plant leaf C and N content and C:N were significantly correlated with soil C
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and N content [26]. Reasonable fertilization management can maximize crop yield [23].
In actual production, due to the lack of scientific rationing, ratios of N, P, and K are often
unbalanced, which affects plant nutrient uptake and utilization, reduces yield and quality,
and increases the risk of nutrient loss and environmental pollution. Therefore, reasonable
N, P, and K ratios can significantly promote plant fruit yield, and there is an urgent need
to explore scientific fertilization rationing strategies, which are essential for enhancing
sustainable plant development.

In recent years, the methods currently commonly used for fertilizer evaluation include
the affiliation function value method and the principal component analysis method [27].
The TOPSIS method is a multi-attribute decision-making method of ideal objective simi-
larity and approximation of ideal solution ranking method, while the entropy-weighted
TOPSIS model is an improved model combining the entropy-weighted method and the
TOPSIS model, which is the most recent research result in the comprehensive evaluation
method [27–29]. It has been applied to the fertilization evaluation of different plants such
as Panax notoginseng [28] and Mangifera indica [30], but we have not yet seen any report on
the evaluation of the C, N, and P content of leaf–soil–microbial C, N, and P content and stoi-
chiometric ratio of Sapindus saprophyllus, as well as the yield, by using the entropy-weighted
TOPSIS method. Therefore, an entropy-weighted TOPSIS comprehensive evaluation sys-
tem was constructed to systematically quantify the C, N, and P coupling characteristics
and yield response mechanism in the leaf–soil–microbe system of Sapindus mukorossi and
to break through the limitations of the traditional single-factor evaluation through the
optimization of multi-dimensional index weights and relative proximity ranking to provide
scientific bases for Sapindus mukorossi’s ecocultivation and nutrient precision management.
It provides a scientific basis for the ecological cultivation and precise management of
nutrients in Sapindus indica.

Sapindus saponaria is an energy plant extensively spread across the tropical and subtrop-
ical areas of China, with multiple functions such as biomass energy production, ecological
restoration, and landscaping [27,31–33]. In Fujian Province, one of its primary cultivation
areas, the planting area has reached 20,000 hectares. Traditional fertilization practices,
characterized by irrational fertilizer structures and unscientific fertilizer mixing, often
lead to severe environmental problems such as soil nutrient imbalance, acidification, and
groundwater pollution, which seriously affect Sapindus saponaria yield and sustainable
development [27]. Although previous studies have shown the effects of N, P, and K fertil-
ization on Sapindus saponaria growth, photosynthetic physiology, and soil nutrient balance,
systematic research is lacking about the combined effects of different fertilization treat-
ments on yield concerning leaf, soil, and microbial mass C, N, and P, and stoichiometric
traits. In this context, the present study employs a “3414” experimental design to explore
the effects of varying N–P–K fertilization ratios on the C, N, and P contents and their
stoichiometric characteristics in the leaf–soil–microbial system of a 6-year-old Sapindus
saponaria plantation. Utilizing Redundancy Analysis (RDA), Partial Least Squares Path
Modeling (PLS–PM), and entropy-weighted TOPSIS, this study aims to (1) quantify the
effects of various N–P–K ratios on the C, N, and P contents of Sapindus saponaria leaves,
soil, and microorganisms; (2) reveal the relationship regarding the relationship among
soil and microbial biomass N, P, and K content and stoichiometric characteristics with
leaf nutrient profiles; (3) verify whether fertilization indirectly affects microbial biomass
by altering soil nutrients, thereby improving Sapindus saponaria yield; and (4) develop a
scientific nutrient management plan for Sapindus saponaria plantations to promote sus-
tainable development and productivity. These objectives aim to provide comprehensive
insights into optimizing fertilization strategies for Sapindus saponaria, enhancing yield, and
maintaining ecosystem health.
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2. Results

2.1. Effects of Different Fertilization Treatments on Carbon, Nitrogen, Phosphorus, and
Stoichiometry of Sapindus saponaria Leaves

Compared with the CK treatment group, different fertilization treatments significantly
increased leaf C, N, and P contents (Figure 1), which took values ranging from 2.74 to
7.21%, −14.44 to 13.16%, and −5 to 41.67%, respectively, and leaf C and P contents under
each fertilization treatment showed a tendency of increasing and then decreasing with the
additions of applied N, P, and K at the levels of P2K2, N2K2, or N2P2; all of them in the leaf
C and P content reached the highest in the N2P2K2 treatment. Compared with N0P2K2,
N2P0K2, and N2P2K0 treatments, the leaf organic C and total P contents of treatment
N2P2K2 were increased by 3.19% and 44.92%, 3.79% and 19.58%, and 2.87% and 11.76%,
respectively, and there was a significant difference between treatments N2P2K2 and N0P2K2

and N2P0K2 and N2P2K0. Moreover, one-way ANOVA showed that different fertilization
treatments had a significant effect on leaf C:P and N:P stoichiometry, while there was no
significant effect on its leaf C:N.

Figure 1. Characteristics of organic C, total N, and total P contents and their stoichiometric ratios of
Sapindus saponaria soils under different N–P–K fertilization treatments: (A) leaf C content, (B) leaf N
content, (C) leaf P content, (D) LC:LN, (E) LC:LP, and (F) LN:LP. Different lowercase letters indicate
significant differences between fertilization treatments at the 0.05 statistical significance level.

2.2. Soil Carbon, Nitrogen, and Phosphorus Contents, and Stoichiometric Ratios Under Different
Fertilization Treatments

Compared to CK, soil organic carbon (SOC), total nitrogen (TN), and total phosphorus
(TP) contents increased by 14.25% to 52.61%, 3.90% to 39.84%, and 9.52% to 150% given
different fertilization strategies (Figure 2). In 0–20 cm and 20–40 cm soil layers, SOC and
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TN contents presented a trend of growth followed by decline with the increase in N, P, and
K application. The increases in SOC, TN, and TP were more obvious in the 0–20 cm layer
than in the 20–40 cm layer, with P content showing the greatest increase across soil layers.

Figure 2. Characteristics of SOC, TN, and TP contents and their stoichiometric ratios of Sapindus
saponaria soils under different N–P–K fertilization treatments. (A) SOC, organic carbon; (B) TN, total
nitrogen; (C) TP, total phosphorus; (D) C:N, carbon/nitrogen ratio; (E) C:P, carbon/phosphorus ratio;
(F) N:P, nitrogen/phosphorus ratio. HSD1: 0–20 cm. HSD2: 20–40 cm. A significant difference at the
0.05 level exists between fertilization treatments denoted by different lowercase letters.

Soil C:N, C:P, and N:P ratios under different fertilization treatments ranged from 7.97
to 11.44, 13.76 to 27.81, and 1.35 to 3.13, respectively (Figure 2). Compared to CK, the
soil C:N ratio tended to increase in all treatments except N2P1K2, N2P2K2, N2P2K3, and
N3P2K2. Soil N:P ratios showed significant differences among treatments, while N:P ratios
showed no significant differences.

2.3. Microbial Carbon, Nitrogen, and Phosphorus Contents, and Stoichiometric Ratios Under
Different Fertilization Treatments

Compared to the control treatment (CK), soil MBC, MBN, and MBP contents increased
by 6.65–47.45%, 11.84–46.50%, and 14.91–201.98%, respectively, under fertilization treat-
ments. At P2K2 and N2P2 levels, soil MBN and MBP contents initially increased and then
decreased with increasing N and K application, while MBP content steadily increased with
increasing P application in the N2K2 treatment. Soil microbial biomass ratios (MBC:MBN,
MBC:MBP, and MBN:MBP) ranged from 9.33 to 14.89, 12.19 to 27.81, and 0.82 to 2.44,
respectively (Figure 3). One-way ANOVA indicated significant differences in soil MBC,
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MBN, and MBP contents among treatments (p < 0.05), but no significant differences in their
stoichiometric ratios.

Figure 3. Characteristics of MBC, MBN, and MBP and stoichiometric ratio of Sapindus saponaria
soil under different N–P–K fertilization treatments. (a) MBC: microbial carbon content; (b) MBN:
microbial nitrogen content; (c) MBP: microbial phosphorus content; (d) MBC:MBN: microbial carbon
to nitrogen ratio; (e) MBC:MBP, microbial carbon to phosphorus ratio; (f) MBN:MBP, microbial nitro-
gen to phosphorus ratio. At the 0.05 significance level, distinct lowercase letters denote substantial
differences among fertilization treatments.

2.4. Leaf–Soil–Microbial Biomass C, N, P Contents, and Stoichiometric Characteristics

In the 0–20 cm soil layer, the first axis and second RDA axis explained 22.67% and
20.92% of the variation in leaf nutrient characteristics, respectively, collectively accounting
for 43.59% of the variation (Figure 4a). Leaf N content showed a positive relationship to
leaf P content and leaf N:P ratio and soil N and P contents and had a negative correlation
with soil N:P ratio and leaf C:N ratio. Leaf C:P ratio was positively correlated with MBP
content and MBC:MBN, whereas leaf N:P ratio was negatively associated with MBC:MBP.

Within the soil layer from 20 to 40 cm, the two RDA axes explained 38.32% of the
variation in leaf nutrient characteristics (Figure 4b). Soil TP, TN, and SOC contents signifi-
cantly affected leaf nutrient characteristics (p < 0.05), with SOC having the greatest impact
(Table S1).
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(a) (b)

Figure 4. RDA of soil and microbial biomass C, N, P, and stoichiometric ratios of Sapindus saponaria
under different fertilization treatments: (a) 0 to 20 cm soil layer and (b) 20 to 40 cm soil layer.

As can be seen from Figure 5, in 0–20 cm and 20–40 cm soil layers, leaf C content
showed highly significant positive correlations with SOC, TP, and soil MBC, MBN, MBP,
and soil C:N, and significant negative correlations with soil N:P and leaf LN:LP. The leaf
LC:LN exhibited a significant positive correlation with the soil C:N. Meanwhile, it showed a
significant negative correlation with the leaf N content. Soil N:P was significantly positively
correlated with MBN:MBP and soil C:P and significantly negatively correlated with soil TP,
MBC content, and soil C:N. Highly significant positive correlations were detected among
the soil MBC, MBN, and MBP contents.

(a) 0–20 cm soil layer (b) 20–40 cm soil layer

Figure 5. Correlations between carbon, nitrogen, and phosphorus contents of leaves, soil, and
microbiomass of Sapindus saponaria in 0–20 cm (a) and 20–40 cm (b) soil layers. LC: leaf blade carbon
content; LN: leaf blade nitrogen content; LP: leaf blade phosphorus content; SOC: organic carbon; TN:
total nitrogen; TP: total phosphorus; C:N: SOC to TN ratio; C:P: SOC to TP ratio; N:P: TN to TP ratio;
LC:LN: leaf blade carbon to nitrogen ratio; LC:LP: leaf blade carbon to phosphorus ratio; LN:LP: leaf
blade nitrogen to phosphorus ratio. MBC: microbial biomass carbon content; MBN: microbial biomass
nitrogen content; MBP: microbial biomass phosphorus content; MBC:MBN: microbial biomass carbon
to nitrogen ratio; MBC:MBP: microbial biomass carbon to phosphorus ratio; MBN:MBP: microbial
biomass nitrogen to phosphorus ratio.
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2.5. Multi-Objective Decision-Making and Evaluation Processes Leveraging the Entropy-Weighted
TOPSIS Approach

The entropy-weighted TOPSIS model was used to comprehensively evaluate each
fertilization treatment based on multiple indicators (Table 1). In the 0–20 cm soil layer,
the order of advantages and disadvantages of the top 5 treatments of Sapindus saponaria
obtained by TOPSIS was N2P2K2 > N1P2K1 > N2P3K2 > N2P2K0 > N2P1K2, of which
the best comprehensive evaluation of the soil layer of 20–40 cm and 0–20 cm was the
N2P2K2 treatment. Therefore, the N, P, and K fertilization of 600 kg/ha, 500 kg/ha, and
400 kg/ha in the field can effectively improve the comprehensive indexes of Sapindus
saponaria, respectively.

Table 1. Comprehensive evaluation results of Sapindus saponaria under different fertilization treatments.

0–20 cm 20–40 cm

Treatment
No.

Euclidean
Space

Distance D+

Euclidean
Space

Distance D−
Ci Ranking

Treatment
No.

Euclidean
Space

Distance D+

Euclidean
Space

Distance D−
Ci Ranking

N0P0K0 0.32 0.03 0.09 14 N0P0K0 0.32 0.04 0.10 14
N0P2K2 0.29 0.07 0.19 13 N0P2K2 0.29 0.05 0.16 13
N1P2K2 0.25 0.12 0.34 11 N1P2K2 0.23 0.11 0.34 12
N2P0K2 0.24 0.11 0.33 12 N2P0K2 0.24 0.13 0.36 11
N2P1K2 0.17 0.20 0.53 5 N2P1K2 0.14 0.22 0.61 2
N2P2K2 0.09 0.27 0.75 1 N2P2K2 0.05 0.30 0.84 1
N2P3K2 0.15 0.21 0.58 3 N2P3K2 0.17 0.23 0.57 3
N2P2K1 0.21 0.15 0.42 10 N2P2K1 0.23 0.15 0.40 9
N2P2K0 0.18 0.23 0.56 4 N2P2K0 0.22 0.14 0.38 10
N2P2K3 0.21 0.16 0.42 9 N2P2K3 0.16 0.20 0.56 6
N3P2K2 0.18 0.19 0.50 7 N3P2K2 0.17 0.21 0.56 5
N1P1K2 0.19 0.20 0.51 6 N1P1K2 0.16 0.21 0.57 4
N1P2K1 0.18 0.25 0.58 2 N1P2K1 0.21 0.22 0.50 7
N2P1K1 0.19 0.16 0.45 8 N2P1K1 0.22 0.15 0.42 8

Note: D+ and D− represent the distance between the evaluation object and the positive and negative ideal solution,
respectively; Ci is the comprehensive evaluation value.

2.6. Analysis Using Partial Least Squares Path Model (PLS–PM)

From the PLS–PM about the yield of Sapindus saponaria, it was observed that the
model fitness of soil layers at depths of 0–20 cm (topsoil) and 20–40 cm (subsoil) met
the acceptable requirements and explained 58.7% and 60.5% of the variation in the yield
of Sapindus saponaria, respectively (Figure 6), with fertilizer, LP, LC:P, and MBX:MBP
directly and significantly affecting its yield. It was easy to find that leaf C:P affected the
highest total effect on Sapindus saponaria yield and leaf P content had the greatest direct
or indirect effect on Sapindus saponaria yield. In the topsoil case, there were two distinct
pathways affecting the yield of its saprophytes (Figure 6a; Table S2) as follows: 1© fertilizer
application directly positively affects the yield, and 2© fertilizer application ultimately
negatively affects the yield by directly positively affecting the TP content, which in turn
positively affects the MBP content, which in turn negatively affects the MBC:MBP and
MBN:MBP. In addition to this, fertilization also affects the leaf P content and its C:P by
influencing the TP content, which in turn positively affects the yield. In the subsoil case
(Figure 6b; Table S2), there were four distinct pathways affecting the yield of its saprophytes
as follows: (1) fertilizer application positively affects its yield by positively affecting TP,
which in turn positively affects LP; (2) fertilizer application negatively affects its yield by
positively affecting TP, which in turn negatively affects C:P and N:P; (3) fertilizer application
negatively affected QN by affecting, in turn, MBN content, which in turn positively affected
yield; and (4) fertilizer application affected MBN content by positively affecting TP content,
which in turn positively affected yield.
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Figure 6. PLS–PM analysis for 0 to 20 cm and 20 to 40 cm soil layers: (a) 0–20 cm layer soil and
(b) 20–40 cm layer soil. Fertilization denotes the amount of fertilizer applied. QN and QP represent
microbial entropy nitrogen and phosphorus; MBX:MBP, MBC:MBP, and MBN:MBP ratios; and X:P:
C:P, and N:P ratios. Production denotes the yield of the fruit. Blue lines indicate positive impacts, and
red lines indicate negative impacts. Straight line thickness indicates relative magnitude of impact.
The table of numbers on the lines were path coefficients. *, p < 0.05; **, p < 0.01; ***, p < 0.001. R2

denotes adjusted fit.

In addition, the yield of Sapindus saponaria is regulated by several factors, and long-
term input of inorganic fertilizer directly reduces its yield by decreasing leaf P content on
the one hand, and suitable fertilization facilitates the increase in soil TP content in order to
increase leaf P content, which significantly improves the yield of Sapindus saponaria. On the
other hand, by affecting microbial entropy to influence the microbial biomass content and
its stoichiometric ratio, which directly or indirectly acted on the yield.

3. Discussion

3.1. Characterization of C, N, and P Contents and Their Stoichiometric Ratios in Leaves

Numerous studies indicate that N and P stand out as the two primary limiting factors
constraining plant growth. Concurrently, the leaf N:P ratio is extensively adopted as a
crucial indicator for gauging plant nutrient limitations. The magnitude of plant leaves’
N:P ratio reflects the relative limitation of N or P at the community level. Changes in
this ratio have the potential to initiate modifications in plant functional traits, vegetation
composition, and plant diversity [34–36]. There is a general consensus that plant leaves
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with N:P ratios lower than 14 indicate that the plant may be N-limited; N:P ratios higher
than 16 indicate P-limitation; and if the N:P ratios of plant leaves are between 14 and 16,
the plant may be limited by both N and P elements [37]. Also, high C:N ratios reflect that
N may be a limiting factor, while low C:N ratios indicate relative N abundance, which may
affect plant C balance [38,39]. In the context of this research, the mean value of the N:P
ratio of Sapindus saponaria leaves was significantly higher than the mean value of 16.30 for
Chinese plants and the global mean range of 12.7–13.8 [40,41], and the overall P-limiting
characteristics were demonstrated, which indicated that the P-limiting intensity of the
Sapindus saponaria leaves was greater in this forest stand.

Even though utilizing P fertilizer can boost plant leaf P uptake and enhance the
resistance to P stress, it cannot offset the negative effects of inefficient P fertilizer utilization,
as well as the limited ability to effectively mitigate the intensity of P limitation, which
is closely bound up with the specific types of fertilizer application, plant characteristics,
regional differences, etc. [42–44]. Specifically, leaf N and P contents in the study area
were 18.52–23.55 and 1.14–1.71, respectively (Figure 1). These findings are consistent with
the analysis of 753 species by Han et al. [37] and further confirm the higher degree of
P-limitation exhibited by plant leaves in the subtropics. This effect of high leaf N:P ratio
can be attributed to the low natural P content and strong N deposition in the soils of
subtropical regions of China [37]. At the ecosystem scale, there is a coupling relationship
between plant leaf P content and soil P content [45,46], which agrees with the outcomes
presented herein. In response to leaf P limitation, soil P content can be effectively increased
by fertilization, which in turn increases plant leaf P content, thereby reducing the leaf N:P
ratios and mitigating the intensity of P limitation [47]. In conclusion, moderate fertilization
can significantly increase leaf C, N, and P contents to alleviate plant leaf P-limitation and
better maintain plant growth function.

3.2. Characterization of Soil–Microbial C, N, and P Contents and Stoichiometric Ratios

The findings of this research demonstrated that fertilization significantly influenced the
nutrient levels and fertility augmentation of Sapindus saponaria growing soils. Specifically,
fertilization significantly increased soil C, N, and P contents and effectively improved soil
fertility. The result here is in accordance with those of other tree species [23,48]. The reasons
for the efficiency of fertilizer application (increased yield, improved fertility, etc.) may lie in
the fact that fertilizer application directly increases soil C, N, and P contents, and applying
fertilizer stimulates plant growth and boosts the amount of plant residues incorporated
into the soil, thus indirectly increasing the accumulation of soil nutrients [49]. Compared
with the no fertilization treatment, TP content displayed an upward trend with the increase
in P fertilizer at different levels of P fertilizer addition. This is due to the fact that P easily
combines with Al3+ and Fe elements triggered by soil acidification and then transforms
into low-soluble compounds, which can effectively increase soil effective P content [50].
Furthermore, findings indicated that SOC content increased at first and later decreased
when N, P, and K were applied to the soil. According to the “stoichiometric decomposition
theory” formulated by Hessen et al. [51], the imbalance of stoichiometric ratios in the soil
was alleviated by N inputs, and microbial activity could be increased, thus accelerating
SOC decomposition. Decomposition rates and microbial activity were highest when C and
N inputs corresponded to microbial stoichiometric C:N ratios. When fertilizer was applied
in excess, it is likely that it exerted an influence on the richness and activity of the soil
microbial community. This, in turn, had an impact on the biodegradation process of SOC
sources, ultimately leading to a decreased SOC content [52]. This indicates the importance
of moderate fertilization in maintaining the balance of SOC content.
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C and nutrient stoichiometric ratios (C:N, C:P, and N:P) in soil act as vital indices of
the efficiency of soil nutrients [53,54]. The results of this study yielded that the C:N, C:P,
and N:P of saprophytic soils under different fertilization treatments ranged from 7.97 to
11.44, 13.76 to 27.81, and 1.35 to 3.13, respectively, and the average C:N ratio of the soils in
the study area, which was 9.21, was notably lower than the corresponding ratio of soils
across China, which stood at 11.9. This reflects the higher rate of decomposition of soil
organic matter as well as the higher potential for N accumulation in the investigated region.
The average C:P value of the soil was 21.13, which was considerably below the average
level (136) across China [55]. This suggests that microbial mineralization of soil organic
matter has a high potential for releasing P, which is conducive to promoting P uptake
by plants [56]. In addition, the average soil N:P ratio was measured at 2.31, which was
substantially lower than both the global average ratio of 5.9 and the average ratio of 5.2
observed in China [55], which also suggests that soils in this region are more significantly
P-limited.

In addition, fertilization significantly affected soil microbial biomass and its stoichio-
metric ratio characteristics, and soil TP and SOC contents were the primary determinants
contributing to the variations in soil microbial biomass. The mean ratios of MBC:MBN,
MBC:MBP, and MBN:MBP in Sapindus saponaria soils under various fertilization treatments
were 12.49, 19.63, and 1.61, respectively. Specifically, the MBC:MBN ratio significantly
exceeded the global average (typically, 8.3–10) [57], while the MBN:MBP ratio fell below the
global average level (typically, 3.5–8.0) [5]. These imbalances suggest a fungal-dominated
microbial community structure in the study area, as fungi generally exhibit higher C:N
and lower N:P ratios compared to bacteria [5,57]. Since a higher MBC:MBN ratio usually
reflects a fungal-dominated community structure, fungi tend to grow and metabolize in
high C:N ratio environments more than bacteria, which also suggests that microorganisms
are somewhat P-limited in terms of nutrient limitation [5,57,58]. Overall, under various
fertilization treatments, the P content of saprophytic soils experienced a more significant
increase compared to other indicators, thus indicating that the nutrient limiting factor for
soil microorganisms is P content [5,58]. Given that the analysis within this study did not
include the soil enzyme activities and the traits of microbial community structure, the
intrinsic regulatory mechanisms between the soil–microbial biomass and its stoichiometric
ratio characteristics and its other microbial properties still need to be explored in depth in
the follow-up.

3.3. Influence of Fertilization Regimes on Fruit Yield of Sapindus saponaria

The effectiveness of N, P, and K fertilizers in increasing crop yields is in general
agreement with the conclusions reached in most studies [23,59]. This is due to the fact
that balanced fertilization enhances soil nutrient availability and improves plant growth
conditions. The findings of this study indicated that the C, N, and P contents present in
both the plants and soil microorganisms were better in the N2P2K2 treatment using the
entropy-weighted TOPSIS model (Table 1). It was also found that N2P2K2 treatment was the
optimal fertilization rate for fruit yield enhancement in Sapindus saponaria (Figure S1), but
excessive fertilization led to yield decline instead, probably because excess nutrients may
lead to soil compaction and nutrient imbalance when fertilization exceeds the threshold,
thus inhibiting the plant root growth and nutrient uptake, which ultimately led to yield
decline, and this phenomenon is applicable to other crops as well [60]. Therefore, when
fertilizer is applied within reasonable limits, the supply of N, P, and K in the soil increases,
which in turn promotes higher fruit yields. Additionally, moderate fertilization helps to
enhance plant resistance, reduce pests and diseases, and further increase yield.
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Long-term balanced fertilization (such as N2P2K2) significantly improves the structure
of the microbial community by increasing the contents of SOC, N, and P. It also enhances
MBC and metabolic activity while reducing metabolic entropy (CO2 emission per unit of
biomass). This optimization can promote soil nutrient mineralization and the efficiency of
plant nutrient uptake, thus supporting high fruit yields [61]. Some studies have emphasized
that in calcareous alluvial soils deficient in P, rational application of P is a prerequisite
for improving the utilization efficiency of N fertilizers [62]. This is consistent with the
contribution of P to yield in the N2P2K2 treatment of this study, and it explains that
excessive application of N may lead to a relative deficiency of P, inhibiting the symbiosis
of arbuscular mycorrhizal fungi (AMF) and further limiting the nutrient uptake by the
roots. In addition, the suitable soil pH value for plants of the Sapindus is 5–6. If excessive
fertilization leads to a decrease in the soil pH value in the experimental area, thus resulting
in severe soil acidification, it may directly inhibit root development and microbial activities,
resulting in a decline in yield [63]. The results of multiple studies have shown that the
combined application of organic fertilizers can enhance the stability of soil aggregates and
the complexity of the microbial network, which may further improve the sustainability
of yield [61,62]. Based on the limitations of current research, on the basis of optimizing
existing N–P–K inorganic fertilizer ratios, research will be conducted on the coupled
application of organic and biological fertilizers. The focus is on analyzing soil–plant system
nutrient cycling characteristics, microbial community structure responses, and synergistic
yield-quality improvement mechanisms under fertilizer synergism. By constructing a
three-in-one “inorganic–organic–biological” fertilization management model, this study
aims to provide multi-dimensional solutions for the sustainable development of Sapindus.

3.4. Plant–Soil–Microbe Coupling

From the results of RDA and PLS-PM, it was concluded that the TP and SOC contents
of the soil substantially influenced the yield of Sapindus saponaria, MBN or MBP content,
and microbial activity. One possible explanation for this occurrence is the rapid escalation of
the soil’s TP levels and SOC content after fertilization, which can provide raw materials for
soil microbial activities and accelerate the absorption and conversion of soil nutrients. The
correlation analysis presented evidence that the MBC, MBN, and MBP of Sapindus saponaria
soil exhibited a highly significant positive correlation with SOC, TN, and TP contents
(p < 0.01). This result corresponds with the conclusions drawn from most investigations
into woody plants, where fertilization promoted soil nutrient accumulation in the 0–20 cm
and 20–40 cm soil layers, affecting Sapindus saponaria yield mainly through changes in
soil P content and its N:P, leaf P content and its C:P ratio, and microbial entropy N or P
(Figure 6. When compared to the 0–20 cm soil layer, the fluctuations in soil nutrient content
and its stoichiometric ratios within the 20–40 cm soil layer, along with the variations in leaf
P content and the C:N ratio of leaves corresponding to the 20–40 cm soil layer, provided
a more substantial explanation for the changes in the yield of Sapindus saponaria, but the
difference in the degree of explanation between the two layers was not significant. This
may be due to the fact that Sapindus saponaria has a deeper root system, so that the main
nutrients absorbed by it mainly come from the deeper soil; soil nutrient status of the
20–40 cm soil layer may better reflect the long-term nutrient supply status of the plant, thus
exerting a more pronounced influence on the leaf nutrient status and yield; 20–40 cm soil
layer is more capable of regulating the rate of nutrient release due to the deep regulation
of soil stoichiometric equilibrium; soil enzyme activities show differences in different soil
layers [64,65], but the activities of P-related metabolizing enzymes in their two soil horizons
may not be so different as to affect soil P levels to a similar degree and have a similar effect
on yields.
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In conclusion, P content in soil and leaves serves as a restricting factor in determining
crop yield [66–68], and the key reason for the changes in crop yields lies in the soil nutrient
status, especially the P content within the soil, while soil microbial biomass affects yield
indirectly by influencing soil enzyme activity and nutrient levels and indirectly affects
yield [69]. However, exorbitant fertilization practices have the potential to trigger severe soil
degradation, thereby throwing the soil’s nutrient structure out of balance and subsequently
impeding the growth and development of the plant root system, reducing nutrient and
water uptake capacity, and indirectly inhibiting yield. Soil MBN and MBP content are key
factors in regulating the main pathway of Sapindus saponaria yield, and TP content had a
significant direct effect on soil microbiomass (Figure 6), suggesting that soil environmental
factors jointly driving the shift of MBC, MBN, and MBP were generated under the distinct
fertilization regimens. This aligns generally with the results of investigations conducted by
other scholars [70–72].

4. Materials and Methods

4.1. Overview of the Experimental Site

Our experimental site was in Jianning County, Fujian Province (116◦47′20′′ E,
26◦40′3′′ N), which belongs to the subtropical monsoon climate zone, with a cold cli-
mate in winter and a large temperature difference between day and night in summer. The
soil type of the experimental site was sandy clay loam. The values of soil physicochemical
properties in the background are presented in an article published by our team [27]. The
average plant height and ground diameter within the stand of the asexual line ‘Yuanhua’
were 2.38 m and 6.97 cm. The location of the experimental site and experimental design of
different N–P–K treatments are presented in the Supplementary Materials (Figure S2).

4.2. Experimental Design

The experimental materials were planted in 6 years old Sapindus “Yuanhua” asexual
forest stands. A “3414” randomized block design was used, including 3 factors (N, P, and
K), 4 levels for each factor, a total of 14 combinations of treatments, 3 replications, and
a total of 42 plots. Here, 0 level was for no fertilizer application and served as a control.
Fertilizer application rates are listed in Table 2. The treatment plots were separated by
isolation rows. Fertilizer was applied three times a year, on April 10 (during flowering,
30% of the total fertilizer application), July 20 (during fruiting, 30% of the total fertilizer
application), and November 1 (after harvest, 40% of the total fertilizer application).

Table 2. Combination of factors and levels in each treatment.

Processing Number
Fertilization Levels (kg·ha−1)

N P K

N0P0K0 0 0 0
N0P2K2 0 500 400
N1P2K2 300 500 400
N2P0K2 600 0 400
N2P1K2 600 250 400
N2P2K2 600 500 400
N2P3K2 600 750 400
N2P2K0 600 500 0
N2P2K1 600 500 200
N2P2K3 600 500 600
N3P2K2 900 500 400
N1P1K2 300 250 400
N1P2K1 300 500 200
N2P1K1 600 250 200
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Fertilizer was applied by furrow application, mixing the fertilizer well into the soil and
covering it immediately. Maintenance and management were the same for all plots except
for the fertilizer treatment. The test fertilizers were urea (46.0% N), calcium superphosphate
(12.0% P2O5), and potassium sulfate (60.0% K2O).

4.3. Sample Collection and Measurement

Soil sampling and determination: Three sampling points were randomly selected
in each plot during the fruit expansion period of Sapindus saponaria. Soil samples were
collected from 0 to 20 cm and 20 to 40 cm soil layers at each sampling site. After re-
moving impurities and sapodilla root residues from the collected soil samples, they were
divided into two parts. One part was put into a self-sealing bag and brought back to
the laboratory to dry naturally and pass through a 2 mm sieve for the determination of
soil chemical properties; the other part was put into a 50 mL centrifuge tube, and the
soil samples were preserved in an icebox and brought back to the laboratory at 4 ◦C for
low-temperature storage for the determination of soil microbial biomass. SOC was deter-
mined by the potassium dichromate oxidation–external heating method [73]; soil nitrogen
was determined by the Kjeldahl method; and soil total phosphorus was determined by
the molybdenum-antimony colorimetric method. MBC and MBN were determined by
chloroform fumigation–K2SO4 extraction, and soil MBPs was determined by chloroform
fumigation–NaHCO3 leaching [49,74]. Yield: after harvesting at maturity, the plants were
weighed on an electronic scale, and the average yield per plant was calculated.

4.4. Calculation of Leaf–Soil–Microbe-Related Indicators

The C:N ratio is the ratio of SOC content to TN content, the soil C:P ratio is the
ratio of SOC content to TP content, and the soil N:P ratio is the ratio of TN content to TP
content. Leaf carbon to nitrogen ratio (LC:LN) is the ratio of organic C content to total
N content, carbon to phosphorus ratio (LC:LP) is the ratio of organic C content to total
P content, and nitrogen to phosphorus ratio is the ratio of leaf total N content to total
P content. Soil microbial entropy carbon (QC) is calculated as SOC content over MBC
content, microbial entropy nitrogen (QN) is calculated as TN content over MBN content,
and microbial entropy phosphorus (QP) is calculated as TP content over MBP content [75].

4.5. Multi-Objective Decision Making and Evaluation Based on Entropy-Weighted
TOPSIS Approach

The entropy-weighted TOPSIS method involves both the entropy-weighted method
and the TOPSIS method; the entropy-weighted method first standardizes each index and
calculates the weight value of each evaluation index, and then further calculates the weight
value of entropy weight and uses the weight value of entropy weight to multiply by the
standardized original data to obtain the new data value. Using the new data values for
the TOPSIS method for calculation, the Ci value of each ideal solution of the proximity
procedure of each evaluation object is finally obtained so as to judge and measure the
superiority and inferiority ranking of the evaluation object. The specific calculation process
can be referred to in the literature [29,30]. The analysis process is as follows:

(1) An evaluation index matrix of leaf and soil C, N, and P contents, as well as yield
attributes of Sapindus indica under different fertilization treatments, was established
as follows.
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X =

⎡
⎢⎢⎢⎢⎢⎣

X11 · · · X1j · · · X1m

· · · · · · · · ·
Xi1 · · · Xij · · · Xim

· · · · · · · · ·
Xn1 · · · Xnj · · · Xnm

⎤
⎥⎥⎥⎥⎥⎦ (1)

where Xij is the j indicator value of the i treatment of the original data (i = 1, . . ., n;
j = 1, . . ., m), n is the number of treatments (n = 14), and m is the number of evaluation
indicators (m = 10).

(2) Standardization of evaluation indicators to harmonize the types and dimensions of
each indicator, with the following formula.

For positive indicators, use the following formula:

X′
ij =

Xij − max
(
X1j, X2j, . . . , Xij

)
max

(
X1j, X2j, . . . , Xij

)− min(X1j, X2j, . . . , Xij)
+ 1 (2)

For negative indicators, use the following formula:

X′
ij =

max
(
Xij, X2j, . . . , Xij

)− Xij

max
(
Xij, Xij, . . . , Xij

)− min(X1j, X2j, . . . , Xij)
+ 1 (3)

where Xij is the j indicator value for the i treatment (i = 1, . . ., n; j = 1, . . ., m) and X’ij is
the normalized Xij.

(3) The proportion of the j indicator represented by the i treatment (Pij) is calculated
as follows:

Pij =
X′

ij

∑n
i=1 Xij

(4)

(4) The entropy value ej of the j indicator is calculated as follows:

ej = −

n
∑

i=1
Pijln (Pij)

ln n
(5)

(5) The coefficient of variation gj for the j indicator is calculated as follows:

gi = 1 − ej (6)

(6) The weight Wj of the j indicator is calculated as follows:

Wj =
gi

∑m
i=1 gi

(7)

(7) A weighted normalized decision matrix (R) is formed from the normalized decision
matrix X = (X’ij)14 × 10 and the weight vector W = (w1, w2, w3, . . ., w14).

R = (Rij)m×n = (WjXij)m×n (8)

(8) Determine the optimal solution Zij
+ and the worst solution Zij

− to form the optimal
vector Z+ and the worst vector Z−, respectively.

Z+
ij = (maxR+

i1, maxR+
i2, maxR+

i3, . . . , maxR+
i10) (9)

Z−
ij = (maxR−

i1, maxR−
i2, maxR−

i3, . . . , maxR−
i10) (10)
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(9) Determination of Euclidean spatial distances D+ and D− between 14 fertilization
treatments and the worst solution.

D+
j =

√
∑m

j=1

[
wj × (rij − Z+

ij )
]2

(11)

D−
j =

√
∑m

j=1

[
wj × (rij − Z−

ij )
]2

(12)

(10) Calculate the comprehensive evaluation value Ci of each treatment, i.e., calculate the
closeness of the evaluation object to the optimal program as follows:

Ci =
D−

i
D+

i + D−
i

(13)

4.6. Statistics and Analysis of Data

Data were organized using Microsoft Office 2010 and analyzed using IBM SPSS
Statistics 21.0. One-way Analysis of Variance (ANOVA) and Least Significant Difference
(LSD) tests or Tukey’s Honestly Significant Difference (HSD) tests were performed to
compare indicators between different treatment groups, with comprehensive analysis and
visualization implemented in Python 3. Pearson correlation analysis was used to assess the
associations among leaf, soil, and microbial C, N, and P contents and their stoichiometric
ratios. Redundancy analysis (RDA, the gradient length < 3) was performed using Canoco5
to screen key soil factors that affect leaf nutrient factors. The PLS–PM method was used
to evaluate factors influencing the yield of Sapindus saponaria by the plsdepot (version
0.2.0) and seminr (version 2.3.4) packages in R (version 4.3). The model’s goodness of fit
was assessed using the following established thresholds: normed fit index (NFI) > 0.90
and standardized root mean square residual (SRMR) < 0.08, in accordance with Hu and
Bentler’s [76] dual-criteria approach. Additionally, the stability of path coefficients was
evaluated through a bootstrap analysis with 1000 resamples, employing 95% bias-corrected
confidence intervals to test statistical significance.

5. Conclusions

This research delved into how balanced nitrogen–phosphorus–potassium (N–P–K)
fertilization impacted the nutrient changes in the leaves, the soil, and the soil microbial
biomass, along with the yield of the ‘Yuanhua’ variety of Sapindus saponaria. The results
demonstrated that different fertilization treatments significantly enhanced leaf and soil nu-
trient contents and soil microbial biomass C, N, and P levels. Utilizing the entropy-weighted
TOPSIS model, the N2P2K2 treatment (600 kg·ha−1 N, 500 kg·ha−1 P, and 400 kg·ha−1 K)
was identified as the optimal fertilization strategy for maximizing both nutrient content
and yield. The best fertilization strategy for this area is to apply N, P, and K to the soil.
Applying fertilizers with appropriate N–P–K ratios can remarkably elevate C, N, and P
contents of leaf-soil microbes in Sapindus saponaria stands and boost the yields of Sapindus
saponaria. Soil TP, TN, and SOC contents significantly affected leaf nutrient characteristics.
Fertilizer application indirectly affected leaf nutrient content by changing soil properties,
which in turn had a significant effect on Sapindus saponaria yield, especially total soil and
leaf P content, which were the main contributors to the yield of Sapindus saponaria, and the
microbial entropy of soil microorganisms regulated microbial biomass stoichiometric ratios,
which further affected Sapindus saponaria yield either directly or indirectly. We propose that
in the future, investigators should carry out a further examination of the variations in the
functional aspects of the microbial community that occur due to the various fertilization
treatments and their potential mechanisms of influence on Sapindus saponaria yield. Consid-
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ering that fertilizer application affects soil properties to significantly influence microbial
characteristics, which in turn exacerbates or alleviates P limitation and affects plant growth
and development, it is reasonable to scientifically formulate fertilizer application strategies
to improve soil quality and reduce environmental pollution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants14091360/s1, Figure S1: Effect of different fertilization
treatments on fruit yield of Sapindus indicus; Figure S2: Location of the experimental site and
experimental design of different NPK treatments; Table S1: RDA of leaf nutrient content influenced by
soil properties in different soil layers under different fertilization treatments; Table S2: The contents
of soil QC, QN, and QP under different fertilization treatments and soil layers.
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Abstract: This study investigated the effects of macronutrient type and concentration on the
biomass yield and biochemical composition of hydroponically grown wheat sprouts (HWS),
with the aim of identifying fertilization strategies that optimize both productivity and feed
quality. HWS were cultivated using a nutrient film technique over a 7-day period under
controlled environmental conditions, with treatments including calcium nitrate (CN1–
CN3), potassium phosphate (CP1–CP3), potassium sulfate (CK1–CK2), and a balanced
NPK 20–20–20 fertilizer (NPK1–NPK3), each applied at three increasing concentrations.
The quantitative parameters assessed included biomass yield per unit of dry seed (DP, kg
kg−1) and dry matter content (DM, %), while qualitative traits included crude protein (CP),
ether extract (EE), crude fiber (CF), and ash content. Results indicated that balanced NPK
fertilization significantly enhanced performance, with NPK3 achieving the highest biomass
yield (6.39 kg kg−1), CP (24.26%), CF (5.63%), and ash (16.0%) content. In contrast, CN3
treatments reduced yield (4.84 kg kg−1) despite increasing CP (19.65%), indicating trade-
offs between nitrogen enrichment and vegetative expansion. Phosphorus-based treatments
(CP2–CP3) improved nutrient density without suppressing yield. Regression analyses
revealed strong correlations between DM and both CF (R2 = 0.81) and ash (R2 = 0.71),
supporting their utility as indirect indicators of feed quality. EE content remained stable
(2.07–2.67%) across all treatments, suggesting its limited responsiveness to macronutrient
manipulation. These findings highlight the importance of nutrient synergy in hydroponic
systems and provide a practical framework for tailoring fertilization regimes to meet
specific agronomic and nutritional objectives in precision livestock feeding and provide
practical guidance for optimizing hydroponic livestock feed production.

Keywords: hydroponic forage production; precision livestock feeding; nutrient optimization;
feed quality; alternative feed systems

1. Introduction

Feeding the world’s growing population is becoming an increasingly complex chal-
lenge. As demand for meat, dairy, and other animal products rises, pressure increases on
agricultural systems to deliver not just more feed, but feed that is sustainable, nutritious,
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and produced with fewer natural resources. Traditional forage crops, such as alfalfa and
maize silage, continue to play a major role in livestock diets, but their reliance on fertile
land, intensive water use, and seasonal conditions makes them vulnerable to supply fluctu-
ations and environmental concerns [1,2]. At the same time, the carbon footprint associated
with large-scale forage production remains a significant issue [3], and as climate change
accelerates, agriculture must adapt [4].

One promising approach that has gained attention in recent years is hydroponic culti-
vation [5]. Unlike conventional farming, hydroponics allows plants to grow without soil,
offering a controlled environment where water and nutrient use can be carefully managed.
Studies show hydroponic systems can decrease water usage by up to 90% while drastically
reducing land requirements [6,7]. This technology enables efficient fodder production in
environments where conventional agriculture is constrained—such as arid regions with lim-
ited water availability or space-restricted settings like peri-urban or controlled environment
systems [8,9].

Among the crops suited for hydroponic production, wheat sprouts (HWS) stand out.
They grow quickly, reaching harvest in just 7 to 10 days, and offer a dense package of
crude protein, minerals, antioxidants, and bioactive compounds [10,11]. Their nutritional
profile, combined with high digestibility, has made HWS a strong candidate as an alter-
native forage, particularly for ruminants. Research also points to HWS improving rumen
efficiency and reducing methane emissions, adding environmental benefits to their list of
advantages [12,13].

However, in hydroponic systems, plants are entirely dependent on the nutrient so-
lution supplied for their growth and development. This makes the composition of that
solution critical—not only for maximizing biomass but also for tailoring the nutritional
qualities of the final product. Key macronutrients like nitrogen (N), phosphorus (P), and
potassium (K) are fundamental to plant function. N is vital for protein and amino acid
synthesis; P is involved in energy metabolism and structural integrity; and K supports
enzyme activity, osmotic regulation, and stress tolerance [14,15].

Despite these well-known roles, relatively little research has been performed to explore
how varying the balance and concentration of N, P, and K specifically affects both the yield
and the feed quality of HWS. Most previous studies have looked either at biomass alone or
at the effect of individual nutrients, rather than considering their interactions [16,17]. In
practical animal nutrition, the value of a feed source is determined not solely by its biomass
yield, but also by its internal composition, specifically the concentrations of crude protein,
fiber, minerals, and its overall digestibility. Also, future studies will include detailed
mineral and ionic composition analysis to better assess feed quality.

An additional complexity arises from the fact that the augmentation of a single nutrient
can result in trade-offs, potentially enhancing certain plant traits while adversely affecting
others. For instance, adding more nitrogen might boost protein content, but could also
suppress lipid accumulation. Similarly, an excess of potassium can raise fiber content,
which might hurt digestibility if it goes too far [18,19]. These interactions mean that simply
maximizing one nutrient will not necessarily produce the best overall feed.

Considering this, the current study was undertaken to evaluate how different fertiliza-
tion regimes, applying nitrogen, phosphorus, and potassium alone and in combination,
influence the biomass production and biochemical composition of HWS. It was hypoth-
esized that both the type and concentration of macronutrient fertilizers would have a
significant impact on the quantitative yield and composite quality of HWS. Furthermore,
the study investigated whether the relationships between nutrient concentrations and plant
responses exhibited linear or non-linear trends, with the objective of identifying threshold
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levels beyond which additional fertilizer inputs fail to yield significant benefits and may
even negatively impact feed quality.

The main hypothesis of this study was that both the type and concentration of
macronutrient fertilizers would have a significant impact on the quantitative yield and
composite quality of HWS. It was also aimed to identify and demonstrate that targeted
nutrient modulation can be used to direct plant development towards desirable traits, such
as higher protein, fiber content, or increased yield. These traits are particularly important
in precision agriculture and livestock systems, which require both efficiency and nutritional
adequacy. By addressing these questions, this research seeks to support the development
of nutritionally optimized hydroponic feed systems that align with both economic and
environmental goals in modern livestock production.

2. Materials and Methods

The studies were conducted in 2023–2025 at the Agricultural Machines Technological
Process Research Laboratory of Vytautas Magnus University Agriculture Academy, Lithuania.

2.1. Hydroponic System Setup

Scientific research was carried out using specialized equipment adapted to hydroponic
cultivation and scientific research—HWS cultivation stand HAS1 (Figure 1).

 
Figure 1. (a) HWS cultivation stand HAS1 and (b) HWS during cultivation.

Its structure (2150 × 1400 × 1400 mm) was constructed from extruded aluminum
profiles. The interior of the bench houses a unit for HWS cultivation and measurement,
featuring four growth trays (Figure 2), each sized 1000 × 225 × 70 mm. Each tray offers
a growing space of 0.9 m2. The nutrient film technique (NFT) was chosen as the nutrient
solution supply system. The core mechanism of the NFT involves technologically inclining
the growth trays at a predetermined angle, denoted as α, to facilitate the delivery of the
nutrient solution to the plants. This configuration leverages the disparity in potential energy
to induce a gravitational flow of the nutrient solution across the plant roots arrayed along
the inclined plane. This ensures an efficient distribution of humidity, oxygen, and nutrients
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essential for plant growth. Subsequently, the solution flows to the lowest part of the shelf,
where it is either directed towards waste management systems or subjected to purification
and recycling processes for further use. In this empirical study, the nutrient solution that
passed through the roots was discharged into the sewer and not reused to reduce as much as
possible the growth of various pathogens and the imbalance of nutrients. This hydroponic
cultivation methodology is extensively utilized for a wide spectrum of agricultural crops,
demonstrating pronounced effectiveness for species necessitating shorter growth periods,
such as lettuce and various leafy vegetables [20]. The NFT system is flexible and beneficial
for the environment, making it great for innovative farming methods. It helps save water
and uses nutrients wisely, promoting water conservation and nutrient efficiency.

Figure 2. Growth trays and seed spreading parameters in the HAS1 stand. A1–A4—slope angle α

(%), Y1–Y4—thickness of spread seeds (mm), X—length of spread seeds (mm), X1 and X2—distance
from the edges of the growth trays (mm).

The slope angle α of the HAS1 stand growth trays was set at 6.5% [21]. Other pa-
rameters indicated in Figure 2 were chosen as follows: the thickness of the spread seeds
Y1–Y4—30 mm, the length X—825 mm, and the distances from the edges of the growth
trays X1 and X2—85 mm each (Figure 2).

2.2. Hydroponic Wheat Sprouts Growth Parameters

To accurately assess the effects of different fertilization strategies on HWS, it is es-
sential to establish a controlled and standardized growth environment. The following
section outlines the key cultivation parameters maintained during the experiment, ensuring
reproducibility and minimizing external variability that could influence biomass yield or
biochemical composition.

2.2.1. Microclimate

The temperature throughout the growth cycle was dependent on the temperature of
the laboratory room containing the HAS1 stand. The relative humidity of the environment
in the growth chamber was controlled (<60%) with an installed air extraction and intake
system and monitored. The concentration of CO2 in the HAS1 stand was continuously
monitored throughout the growth cycle to observe plant respiratory activity. No external
CO2 supplementation was applied, and ambient levels were maintained without artificial
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control. This allowed the study to capture natural variations in CO2 concentration resulting
from plant metabolism. All microclimatic parameters are presented in Table 1 that presents
the average environmental parameters recorded during the growth cycle for each treatment,
including temperature, relative humidity, CO2 concentration, and vapor pressure deficit
(VPD), all of which remained within controlled ranges, with slight variations due to
treatment-specific irrigation activity and plant transpiration rates.

Table 1. Dynamic parameters of empirical research.

Temperature, ◦◦◦C Humidity, % CO2, ppm VPD *

Control 21.87 ± 0.05 37.88 ± 0.26 591.58 ± 2.26 1.616 ± 0.008
CN1 21.69 ± 0.05 47.56 ± 0.24 605.96 ± 2.54 1.349 ± 0.008
CN2 21.26 ± 0.05 44.2 ± 0.21 601.91 ± 2.68 1.396 ± 0.007
CN3 20.95 ± 0.05 34.84 ± 0.38 616.35 ± 3.02 1.602 ± 0.011
CP1 20.49 ± 0.05 45.73 ± 0.59 609.26 ± 2.78 1.31 ± 0.005
CP2 21.18 ± 0.05 48.78 ± 0.52 642.97 ± 2.77 1.29 ± 0.008
CP3 20.67 ± 0.05 49.78 ± 0.26 636.68 ± 3.78 1.23 ± 0.006
CK1 21.13 ± 0.05 41.82 ± 0.35 589.69 ± 3.01 1.46 ± 0.006
CK2 21.14 ± 0.05 47.62 ± 0.62 630.42 ± 2.12 1.31 ± 0.007
CK3 21.47 ± 0.05 42.62 ± 0.57 633.76 ± 3.59 1.47 ± 0.008

NPK1 20.57 ± 0.05 56.96 ± 0.28 624.91 ± 3.16 1.04 ± 0.008
NPK2 20.46 ± 0.05 40.76 ± 0.71 648.26 ± 3.43 1.43 ± 0.008
NPK3 21.18 ± 0.05 43.86 ± 0.42 591.43 ± 2.23 1.41 ± 0.005

* Vapor pressure deficit.

2.2.2. Lighting, Photoperiod, and Irrigation Strategy

The HWS growing stand HAS1 is equipped with a smart light emitting diode (LED)
plant lighting system, which can create up to 1500 (μmol m−2) s–1 of photosynthetically
active radiation flux density (PAR), which can be adjusted, as well as changing the light
spectrum and duration (photoperiod). The intensity and color spectrum of the light could
be modified to accommodate the specific needs of a plant variety, its stage of development,
and desired growth outcomes. LEDs offer notable benefits over conventional plant growth
lighting options, such as fluorescent lights, including higher efficiency in turning electricity
into usable light and emitting less heat [22]. Since this study did not analyze various recipes
of the light spectrum and, in general, the influence of light on the cultivation of HWS, a
full spectrum (380–780 nm) light was chosen. Regarding the PAR and lighting duration, a
light flux of 250 (μmol m−2) s–1 and a 12 h photoperiod were selected (from 8:00 a.m. till
8:00 p.m.).

Regarding the irrigation of HWS, a flow rate of 2 L min–1 of the nutrient solution
was chosen so that the HWS and seeds receive a sufficient amount of water, nutrients,
and oxygen, but at the same time, due to the high flow rate, especially in the first days of
growth, the seeds would not be washed to the lowest part of the growth tray. Since the
supply of nutrient solution was in all cases 8 times day–1 and irrigated for 60 s, the total
amount of water per growth tray day–1 was 16 L.

2.2.3. Preparation of Seeds and Cultivation of Hydroponic Wheat Sprouts

Spring wheat (Triticum aestivum L.) seeds of the Scirocco variety were used for an
empirical study. Prior to testing, seed germination was determined using the moistened
tissue method [23], and it was 98.1 ± 2.2%. Before starting each growth period, it is
important to clean the seeds and the HAS1 stand to reduce the spread of diseases as much
as possible. Sodium hypochlorite (NaOCl) solution was used to disinfect both the seeds
and the surfaces of the HAS1 system. For seed disinfection, a 2% NaOCl solution was used,
with seeds soaked for 10 min. For surface disinfection of the HAS1 system, a stronger 20%
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NaOCl solution was applied with a shortened exposure time of 5 min. After disinfection,
the seeds and equipment surfaces were thoroughly rinsed with clean water to remove all
the disinfectants. Disinfection of the seeds was followed by their soaking phase. During the
seed soaking process, the seeds were immersed in tap water for a period of 24 h, allowing
them to absorb moisture and begin the germination process. This procedure activates
enzymes in the seeds that break down complex nutrients into simpler forms that are more
easily absorbed by plants. In addition, soaking helps to soften the seed coat, promoting
faster and more uniform germination. It also helps identify which seeds are likely to
germinate because healthy seeds sink in water, while bad ones tend to float. Soaking
ensures all seeds begin sprouting at the same time, leading to even growth.

After disinfection and soaking, the wheat seeds were sown manually onto each growth
tray. A total of 1.55 kg of soaked seeds, equivalent to 1.00 kg of dry seeds, was used per tray.
This corresponds to a seeding density of approximately 1.72 kg/m2 (dry seed basis), given
each tray’s growing area of 0.9 m2. The soaked seed mass was determined based on pre-trial
water absorption tests and standardized to ensure consistent germination and sprouting.
The seed layer thickness was approximately 30 mm, as defined by the cultivation protocol.
This seeding rate allowed uniform distribution and optimal conditions for hydroponic
sprout development.

2.2.4. Nutrient Solution

To evaluate the influence of different fertilizer types and concentrations on the quanti-
tative and qualitative characteristics of HWS, a series of nutrient solutions were prepared
using four common fertilizers: calcium nitrate (Ca(NO3)2), potassium phosphate (KH2PO4),
potassium sulfate (K2SO4), and a balanced NPK 20-20-20 compound fertilizer. These com-
pounds were selected based on their widespread use in hydroponic nutrient formulations,
including Hoagland-type solutions, to isolate and compare the effects of nitrogen, phos-
phorus, potassium, calcium, and sulfur on plant development. Each fertilizer was tested
at three concentration levels, coded as CN1–CN3, CP1–CP3, CK1–CK3, and NPK1–NPK3,
respectively. These concentrations were selected based on published ranges used in hydro-
ponic fodder cultivation and our preliminary optimization trials.

The nutrient solutions were prepared using 800 L of tap water per growth cycle.
Prior to fertilizer addition, the physicochemical properties of the water were assessed to
ensure compatibility with hydroponic systems. Tap water had a pH range of 7.3–7.7 and
an electrical conductivity of 0.643 ± 0.015 μS/cm (Table 2). Key ions included chloride
(16–18 mg/L), sulfate (24.9 mg/L), and sodium (11.0 mg/L), while nitrate and ammonium
levels were below quantification limits. Although deionized water is recommended for
controlled nutrition studies, untreated tap water was used to reflect practical, real-world
hydroponic conditions. The low baseline ion concentrations were accounted for in the
treatment design. These values complied with EU drinking water standards and did not
necessitate pre-treatment. However, to optimize nutrient availability in the hydroponic
environment, the pH of the water was adjusted from its natural range to 5.8–6.0 using
nitric acid before the preparation of nutrient solutions. Fresh nutrient solutions were
prepared prior to each growth cycle to prevent nutrient degradation or cross-contamination
between treatments.

The calcium nitrate treatments (CN1–CN3) supplied nitrogen in the form of nitrate
(NO3

−) alongside calcium (Ca2+), with concentrations ranging from 100 to 300 mg L−1

of nitrogen and 143 to 429 mg L−1 of calcium. The potassium phosphate treatments
(CP1–CP3) delivered phosphorus (H2PO4

−) and potassium (K+) in concentrations ranging
from 100 to 300 mg L−1 of phosphorus, corresponding to 126 to 378 mg L−1 of potassium.
Potassium sulfate treatments (CK1–CK3) provided potassium and sulfur (SO4

2−), with
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potassium ranging from 100 to 300 mg L−1 and sulfur from 18 to 54 mg L−1. Lastly,
the NPK compound fertilizer treatments (NPK1–NPK3) included a mixture of nitrogen
forms (NO3

−, NH4
+, and NH2), phosphorus, and potassium, at respective concentrations

of 100 to 300 mg L−1 nitrogen, 43.6 to 130.8 mg L−1 phosphorus, and 83 to 249 mg L−1

potassium. The pH of the nutrient solution was adjusted and maintained between 5.8 and
6.2 throughout the growing cycle to ensure optimal nutrient availability.

Table 2. Nutrient concentrations in solution and physicochemical properties of fertilizer treatments.

Nutrients Concentration in Solution, mg L–1 EC pH

Control * – – 0.643 ± 0.015 5.8–6.0
N (NO3− ) Ca2+

C
a(

N
O

3)
2 CN1 100 143 1.316 ± 0.061 5.8–6.0

CN2 200 286 2.070 ± 0.220 5.8–6.0
CN3 300 429 2.928 ± 0.086 5.8–6.0

P (H2PO4− ) K+

K
H

2P
O

4 CP1 100 126 0.782 ± 0.029 5.8–6.0
CP2 200 252 0.913 ± 0.059 5.8–6.0
CP3 300 378 1.045 ± 0.088 5.8–6.0

K+ S (SO42− )

K
2S

O
4 CK1 100 18 0.940 ± 0.060 5.8–6.0

CK2 200 36 1.228 ± 0.120 5.8–6.0
CK3 300 54 1.518 ± 0.175 5.8–6.0

N
PK

20
-

20
-2

0

N (NO3− , NH4+ , NH2) P (H2PO4− ) K+

NPK1 100 43.6 83 1.600 ± 0.124 5.8–6.0
NPK2 200 87.2 166 2.551 ± 0.248 5.8–6.0
NPK3 300 130.8 249 3.489 ± 0.371 5.8–6.0

* Tap water.

2.2.5. Investigated Quantitative and Qualitative Parameters

Quantitative and qualitative parameters were observed and recorded in this study. As
for the quantitative parameters, the main ones were the yield potential of germinated seeds
DP (kg kg–1) (i.e., the yield from one kilogram of dry seeds) and the proportion of dry matter
(LST ISO 712:2010 [24]) in the feed (%) after a 7-day growth cycle. The DP was recorded
using a Flintec PB7.5 (C3 accuracy (0.023%) class) load cells (Flintec Inc., Hudson, MA,
USA). The sensor’s signals were amplified using Laumas TLB485 digital-analog weight
transmitter (24-bit analog to digital converter, 4.8 kHz) (Laumas, Parma, Italy).

The following criteria were used to evaluate the qualitative parameters of HWS:
crude protein (%)—ISO 20483:2006 [25], crude fiber (%)—ISO 6865:2000 [26], ash (%)—ISO
5984:2022(E) [27], ether extract content (%)—AOAC 920.39-1920/LST ISO 1443 [28].

2.3. Statistical Analysis

Each treatment was conducted with four replicates (n = 4) in a completely random-
ized design (CRD), with tray positions randomly assigned within the growth chamber to
minimize environmental variability, and the duration of each growth cycle was 7 days.
Samples were collected at the end of each cycle between 8:00 and 9:00 a.m. to minimize
diurnal variation. Data was analyzed using analysis of variance (ANOVA) with Statistica
10.0 statistical software. The post hoc test for the significant difference (R0.05) was used
to compare the arithmetic means of the data. R0.05 was calculated with a 95% level of
confidence [29].
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3. Results and Discussion

The results revealed that nutrient composition, not just concentration, was the main de-
terminant of productivity and compositional outcomes. High levels of nitrogen or calcium
did not necessarily improve biomass yield, and in some cases led to physiological stress
or suboptimal resource allocation. These findings highlight the importance of balanced
fertilization strategies and highlight the risks of overly simplistic nutrient supplementation,
especially in closed-loop hydroponic systems where the system’s ability to resist changes
in nutrient concentration, pH, or ionic balance when external inputs are added is limited.

Although HWS cultivation has been widely explored in recent years, few studies
have simultaneously evaluated such a broad spectrum of physiological and biochemical
parameters under controlled conditions.

3.1. Biomass Yield and Dry Matter Content Response to Fertilization

After extensive experimental studies, it became evident that the nutrient composi-
tion played a pivotal role in shaping both biomass yield and dry matter content. The
control treatment (tap water), which received no supplemental macronutrients, produced
5.18 ± 0.22 kg kg–1 DP, with a DM content of 13.30%. The relatively high biomass yield in
the control group can be explained using endogenous seed reserves, which support initial
sprout development even in the absence of external macronutrient supplementation. This
baseline allowed for comparative evaluation of the various fertilization regimes.

Among the tested treatments, calcium nitrate application revealed a distinct non-linear
effect on growth. While the lowest concentration (CN1) slightly enhanced biomass pro-
duction, higher concentrations (CN2 and CN3) led to significant reductions, accompanied
by elevated DM content (Figure 3). This pattern suggests that moderate nitrate levels
support vegetative expansion [30], but excessive concentrations may impose osmotic or
oxidative stress, potentially due to nitrate accumulation and the ATP-intensive demands
of nitrate reduction [31]. Importantly, this growth reduction is more plausibly attributed
to nitrate-specific stress—including osmotic load and energy demand—rather than to a
general nutrient deficiency. In this short-cycle hydroponic system, the seedlings rely pri-
marily on internal seed reserves, and the solution was purposefully unbalanced to isolate
the effects of individual macronutrients. Thus, the observed effects reflect excess nitrate,
not the absence of other nutrients, and demonstrate the limits of applying Liebig’s Law
in such early growth contexts. In addition, increased calcium availability may inhibit cell
elongation by reinforcing pectin cross-linking within the cell wall matrix [32], thereby
limiting volumetric growth despite higher tissue density.

In contrast, treatments with potassium phosphate (CP1–CP3) consistently promoted
biomass accumulation across all tested concentrations, while maintaining relatively stable
DM percentages (Figure 3). This uniform increase implies that biomass gains stemmed
from effective tissue accumulation rather than water-driven expansion [33]. The synergistic
effects of phosphorus, essential for ATP synthesis and nucleic acid formation, osmotic
regulation, and enzymatic activation, led to sustainable and efficient biomass growth [34].

Potassium sulfate (CK1–CK3) treatments presented a more moderate response.
Biomass increased by up to 8.3% under CK2, with minimal change in DM%, indicating a
subtler but positive metabolic enhancement. Sulfur, incorporated into essential amino acids
such as methionine and cysteine, contributes to protein synthesis and cellular function,
while potassium continues to support energy-efficient carbon assimilation [35]. Although
less dramatic than NPK or phosphate treatments, these findings highlight how potassium
and sulfur can fine-tune metabolic efficiency, especially under specific environmental or
developmental conditions.
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Figure 3. Effect of different calcium nitrate (a) and potassium phosphate (b) concentrations on
biomass yield DP and dry matter content DM of HWS. Any two samples with a common letter are
not significantly different (p < 0.05), as assessed using the least significant difference.

Notably, the most pronounced increases in DP were recorded under NPK fertilization.
NPK2 and NPK3 treatments enhanced biomass by 16.0% and 19.7%, respectively, with only
modest increases in DM% (Figure 4). These results underscore the critical role of nutrient
synergy, where simultaneous provision of nitrogen, phosphorus, and potassium supports
both expansive growth and compositional integrity. The observed results likely reflect
coordinated physiological processes such as increased nutrient uptake, hormonal balance,
and synchronized cell division and elongation, culminating in high productivity without
the typical trade-offs associated with dilution effects.

Figure 4. Effect of different potassium sulfate (a) and NPK 20–20–20 (b) concentrations on biomass
yield, DP, and dry matter content, DM, of HWS. Any two samples with a common letter are not
significantly different (p < 0.05), as assessed using the least significant difference.

Regression analysis further highlighted these dynamics. A strong inverse correlation
between biomass yield and DM% (R2 = 0.86) was observed (Figure 5), aligning with the
well-established dilution effect in rapidly expanding tissues. NPK treatments deviated
from this trend, suggesting that balanced nutrition can decouple this relationship to some
extent, enabling robust growth without compromising tissue density. Treatments that
induced physiological stress, such as CN3, exhibited reduced biomass yet elevated DM%,
likely reflecting increased osmolyte or structural carbohydrate accumulation (Figure 3).
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Figure 5. Linear regression between dry matter content (DM, %) and biomass yield (DP, kg kg−1)
across all fertilizer treatments.

These physiological insights hold practical significance for feed production systems.
High-yield scenarios appear best supported by balanced fertilization strategies, particularly
those incorporating complete NPK blends (e.g., NPK3). However, treatments such as CP2
and CK2 may offer strategic advantages when the production goal shifts toward improving
nutrient density or digestibility per unit mass. Thus, the choice of fertilization regime
can be tailored to align with distinct agronomic or nutritional objectives. Importantly, the
observed trade-offs reinforce the value of adaptive nutrient management practices that
integrate ongoing compositional monitoring to optimize both productivity and feed quality.

3.2. Effect of Fertilization on Feed Quality Parameters

Beyond DP (kg kg–1) and DM (%), the nutritional value of HWS is defined by its
compositional profile. This empirical study focused on four primary feed quality metrics:
crude protein (CP), ether extract (EE), crude fiber (CF), and ash. Each of these parameters
responds differently to nutrient availability, reflecting distinct metabolic and developmental
pathways. Understanding their response to fertilization is crucial for designing nutrient
strategies that optimize both growth and feed quality.

3.2.1. Crude Protein and Ether Extract

Crude protein is a key metric for evaluating the nutritional quality of HWS, as it
reflects the plant’s capacity to assimilate nitrogen and synthesize amino acids and struc-
tural proteins [36]. In the control group, CP content was 16.33%, which corresponds to
baseline levels observed in unfertilized HWS (Figure 6). The application of calcium nitrate
significantly increased CP, peaking at 19.65% in CN3. However, this rise was accompanied
by a reduction in biomass, indicating a negative trade-off between nitrogen loading and
overall growth. This phenomenon is likely a consequence of metabolic imbalance: excessive
nitrate can induce energy-demanding reduction processes, resulting in an accumulation
of unused amino acids, increased oxidative stress, and reduced allocation of resources to
structural expansion [37].

Regression analysis revealed a curvilinear relationship between CP and biomass yield
(DP), with CP initially increasing alongside biomass, followed by a plateau and eventual
decline at the highest yield levels (Figure 7). This pattern confirms the classical ‘dilution
effect’, where the protein concentration decreases due to disproportionate accumulation of
water and carbohydrates in rapidly expanding tissues [38]. The mechanism underlying this
effect involves carbon–nitrogen metabolic uncoupling under accelerated growth, where
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structural and storage proteins cannot be synthesized at a rate sufficient to maintain
proportional increases in CP.

Figure 6. Effects of different calcium nitrate (a) and potassium phosphate (b) concentrations on crude
protein CP and ether extract EE content of HWS. Any two samples with a common letter are not
significantly different (p < 0.05), as assessed using the least significant difference.

Figure 7. Relationships between biomass yield (DP, kg kg−1) and (a) crude protein (CP, %) and
(b) ether extract (EE, %) contents across all fertilizer treatments.

NPK3 exhibited the highest CP content (24.26%) while also supporting maximal
biomass production, illustrating that nutrient synergy is essential for the simultaneous
optimization of yield and compositional quality (Figure 8). Phosphorus enhances en-
ergy metabolism via ATP synthesis, enabling efficient protein assembly and nucleic acid
replication [39]. Potassium plays a pivotal role in maintaining turgor pressure, enzyme
activation, and regulation of pH and ion gradients, all of which support sustained metabolic
throughput and nitrogen assimilation [40].

The intermediate variants CP2 and NPK2 showed high CP levels with moderate
biomass, resulting in dense, protein-rich tissues (Figures 6 and 8). These treatments present
a valuable compromise for systems where feed quality is prioritized over sheer yield.
From a nutritional standpoint, such profiles may improve feed conversion efficiency in
livestock by providing concentrated protein per unit of dry matter. These results suggest
that CP should be interpreted in context, considering mass and density, rather than as
a stand-alone metric. Further physiological insights can be drawn by considering root
architecture and nutrient uptake dynamics. It is likely that balanced fertilization not only
improved internal biochemical processes but also supported root surface area development
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and ion transporter activity. Such mechanisms would further enhance nitrogen uptake and
assimilation efficiency, explaining the superior CP outcomes in NPK treatments (Figure 8).

Figure 8. Effect of different potassium sulfate (a) and NPK 20–20–20 (b) concentrations on crude
protein CP and ether extract EE content of HWS. Any two samples with a common letter are not
significantly different (p < 0.05), as assessed using the least significant difference.

Ether extract, representing lipid content, remained relatively stable across treatments
(2.07–2.67%), and this lack of variability suggests that lipid metabolism in early vegetative
stages of wheat is tightly regulated and not easily influenced by external nutrient avail-
ability. Cereals typically synthesize lipids during reproductive phases [41]; therefore, the
early-stage hydroponic environment may not provide the developmental triggers necessary
for lipid accumulation. This hypothesis is supported by weak correlations between EE
and both biomass and dry matter content (R2 < 0.25). Despite the low responsiveness, EE
remains an important metric for energy value in feed. Its stability ensures a predictable
contribution to feed energy balance, which is beneficial for ration formulation. However,
any attempts to enhance lipid content through macronutrient fertilization are unlikely to
succeed without modifying environmental factors, growth duration, or introducing genetic
traits associated with higher baseline lipid production. Strategies such as mild salinity,
altered photoperiods, or cultivar selection may offer alternative routes for manipulating
EE content.

In conclusion, CP responded dynamically to nutrient composition and concentration,
confirming its role as a sensitive and integrative indicator of physiological status under
hydroponic conditions. On the other hand, EE remained almost unchanged despite the
different fertilizers applied. This indicates that the amount of lipids is biologically inert; it
remains stable, as it depends largely on the growth phase and genetics, and not on external
fertilizers or environmental conditions. Together, these metrics highlight the importance of
understanding both flexible and stable traits in feed optimization.

3.2.2. Crude Fiber and Crude Ash

Crude fiber content is indicative of plant tissue maturity and structural development.
It encompasses cellulose, hemicellulose, and lignin—compounds that form the primary
and secondary cell walls [42]. In the control group, CF was 1.91%, reflecting minimal cell
wall thickening typical of early-stage wheat (Figure 9). Fertilization has induced significant
increases in CF across all treatments, with marked differences depending on nutrient type.
Calcium nitrate treatments resulted in modest CF increases (e.g., CN3–2.53%), reflecting
nitrogen’s role in supporting cell elongation but not secondary wall deposition. Nitrogen
promotes protein synthesis and cellular expansion, but without adequate phosphorus and
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potassium, the synthesis of wall polymers remains constrained [43]. This limitation results
in tissue that expands volumetrically but lacks commensurate structural reinforcement.

Figure 9. Effect of different calcium nitrate (a) and potassium phosphate (b) concentrations on
crude fiber CF and ash content of HWS. Any two samples with a common letter are not significantly
different (p < 0.05), as assessed using the least significant difference.

Treatments with elevated phosphorus concentrations, particularly CP3 (3.39%), demon-
strated enhanced CF accumulation (Figure 9). Phosphorus is crucial for ATP production,
which drives biosynthesis of complex carbohydrates such as hemicellulose and pectin [44].
Additionally, phosphorus supports cell division in meristematic zones, thereby promoting
tissue differentiation and wall maturation [45].

Potassium sulfate further increased the fiber content (CK3–4.05%), highlighting potas-
sium’s regulatory role in carbohydrate partitioning, enzymatic activity, and osmotic bal-
ance [46] (Figure 10). The contribution of sulfur may also be significant, as it is involved in
the biosynthesis of structural amino acids like cysteine and methionine, which play roles in
lignification and cross-linking of wall proteins.

Figure 10. Effect of different potassium sulfate (a) and NPK 20–20–20 (b) concentrations on crude fiber
CF and ash content of HWS. Any two samples with a common letter are not significantly different
(p < 0.05), as assessed using the least significant difference.

The highest CF value was observed in NPK3 (5.63%), clearly demonstrating the syn-
ergistic action of all three macronutrients. This result indicates that only under balanced
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nutrient supply can the plant simultaneously expand and fortify its tissues. Regression anal-
ysis confirmed a strong positive relationship between CF and DM% (R2 = 0.81), suggesting
that fiber content serves as a reliable proxy for physiological maturity in HWS.

Ash content, representing total inorganic residue post-combustion, is another critical
indicator of nutritional value, reflecting mineral accumulation within plant tissues. In
the control group, the ash content was 9.13%. CN treatments reduced ash levels (e.g.,
CN3 = 7.68%), potentially due to ionic imbalance or competitive inhibition of mineral
uptake by excess nitrate. In contrast, phosphorus and potassium treatments elevated ash
content to over 10%, with the highest values in NPK3 (16.0%). The increase in ash content
under NPK and CP treatments likely reflects improved root function, transporter activity,
and membrane permeability, all of which enhance mineral uptake. Potassium facilitates
the uptake of calcium, magnesium, and micronutrients by stabilizing membrane potential
and activating proton pumps. These physiological improvements result in not only greater
mineral content but also improved distribution within tissues.

Regression between ash and DM% revealed a non-linear trend (R2 = 0.71), with min-
eral accumulation plateauing at high DM values (Figure 11). This suggests a physiological
ceiling beyond which further mineral uptake is constrained by internal regulatory mecha-
nisms, possibly related to vacuolar storage capacity [47], phloem transport limits [48], or
ion toxicity thresholds. Moreover, the concurrent increase in both CF and ash suggests
coordinated metabolic prioritization during tissue maturation. As the plant shifts from
rapid expansion to strengthening and nutrient loading, structural and mineral constituents
are deposited simultaneously. This coordination enhances both mechanical stability and
nutritional density of the feed, making such biomass more suitable for animals requiring
mineral-rich diets.

Figure 11. Relationships between biomass yield (DP, kg kg−1) and (a) crude fiber (CF, %) and
(b) crude ash (%) contents across all fertilizer treatments.

In summary, the CF and ash content are both highly responsive to fertilization, par-
ticularly under balanced nutrient regimes. They offer complementary insights into the
structural and mineral maturation of HWS. Their correlations with DM% and distinct
patterns across treatments underscore their value as diagnostic indicators for both physio-
logical assessment and quality control in precision agriculture systems.

3.3. Practical Implications for Fertilization Strategy

The comprehensive analysis of biomass yield, dry matter accumulation, and feed
quality parameters under varying fertilization regimes reveals insights for optimizing
HWS production. The findings indicate that no single macronutrient guarantees both
high biomass and nutritional quality. Instead, optimal outcomes are achieved through the
combination and concentration of nitrogen, phosphorus, and potassium.
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For producers aiming to maximize biomass yield, the use of balanced NPK fertilization,
particularly at moderate to high concentrations (e.g., NPK2 and NPK3) is recommended.
In contrast, if the production goal is to enhance nutrient density, especially crude protein
or mineral content, phosphorus-dominant regimes (e.g., CP2 or CP3) offer a valuable
alternative. These variants achieved significant improvements in CP, CF, and ash content
while avoiding the dilution effect commonly seen in high-yield systems. Also, the low
responsiveness of the ether extract to fertilization implies that strategies aimed at increasing
lipid content should involve alternative approaches, such as cultivar selection, modification
of growth duration, or controlled stress induction, rather than nutrient manipulation.
Importantly, the strong regression patterns observed between dry matter and both CF and
ash suggest that simple indirect measurements (e.g., DM%) can serve as reliable indicators
of HWS quality traits. This opens the possibility for streamlined monitoring protocols in
commercial systems.

It is worth noting that the biochemical composition of the hydroponic wheat sprouts
obtained in this study suggests specific applications for different livestock categories. From
a nutritional standpoint, the enhanced crude protein (up to 24.26%) and ash content (up
to 16.0%) observed under NPK3 treatment suggest that hydroponic wheat sprouts can
serve as a protein- and mineral-rich supplement in ruminant diets, potentially reducing the
need for additional concentrates or mineral premixes. Moreover, the relatively low crude
fiber content ensures good digestibility, making the sprouts suitable not only for cattle
and sheep but also potentially for monogastric animals when included in balanced rations.
Compared to conventional forages like alfalfa (~18–20% CP) or maize silage (~8–10% CP),
the protein concentration in HWS under optimized fertilization is highly competitive.
These compositional traits highlight the potential of HWS as a high-value, space- and
resource-efficient feed component in precision livestock nutrition systems.

3.4. Limitations of the Study

While the study presents robust evidence on the influence of macronutrient com-
position on biomass and feed quality traits in HWS, certain limitations should be ac-
knowledged. Firstly, the short cultivation period (7 days) may have constrained the full
expression of slower-developing traits, particularly those related to lipid accumulation
and secondary metabolite pathways. Longer growth durations might reveal additional
nutrient effects or temporal shifts in compositional traits such as ether extract or complex
structural carbohydrates.

Secondly, the ash content was assessed as a total inorganic residue, without elemental
differentiation. As such, the specific contributions of individual macro- and micronutri-
ents (e.g., calcium, magnesium, iron, and zinc) remain unresolved. Future studies using
inductively coupled plasma optical emission spectroscopy (ICP-OES) or similar elemental
analysis techniques could clarify the precise mineral dynamics and potential antagonisms
or synergies among elements.

Thirdly, this study was conducted under highly controlled conditions in a growth
chamber, which, while eliminating environmental noise, limits the extrapolation of findings
to commercial-scale systems that involve variable humidity, temperature, and light quality.
Additionally, potential cultivar-specific responses were not addressed, as only one wheat
genotype was tested. Genetic variation may influence nutrient responsiveness, and incor-
porating multiple cultivars would enhance the generalizability of findings. Despite these
limitations, the study provides a solid foundation for further research and optimization in
controlled environment HWS systems.
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4. Conclusions

This study demonstrated that both the type and concentration of macronutrient fertil-
izers significantly influence the biomass yield and nutritional composition of HWS. The
highest biomass yield (6.39 kg kg−1 DP) was achieved under NPK3 treatment, which also re-
sulted in the highest crude protein (24.26%) and crude fiber (5.63%) content, indicating that
balanced fertilization with nitrogen, phosphorus, and potassium promotes both productiv-
ity and feed quality. Excessive calcium nitrate (CN3) led to a reduced yield (4.84 kg kg−1

DP) despite elevated protein levels (19.65%), highlighting a trade-off between nitrogen-
induced protein synthesis and overall vegetative growth. Potassium phosphate treatments,
particularly CP2 and CP3, improved both protein (up to 17.65%) and ash content (10.22%)
without causing yield suppression, suggesting these are effective strategies for enhancing
nutrient density. Regression analyses revealed strong correlations between biomass and
dry matter (R2 = 0.86), and between dry matter and both fiber (R2 = 0.81) and ash content
(R2 = 0.71), indicating these parameters are physiologically linked and can be used for
predictive quality assessments. The relatively unchanged ether extract content (2.07–2.67%)
across all treatments underscores its developmental regulation and limited responsiveness
to macronutrient manipulation. Among all treatments, NPK3 demonstrated the best overall
performance, achieving the highest biomass yield and superior nutritional quality, making
it the most suitable fertilization regime for hydroponic wheat sprout production.

This study contributes a comprehensive perspective by integrating statistical correla-
tions with mechanistic physiological interpretations, providing new insights into nutrient
use efficiency and compositional optimization. It also demonstrates how regression-based
modeling can help predict critical quality traits, enabling data-driven decisions in modern
HWS production systems. Collectively, the findings underscore the importance of nutrient
synergy and targeted fertilization strategies to optimize both yield and compositional qual-
ity in controlled environment HWS systems, providing practical guidance for sustainable
feed production in precision agriculture.
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All authors have read and agreed to the published version of the manuscript.

Funding: This project has received funding from the Research Council of Lithuania (LMTLT),
agreement No. S-ITP-24-10.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The research was not conducted with any commercial or financial relationships
that could be construed as a potential conflict of interest.

References

1. Neto, C.; Catarino, A.; Sobreiro, J.; das Dores, J.; Patanita, M.; Tomaz, A.; Palma, P. Effect of Different Irrigated Crop Successions
on Soil Carbon and Nitrogen–Phosphorus–Potassium Budget under Mediterranean Conditions. Agriculture 2024, 14, 1908.
[CrossRef]

2. Rencricca, G.; Froldi, F.; Moschini, M.; Trevisan, M.; Ghnimi, S.; Lamastra, L. The Environmental Impact of Permanent Meadows-
Based Farms: A Comparison among Different Dairy Farm Management Systems of an Italian Cheese. Sustain. Prod. Consum.
2023, 37, 53–64. [CrossRef]

3. Yang, S.; Mahmood, M.; Baral, R.; Wu, H.; Almloff, M.; Stanton, L.E.; Min, D.; Smiley, B.K.; Iiams, J.C.; Yu, J. Forage Conservation
Is a Neglected Nitrous Oxide Source. PNAS Nexus 2024, 3, 373. [CrossRef]

4. FAO. The State of Food and Agriculture 2021: Making Agrifood Systems More Resilient to Shocks and Stresses; FAO: Rome, Italy, 2021.

192



Plants 2025, 14, 2166
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