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Abstract

Fertilization management is crucial mainly during the walnut training phase in order to
obtain good plant formation, which is essential for guaranteeing future optimal yield. The
aim of the present experiment was to evaluate the effect of different organic amendments
on plant nutritional status and soil fertility in young bearing walnut trees. The experiment
was conducted in 2023 and 2024 on walnut trees of the cultivar Chandler grafted on Juglans
regia, planted in 2021. Since 2023, plants were yearly treated as follows: 1. non-fertilized
control; 2. mineral fertilization; 3. application of municipal solid waste compost; and 4.
application of compost from agri-food chain scraps. Soil amendments were supplied at
the same rate as mineral fertilizer (120 kg N ha~!) in spring on the tree row on a 1.5 m
wide strip, while mineral fertilizer was split in two applications (50% in spring and 50% in
summer). Plant growth, measured with trunk diameter and pruning wood weight, was
enhanced by mineral fertilization, followed by compost, in comparison to the control. Soil
mineral N was too high in relation to plant needs, with a consequent increase in the risk of
nitrate leaching. Organic amendments increased soil nutrient availability, microbial activity,
and carbon concentration, which, in the long term, could provide a positive environmental
effect related to its sequestration into the soil.

Keywords: municipal solid waste compost; compost from agri-food chain scraps; soil
nutrient availability; plant nutritional status; soil microbial activity

1. Introduction

Walnut (Juglans regia L.) is a commercially significant tree species, highly prized for the
nutritional quality of its nuts [1] and its valuable timber. The top producing countries are
China, the USA, and Chile [2]; Europe is in fourth place, with Italy cultivating 6130 ha [3],
with an increasing trend [4] linked to the necessity of finding alternatives to traditional
fruit species like peach and kiwifruit that are suffering from economic and pathological
problems. In Italy, walnut is cultivated across the entire peninsula, from the Alps to Sicily,
from sea level to 1000-1200 m elevation, and the species is well adapted to the range of
environmental conditions characteristic of the country [5].

Walnut is a species with medium-high nutritional requirements, and the correct
management of fertilization is essential both during the growing phase, in order to obtain
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good plant formation, and during the production phase, to ensure both high yields and
good fruit quality during the adult phase.

The intensification of cultivation practices such as weeding, tillage, and excessive use
of chemical fertilizers and pesticides has resulted in various widely recognized negative
environmental impacts such as degraded soil health, environmental pollution, decreased
biodiversity and soil fertility, with organic matter (OM) often showing values below 2%. The
supply of OM could be a possible solution for guaranteeing good plant nutritional status
and, at the same time, restore soil fertility. Indeed, it is well known that the application
of organic amendments improves physical, chemical, and biological properties of soils by
increasing soil water retention, the concentration of organic carbon (C), microbial biomass,
cation exchange capacity, and biological activities [6]. From a chemical point of view,
OM has both a direct and indirect effect on the availability of nutrients for plant growth:
Besides serving as a source of nitrogen (N), phosphorous (P), sulphur (S), and other macro-
and micronutrients through its mineralization, OM has chelating properties that prevent
the insolubilization of elements [6]. An optimal OM content, therefore, is the necessary
prerequisite to ensure optimal plant development in the first years of cultivation and to
manage production performance in the subsequent phases. In addition, OM supply is able
to enhance soil microbial biodiversity and enzyme activity. Furthermore, the increase in
humic substances affects several biochemical pathways in plants, such as increases in root
growth [6] and hormone-like activity [7,8].

In this context, the increasing availability of organic waste from urban and agro-
industrial origin represents an important source of material with fertilizing properties for
agriculture. The composting of organic waste and the use of such amendments in cultivated
soils would, on the one hand, activate virtuous mechanisms of the circular economy of
the territory and, on the other hand, help the restoration of soil fertility and the saving
of water resources due to the increase in OM in the soil. In addition, the use of organic
matrices would reduce the use of chemical fertilizers and, in the long term, could become an
effective action to fight against climate change through the sequestration of C in the soil [9].
The hypothesis underlying this experiment is that the supply of organic amendments is
able to improve soil properties, resulting in fertilization effects similar to those of mineral
fertilizers. The aim of the present experiment was thus to evaluate the effect of different
types of organic amendments on plant nutritional status and soil fertility in a bearing
walnut orchard.

2. Materials and Methods
2.1. Orchard Description and Treatments

The experiment was conducted in 2023 and 2024 on a commercial farm, named “Soc.
Agr. Agro Noce”, located in the eastern part of the Po Valley in northeastern Italy (44°51’ N,
11°23’ E). Plants of the cultivar Chandler grafted onto Juglans regia rootstock were planted
in the winter of 2020-2021, with a spacing of 5 m within the row and 7 m between rows,
for a total of 286 plants ha~!. The soil is characterized by a clay-loam texture, alkaline
pH (7.5-8), and high limestone content (active limestone > 7%). The climate in the area
is temperate, with an annual precipitation of 664 mm (in the period 1961-2020) and an
average temperature of 13.3 °C [10]. Soil management includes spontaneous grassing in the
inter-row and mechanical weeding on the row, supplemented, when needed, by chemical
weeding. Since 2023, the following treatments were compared, according to a randomized
block design with 5 replications: (1) unfertilized control (CK); (2) mineral fertilization
(MIN) at a rate of 120 kg N ha~! supplied yearly in two stages (spring and early summer)
using urea (N 46%); (3) municipal solid waste compost (MSW) at a rate of 120 kg N ha™1;
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and (4) compost from agri-food chain scraps (AFCS) at a rate of 120 kg N ha~!. The main
properties of the two composts are reported in Table 1.

Table 1. Main physical and chemical properties of the amendments used during the experiment.

Parameter Unit MSW AFCS
Moisture % 29.0 36.0
TOC g100 g~! DW 27.5 27.3
Total N g100 g~ ! DW 2.23 2.38
C/N - 12.2 11.8
Humic and fulvic acid gC100g ! DW 10.35 9.25
pH - 8.80 7.74
p g100g~! DW 0.621 1.65
K g100g~! DW 1.49 1.49
Cd mg kg~! DW 0.745 0.216
Crb* mg kg~! DW <0.3 <0.100
Hg mg kg~! DW <0.100 <0.100
Ni mg kg~! DW 28.0 18.9
Pb mg kg~ ! DW 35.5 20.0
Cu mg kg~ ! DW 1115 73.9
Zn mg kg~! DW 238 151
Salmonella in25g Absent Absent
Escherichia coli CFUg! <100 <10
Salinity Meq 100 g~ ! 58.0 25.6
Germination index Y 90.5 84.5
Plastic, glass, and metal (>2 mm) g 100 g’l DW <0.1 <0.100
Inert material (>5 mm) g100g~! DW <1 1.30

DW = dry weight; TOC = total organic carbon; CFU = colony-forming unit; EC = electrical conductivity; values
are the average of the two years.

Theoretically, the quantity of N supplied with the amendment was the same as that of
mineral fertilization, since it was calculated considering a mineralization coefficient (i.e.,
the annual percentage of mineralization of the total N in the soil conditioner) of 0.3 for
MSW [11] and 0.4 for AFCS. Treatments were applied to an entire row over a soil strip
approximately 1.5 m wide and buried in the soil profile corresponding to the first 20 cm.
Along each row, five blocks of 10 plants each were created. The application of composts
was made on 21 June 2023 and 5 May 2024, while mineral fertilization was split into two
annual applications: on 21 June and 19 July in 2023 and on 17 May and 9 July in 2024.

2.2. Soil Sampling and Analysis

Soil was sampled in March 2023 (time 0) and monthly from June 2023 to assess
biological and chemical parameters of soil fertility. The microbial component of the soil was
assessed by sampling at a depth of 0.10 m. Samples were then sieved (2 mm mesh), and 30 g
of fresh soil was then weighed, placed into a jar, and mixed with 0.2 g of glucose. Jars were
then hermetically sealed to prevent any gas exchange with the atmosphere, and the CO,
produced by the system was measured after 3 h of incubation with an infrared gas analyzer
(Inova 1302, Luma Sense Technologies A /S, Ballerup, Denmark). The concentration of CO,
was converted to microbial C according to the formula of Anderson and Domsch [12].

The mineral N fraction (Nmin), calculated as the sum of nitrate (NO3; ™) and ammo-
nium (NH4*) nitrogen, was measured on soil sampled in the profile between 0.10 and
0.40 m depth. For the determination of NO;~-N and NH,4*-N, 10 g of fresh fine soil was
mixed with 100 mL of 2 M potassium chloride solution and shaken for 1 h at 100 rpm; the
solution was then decanted for 30 min, and the supernatant was frozen until analysis with
a discrete automatic analyzer (Easychem Plus; Systea S.p.A., Anagni (FR), Italy).
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Every other month, pH and available macronutrients were also determined on the
same soil sample used for the mineral N analysis. Macronutrients in the soil solution were
extracted as described for mineral N using ultrapure water as the extracting solution. The
analyses were carried out with a plasma emission spectrometer (Ametek Spectro, Acros,
Kleve, Germany). In addition, in the same soil solution, pH was measured with a pH meter
(Titralab AT1102; HACH, Manchester, UK).

In March and September 2023, and in March, July, and September 2024, a sub-sample
of the soil used for mineral analysis was dried to constant weight, sieved, and cleaned of
visible plant residue, milled, and analyzed for total organic carbon (TOC) and total N by an
elemental analyzer (Flash 2000, Thermo Fisher Scientific, Waltham, MA, USA) coupled with
an isotopic ratio mass spectrometer (Delta V Advantage Thermo Fisher Scientific, Bremen,
Germany), after a pre-treatment with a few drops of 6 M HCl to eliminate the carbonates.

2.3. Plant Measurements, Organ Sampling, and Analysis

At the beginning of August of both years, leaf samples were taken from the middle
part of shoots; only the terminal leaflet was used for analysis. Leaves were then washed,
oven-dried, milled, and analyzed for the concentration of N, P, potassium (K), calcium
(Ca), magnesium (Mg), S, boron (B), copper (Cu), iron (Fe), manganese (Mn), and zinc
(Zn). A sub-sample of 0.3 g was mineralized (US EPA Methods 3052; [13]) in an Ethos TC
microwave lab station (Milestone, Bergamo, Italy) with a mixture of 8 mL of HNOj3 (65%)
and 2 mL of H,O, (30%), and analyzed for macro- (P, K, Ca, Mg, S) and micronutrient (B,
Cu, Fe, Mn, Zn) content by a plasma spectrometer (ICP-OES; Ametek Spectro, Arcos, Kleve,
Germany). Nitrogen was measured by Schumann [14] by mineralizing 0.5 g of dry sample,
with 8 mL of H,SO4 and one catalyst tablet (3.5 g K;SO4 + 0.5 g CuSO4 x 5H,0) at 420 °C
with an infrared digestion unit (TURBOTHERM TTs, Gerhardt Gmbh&Co; Kénigswinter,
Germany), followed by distillation with 32% (v/v) NaOH and automated titration with
0.05 M H,SOy4 (95%) (Vapodest 450, Gerhardt Gmbh&Co; Konigswinter, Germany).

Even though plants were still in the training phase, at the end of September 2024,
some fruits (3-5 fruits plant—!) were harvested, and fresh weight was recorded. Fruits were
then hulled (the green husk was removed) and dried for 24 h at 40°C to reach 7% moisture,
and their weight was measured. A sample of dried kernel, husk, and shell was milled and
analyzed for macro- and micronutrients as described above.

In March and December 2023 and in December 2024, the diameter of the trunk was
measured at 20-25 cm from ground level, taking two orthogonal measurements. In February
2024 and February 2025, winter pruning was carried out, and the amount removed from
each plant was weighed. A sub-sample of wood was then dried, ground, and used to
determine macro- and micronutrient content.

2.4. Statistical Analysis

Nutrient concentrations of leaves and pruned wood were statistically analyzed in a
factorial experimental design with two factors: treatments (4 levels: CK, MIN, MSW, and
AFCS) and sampling year (2023 and 2024).

All other data were analyzed in a complete randomized block design with 4 treatments
(CK, MIN, MSW, and AFCS) and 5 replicates. Preliminary analyses indicated that replicate
effects were not statistically significant; therefore, replicates were not included in the
final model. When analysis of variance showed a statistically significant (P < 0.05) effect
of treatment, the Student Newman-Keuls (SNK) test (P < 0.05) was used to separate
the means.

Data on microbial biomass and soil pH were analyzed using the R (version 4.4.3)
statistical software (candisc package), according to canonical discriminant analysis (CDA).
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CDA is a dimension-reduction technique related to principal component analysis and
canonical correlation and determines the best way to separate or discriminate two or
more treatment groups, given quantitative measurements of different variables for each
treatment [15].

3. Results
3.1. Effect of Treatments on Soil Biological and Chemical Fertility

Soil microbial activity in both 2023 (Figure 1a) and 2024 (Figure 1b) was enhanced
by the application of composts, with a more pronounced effect of AFCS on soil microbial
activity than MSW (Figure 1).
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Figure 1. Discriminant canonical analysis of soil microbial biomass in 2023 (a) and in 2024 (b). Data
measured in March 2023 were not included since treatments were not yet applied.

MIN and organics amendments supply in 2023 induced a sharp increase in mineral
N availability that was higher than the control (Figure 2). On 19 July, all fertilization
treatments induced an increase in mineral N availability in comparison to the control, while
in August, October, and December, mineral fertilization induced a significant increase
in mineral N in comparison to the control and AFCS (only in August). MSW and AFCS
showed similar and intermediate values (Figure 2). In September and November 2023, no
significant differences were observed (Figure 2).
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Figure 2. Effect of fertilization treatment (CK = unfertilized control; MIN = mineral fertilization;
MSW = municipal solid waste compost; AFCS = compost from agri-food chain scraps) on mineral
N availability during the experiment. ns, *, **, ***: effect not significant or significant at P < 0.05,
0.01, and P < 0.001, respectively. Within the same date, values followed by the same letter are not
statistically different according to the SNK test (P = 0.05).

From January to April 2024, no significant differences between treatments were ob-
served (Figure 2). After the application of composts and 50% of mineral, a sharp increase
in mineral N availability was measured, with MSW showing the highest values in June.
From July until the end of October, MIN showed the highest values, while AFCS and MSW
showed similar values higher than the control (Figure 2). In November, MIN showed
higher values than the control, while MSW and AFCS showed intermediate values. In
December, all fertilization treatments showed higher values than the control (Figure 2).

In 2023, P availability in the soil solution was increased by the supply of MSW in
comparison to MIN and the control, while AFCS showed intermediate values not different
from the other treatments. In 2024, with the exclusion of the first sampling dates, both
composts enhanced P availability, with a more evident effect of MSW than AFCS (Figure 3a).
Potassium soil availability was also higher in MSW than other treatments with AFCS, often
showing values higher than mineral and the control (Figure 3b). Calcium (Figure 3c), Mg
(Figure 3d), and S (Figure 3e) soil availability was increased, in both sampling years, by the
application of AFCS.

The supply of AFCS induced, during the entire experiment, the lowest soil pH values.
MIN showed a pH lower than MSW and the control in June 2023 and in July, September,
and November 2024; in the latter sampling date, MSW also showed values lower than the
control (Figure 4).

In September 2023, three months after the first amendment supply, MSW induced a
significant increase in total N and C in comparison to MIN and CK, while AFCS showed, for
both elements, intermediate values not different from the other treatments (Figure 5). From
March 2024, both amendments, induced a significant increase in soil total N (Figure 5a)
and C, which, in July 2024, was significantly higher in MSW than in AFCS (Figure 5b). In
September 2024, MIN and MSW showed significantly higher total C and N soil concentra-
tions than AFCS and CK (Figure 5).
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Figure 3. Effect of fertilization treatments (CK = unfertilized control; MIN = mineral fertilization;
MSW = municipal solid waste compost; AFCS = compost from agri-food chain scraps) on P (a), K (b),
Ca (c), Mg (d), and S (e) availability in soil solution in 2023 and 2024. ns, *, **, ***: effect not significant

or significant at P < 0.05, 0.01, and P < 0.001, respectively. Within the same date, values followed by
the same letter are not statistically different according to the SNK test (P < 0.05).
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Figure 4. Effect of fertilization treatments (CK = unfertilized control; MIN = mineral fertilization;
MSW = municipal solid waste compost; AFCS = compost from agri-food chain scraps) on soil pH
in 2023 and 2024. ns, ***: effect not significant or significant at P < 0.001, respectively. Within the

same date, values followed by the same letter are not statistically different according to the SNK test
(P < 0.05).
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Figure 5. Effect of fertilization treatments (CK = unfertilized control; MIN = mineral fertilization;
MSW = municipal solid waste compost; AFCS = compost from agri-food chain scraps) on total N
(a) and C (b) in 2023 and 2024. ns, *, **, ***: effect not significant or significant at P < 0.05, 0.01, and
P < 0.001, respectively. Within the same date, values followed by the same letter are not statistically
different according to the SNK test (P < 0.05).

3.2. Effect of Treatments on Plant Growth and Nutritional Status

In December 2023, plants fertilized with MIN and MSW showed higher trunk diameter
than AFCS and the control. In December 2024, the highest values were measured in MIN
plants (Table 2). Pruned wood in 2023 was higher in MIN than in all other treatments, while
in 2024, MIN was significantly higher than the control, while the two composts had similar
and intermediate values (Table 2).

Table 2. Effect of fertilization treatment on trunk diameter and pruning wood weight during the

experiment.
Trunk Diameter (mm) Pruning Wood (g plant—1 DW)
Treatment
December 2023  December 2024 2023 2024
CK 59.1b 734b 48.6b 67.1b
MIN 66.1a 80.9 a 172 a 176 a
AFCS 57.8b 71.8b 74.0Db 110 ab
MSW 63.6 a 764Db 89.2b 137 ab
SZnglﬁC[lTlC(? %% A%k * *

DW = dry weight. *, ***: effect significant at P < 0.05 and P < 0.001, respectively. Within the same column, means
followed by the same letter are not statistically different (P < 0.05). CK = unfertilized control; MIN = mineral
fertilization; MSW = municipal solid waste compost; AFCS = compost from agri-food chain scraps.

In Tables 3 and 4, the effect of main factor is reported. Phosphorous concentration in
the leaf was higher in the control than MIN and MSW, while K was higher in AFCS and the
control than in MSW, while MIN showed intermediate values not different from the other
treatments (Table 3). Magnesium concentration in the leaf was higher in MIN and MSW
than in the other treatments, while S concentration was enhanced by MSW supply (Table 3).
Nitrogen and Ca concentrations in the leaf were not significantly influenced by fertilization
treatment. All nutrients, with the exception of Mg, showed higher concentrations in 2024
than in 2023 (Table 3).
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Table 3. Effect of fertilization treatment and sampling year on leaf macronutrient concentration
(g100 g~! DW).

Treatment N P K Ca Mg S
CK 2.31 0171a 1.01a 1.77 0.238 b 0.132b
MIN 2.49 0.146 b 0.938 ab 1.75 0.270 a 0.134b
AFCS 2.43 0.161 ab 1.08 a 1.57 0.239b 0.132b
MSW 241 0.147 b 0.896 b 1.72 0.271a 0.163 a
Significance ns * * ns * o
Year
2023 2.32 0.141 0.733 1.59 0.257 0.131
2024 2.56 0.172 1.23 1.81 0.252 0.150
SZgT’llﬁCﬂ?’lCe 4% 242k 42424 * ns %%
trt X year ns * ns ns ns **

DW = dry weight. trt = treatment. ns, *, **, ***: effect not significant or significant at P < 0.05, P < 0.01, and
P < 0.001, respectively. Within the same column, means followed by the same letter are not statistically different
(P <£0.05). CK = unfertilized control; MIN = mineral fertilization; AFCS = compost from agri-food chain scraps;
MSW = municipal solid waste compost.

Table 4. Effect of fertilization treatment and sampling year on leaf micronutrient concentration
(mg kg~! DW).

Treatment B Cu Fe Mn Zn
Control 138 39.7 74.3 107 b 37.0
Mineral 138 26.8 64.5 154 a 20.1

AFCS 130 35.6 65.7 105 b 21.5

MSW 139 25.8 63.4 140 ab 20.0
Significance ns ns ns * ns

Year

2023 136 41.2 60.0 100 24.4

2024 136 22.7 74.0 153 24.9

Significance ns * * i ns
trt X year ns ns ns ns ns

DW = dry weight. trt = treatment. ns, *, **, ***: effect not significant or significant at P < 0.05, P < 0.01, and
P < 0.001, respectively. Within the same column, means followed by the same letter are not statistically different
(P £0.05). CK = unfertilized control; MIN = mineral fertilization; AFCS = compost from agri-food chain scraps;
MSW = municipal solid waste compost.

Micronutrient concentrations in the leaf was not influenced by fertilization treatment;
the only exception was Mn, which was higher in MIN than in AFCS and the control, while
MSW showed intermediate values (Table 4). Copper concentration was higher in 2023
than in 2024, while the opposite was measured for Fe and Mn; B, Cu, and Zn were not
significantly influenced by the sampling year (Table 4).

Nitrogen (Figure 6a) and P (Figure 6b) were mainly accumulated in the kernel, fol-
lowed by the husk and the shell. While no significant differences between treatments were
observed in organs’ N concentration, P concentration in the husk was higher in MSW
and CK than MIN, while shell P was higher in CK than in MIN, with MSW and AFCS
showing intermediate concentrations (Figure 6b). Potassium, Ca, and S were mainly accu-
mulated in the husk, while smaller concentrations were measured in the kernel and the
shell (Figure 6a,b). Potassium concentration in all fruit parts, as well as Ca in the shell and
S in the kernel and the shell, was not influenced by fertilization treatment (Figure 6a,b).
Calcium concentration in the husk was higher in CK than in MSW, with MIN and AFCS
showing intermediate values; the concentration of this nutrient in the kernel was higher in
CK than in all other treatments (Figure 6a). Sulfur concentration in the husk was higher in
AFCS than in all other treatments, while no significant differences were observed in the
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Figure 6. Effect of fertilization treatments (CK = unfertilized control; MIN = mineral fertilization;
MSW = municipal solid waste compost; AFCS = compost from agri-food chain scraps) on total kernel,
shell, and husk concentrations of N, K, and Ca (a); P, Mg, and S (b); and B, Cu, Fe, Mn, and Zn (c) in
2024. ns, *, **, ***: effect not significant or significant at P < 0.05, 0.01, and P < 0.001, respectively.
For each nutrient, within the same fruit part, values followed by the same letter are not statistically
different according to the SNK test (P < 0.05).

Most of B was accumulated in husks, with a higher concentration in MSW than in
AFCS and the CK; no significant differences between treatments were observed in the
kernel and shell (Figure 6¢). Copper concentration in the kernel and husk was almost
similar, and no significant differences between treatments were observed in all fruit parts
(Figure 6¢). The husk accounted for the highest Fe concentration, which increased in MSW
and CK in comparison to AFCS. Fe shell concentration was higher in CK than in all other
treatments, while no significant differences were observed in Fe concentration in the kernel
(Figure 6¢). Manganese was mainly accumulated in the kernel, followed by the husk and
the shell, with no significant differences between treatments (Figure 6¢). The kernel showed
the highest concentration of Zn, followed by the husk and the shell. While Zn concentration
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in the kernel and shell was not influenced by treatments, the concentration of this nutrient
in the husk was higher in CK than in MIN, with MSW and AFCS showing intermediate
values (Figure 6c).

Pruned wood accounted for low macro- and micronutrient concentration (Tables S1
and S2), which were, for some nutrients (N, Mg, S, Mn, and Zn) higher in 2024 than in 2023,
with little influence of fertilization treatments (Tables S1 and S2).

4. Discussion

Unlike other fruit crops, walnut requires large amounts of energy to produce nuts
and maintain normal growth; therefore, a healthy soil environment and good soil fertil-
ity are crucial for walnut trees. The supply of amendments has positively affected soil
microbial biomass, which increased shortly after application according to a well-known
mechanism [16]. Similar results were observed both in the long- [17] and short-term [18],
indicating the beneficial effect of organic matter addition on soil quality [19]. In an ex-
periment on walnut, after one year, a strong correlation was observed between the soil
quality index and the supply of organic fertilizers [19]. Furthermore, the addition of organic
fertilizers also enhanced the enrichment of microorganisms beneficial to soil fertility, crop
growth (Bacillus spp.), and soil bioremediation (Solicoccozyma spp.) and decreased the
amounts of Fusarium spp. in soil [19]. In the present experiment, no microbiome analysis
was performed; however, in a rhizobox experiment with soil fertilized with the same
amendments, it was observed that MSW was the most effective in promoting microbial
biodiversity, increasing phylum such as Bacillota, Pseudomonata, and Bacteroidota, while
AFCS promoted Nitrosospherota and Chitinophaga [20]. The capacity of amendments to select
different microorganisms could become a valuable tool to modify soil microbial biomass
according to plant and soil needs. Using multiple fertilizer blends could become an innova-
tive management strategy for enhancing crop production by improving the content of soil
microbial keystone taxa in intensified agricultural ecosystems.

Fertilization of young-bearing trees aims at building the plant’s structure and prepar-
ing them to yield; thus, in this phase, N plays a crucial role, since it has a fundamental role
in plant growth and development [21]. In previous experiments [22,23], it was observed
that the requirement of walnut trees is about 160~180 kg N ha~! year ! during the full
production phase (yielding approximately 6 t ha~!), which can be satisfied by a concen-
tration of mineral N in the soil between 25 and 30 mg N ha~! during the season. Since N
is accumulated mainly in the kernel and, in the present experiment, plants still have very
low nut production, the optimal level of mineral N in the soil should be even lower. In this
trial, the values of mineral N remained in line with the needs of the walnut tree only in
autumn, winter, and the beginning of spring of both years (with the exception of a winter
peak of about 50 mg NO3~N kg~!); however, fertilization, whether mineral or organic,
induced a strong increase, reaching values higher than 150 mg NO3;~N kg~ !, which are
too high for bearing plants. The main issue with excess nitrate in soil is related to the fast
oxidation of ammonium and release of the nitrate ion, which is not withheld by the soil’s
holding capacity; consequently, nitrate could be lost through water percolation, promoting
groundwater pollution. The release of nutrients from organic matter and the consequent
timing and rate of mineral fertilization must be controlled to avoid possible negative envi-
ronmental impacts if the availability of N in the soil is not synchronized with plant uptake.
This value corresponds approximately to 840 kg N ha~!, which largely exceeds crop N
uptake capacity and therefore represents a strong risk of nitrate leaching. If such mineral N
is mainly present as nitrate and mobilized in the soil solution, concentrations would likely
exceed the 50 mg NO3 ™~ L~! limit established by the EU Nitrates Directive [24]. Although
soil mineral N concentrations cannot be directly equated to leachate concentrations due to
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dilution, transport, and plant uptake processes; such a quantity indicates a substantial risk
of nitrate losses to groundwater, justifying its negative environmental impact.

Nutrient release through the mineralization process depends on several variables,
such as soil moisture and temperature, which cannot always be controlled. Consequently,
splitting compost applications between spring and autumn (post-harvest) may help better
synchronize nutrient availability with plant demand and reduce the risk of nutrient losses.
This approach was previously tested in a long-term experiment on peach with positive
results on nitrate release [25].

The application of organic matrices showed a positive effect on soil fertility by in-
creasing the macronutrient availability as a consequence of MSW (P and K) and AFCS (Ca,
Mg, and S) supply. It is well known that organic amendments are an important source of
nutrients that are released slowly during the mineralization process. These nutrients, in
combination with soil microorganisms and fauna, can contribute significantly to improving
soil fertility and favourable plant-growing conditions [26,27]. AFCS also induced a decrease
in soil pH, which could, especially in the long term, improve the uptake of micronutrients
(such as Fe, Mn, etc.) [28,29]. The enhancement of soil fertility induced a slight increase
in stem diameter and pruning wood; however, walnut is a slow-growing plant, and two
years of measurements are not sufficient to define the effect of the treatments on the plant’s
vegetative status.

Kernel, shell, and husk mineral composition was hardly ever influenced by treatments,
probably due to the short duration of the experiment. However, the knowledge of the
quantity of nutrients allocated in each fruit part could give important information on
nutrient removal from the orchards and thus on nutrient requirements of plants. This
calculation has little importance in bearing plants, since less than 100 g of walnuts were
harvested per plant, but it could gain importance in adult plants. The data on the allocation
of nutrients in different fruit parts evidenced that the kernel consistently exhibited the
highest concentrations of N, P, Mn, and Zn, highlighting its metabolic activity and role in
nutrient accumulation [29]. The shell generally showed the lowest nutrient levels, while
the husk demonstrated elevated levels of K, Ca, B, and Fe. The application of organic
compounds had little impact on the concentration of nutrients in walnut leaves. This
may be because organic compounds generally release nutrients more slowly than mineral
fertilizers [30]. This means that the nutrients may not have been available in sufficient
quantities (or at times of high crop demand for nutrients) to be absorbed by the walnut trees.

The supply of amendments, no matter the type, induced an increase in total C, a direct
effect of organic fertilizer application with high-carbon matrices. In the long run, C storage
in walnut orchards could have an important role in climate regulation, triggering, at an
ecosystem level, biological and ecological mechanisms that interact to capture atmospheric
carbon dioxide [31]. The carbon dynamics in orchard soils are crucial in alleviating climate
change, functioning as a carbon sink [32]. In a study on peach, it was observed that, after
14 years, the amount of C fixed into the soil by application of compost at 10 Mg ha~! came
approximately 60% from the amendment source and 40% from NPP (tree and grass), with
a net increase in both C fractions compared to mineral fertilization [18]. Walnut, due to its
relevant dimension when adult and the long duration of orchards, could provide, compared
to conventional agricultural systems, higher C sequestration potential. Preliminary data
on the C fluxes measured using eddy covariance in the orchard of the present experiment
indicate that walnut is able to absorb C [33].

5. Conclusions

This study highlights the critical role of organic fertilization in the sustainable man-
agement of bearing walnut orchards. The application of organic amendments improved
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soil fertility by increasing the availability of macro- and micronutrients and enhancing
microbial biomass; however, attention should be paid to the rates and timing to avoid
excessive nutrient availability, with possible negative environmental consequences. The
data from this experiment lay the foundations for the definition of correct fertilization
strategies in walnut groves at the bearing stage; however, it would be necessary to acquire
information over the long term in order to intensify the crop’s productive potential and
minimize negative impacts on the environment.

The supply of amendments, and consequently the increase of soil organic matter, is
therefore a cornerstone of building sustainable agricultural systems that balance plant
buildup and productivity with soil fertility. In addition, the potential C storage capacity
of walnut orchards and the possibility of reducing the need for synthetic fertilizers while
maintaining optimal nutrient levels are promising strategies for mitigating environmental
impacts in intensive agricultural systems.

However, this study was conducted over only two growing seasons with a single
soil type; consequently, the results could not be generalized to other environments and
management systems. In addition, although high soil mineral N availability suggested an
increased risk of nitrate leaching, N losses were not directly measured. The continuation
of this research in the future should include direct assessments of nitrate leaching and
testing split applications in order to improve nutrient use efficiency while minimizing
environmental risks.
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/ /www.mdpi.com/article/10.3390/agronomy16020262/s1, Table S1. Effect of fertilization treat-
ment and sampling year on pruned wood macronutrient concentration (g 100 g-1 DW); Table S2.
Effect of fertilization treatment and sampling year on pruned wood micronutrient concentration
(mg kg~! DW).
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