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Abstract: Use of solid agricultural digestate as a substitute for chemical fertilizers in Mediterranean
cropping systems can be a valuable approach to improving soil fertility. However, it is important
to accurately assess its mineralisation dynamics in order to avoid uncontrolled nutrient releases in
agroecosystems. With this aim, a field experiment was conducted to evaluate the effects of solid
digestate application on total soil nitrogen (TSN), extractable organic N (EON) and mineral N forms
(NH4

+-N and NO3
−-N) in two Mediterranean soil profiles (clay and sandy-loam) over one year. The

solid digestate increased TSN and EON concentrations in the upper soil layer (0–20 cm) of both soils,
more in the clay soil, with a decreasing effect in the lower soil layers (20–40 and 40–60 cm). The
amendment increased NH4

+-N concentrations, with a greater and longer-lasting effect in the clay soil,
especially in the first two soil layers (0–20 and 20–40 cm), while in the lowest, it was limited at the
first sampling epoch. The NO3

−-N copied the NH4
+-N trends in both soils, with a greater effect on

the 0–20 cm soil layer at all sampling epochs. The present study suggests that solid digestate, applied
at a dose of 30 Mg ha−1, can be a useful alternative to mineral N fertilisers for clay and sandy-loam
soils in Mediterranean orchards.

Keywords: olive orchard; citrus orchard; organic fertilization; clay soil; sandy-loam soil; nitrogen
leaching; soil fertility

1. Introduction

Sustainable soil fertility management is of paramount importance for several aspects,
including food security and the achievement of climate change mitigation targets, such as
increasing carbon sequestration. To this end, given the high environmental impact of global
fertilisers production (land-invasive extraction activities and/or greenhouse gas emissions,
high energy consumption) and transport and their conjectural shortage on the global market
with an increase of prices, farmers’ interest has turned to by-products of organic nature
that are nearby available and less costly, such as composts from municipal solid wastes
and digestates whose agronomic reuse is one of the virtuous mechanisms of the circular
economy. Between these two organic matrices, agricultural anaerobic digestate is a by-
product from agro-energetic plants where zootechnical effluents and agricultural matrices
are digested under anaerobic conditions to produce biogas for direct use or cogeneration of
electricity. Approximately 180 million tonnes of digestate are annually produced in Europe
at a rate of about 23 m3 of digestate per kW installed, which is expected to increase in the
future due to the increase in power produced by anaerobic digestion plants [1,2].

The characteristics of digestate such as its high organic matter content (∼40%) and, in
particular, the abundance of nutrients such as nitrogen (NO3

−-N and NH4
+-N), phosphorus

(P) and potassium (K), have made it very popular as a substitute for chemical fertilisers
and as a soil amendment to improve various physical, chemical and biochemical soil
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properties [3–7]. However, due to the high availability of mineral and readily mineralizable
N, a large amount of this element could be released into the soil after digestate distribution.
If not retained by soil or absorbed by plants, N may encounter an uncertain fate and
undergo losses from the agroecosystem through leaching [8,9] or denitrification [10–12].
Leaching occurs at the expense of the mobile nutrients (especially N compounds), which
are transported to the deeper layers of the soil by infiltration of water and are no longer
absorbed by the root system of the crops, polluting the aquifers and causing economic
and environmental damage; indeed, this phenomenon is a major issue in areas where
intensive agriculture and livestock farming are practised [13–15]. N leaching is closely
linked to the specific soil properties and climatic conditions of agricultural areas, which
play a fundamental role in the N uptake and release processes and control the potential
loss to the environment; therefore, each agroecosystem shows its dynamics in nitrogen
fluxes. Despite the relevance of this issue, there are few studies on nitrogen leaching after
digestate conditioning in the Mediterranean environment, characterized by specific soils
and climate.

Given these premises, our research aimed to study the effects of the amendment with
solid anaerobic digestate on the release of soluble N form along the soil profile, up to a
depth of 60 cm, during one year in two different soils with contrasting properties under
Mediterranean climate conditions.

2. Materials and Methods
2.1. Agricultural Solid Digestate

Solid digestate was obtained from an anaerobic continuous mesophilic biogas plant.
The main feedstock used to feed the biogas digester were zootechnical effluents (from
dairy cows and egg and poultry farming), crop residues (pruning materials and cereal
straws) and waste by-products from the agro-food industry (citrus pomace, olive mill
wastewater and dairy wastewater). The produced digestate was separated into a solid
fraction, which was used in this experiment, and a liquid fraction, which was discarded.
The main characteristics of the solid digestate were as follows: dry matter 18.0%, ash
14.4%, pH 8.77, EC 2.14 dS m−1, total C 39.0%, total N 1.6%, NH4

+-N 5.59 g kg−1, NO3
−-N

0.034 g kg−1. A detailed description of the agricultural solid anaerobic digestate is available
in Pathan et al. [16] and Badagliacca et al. [6].

2.2. Experimental Sites

Two field experiments were set up during the 2016/17 growing season in an olive
grove (Olea europaea L. cv. Carolea) and an orange orchard (Citrus sinensis L. Osbeck cv.
Tarocco) sited in the Calabria region, southern Italy, and characterized by contrasting soil
properties and environmental conditions (Figure 1).

The olive orchard was located nearby Lamezia Terme (Catanzaro, 38◦58′ N, 16◦18′ E,
81 m above sea level) in an area characterized by mild winters and relatively warm summers
with rainfall concentrated in the autumn-winter period. Mean annual rainfall is 1094 mm,
while mean air temperature is +14.3 ◦C (1985–2015 averages) [17]. Soil thermal regime
is thermic, while moisture regime is udic [18]. The soil is classified as Typic Hapludalf
fine, mixed thermic [19] or Cutanic Profondic Luvisol. The main soil properties of olive
orchard soil are as follows: 18.9% sand, 36.1% silt, 45.0% clay, clay texture (USDA), pH 5.44
(1:2.5 H2O), EC 0.170 dS m−1, CEC 51.9 cmol+ kg−1, total organic C 2.1%, total N 0.2%,
total CaCO3 0.0 g kg−1, active CaCO3 0.0 g kg−1. The olive orchard has been continuously
cultivated since mid-1950s, with a planting distance of 6 × 6 m, and periodically tilled.

The citrus orchard is located in an area near Locri (Reggio Calabria, 38◦13′ N, 16◦14′ E,
12 m above the sea level) characterized by mild and rainy winters and arid and warm
summers. Mean annual rainfall is 792 mm, and +18.3 ◦C is the mean air temperature
(1988–2015 averages) [17]. Soil thermal regime is thermic, while moisture regime is xeric [18].
The soil is a slightly calcareous sandy-loam soil classified as Typic Xerofluvent (Soil Survey
Staff, 2010) or Fluvi Calcaric Cambisol (IUSS Working Group WRB, 2006). The main soil
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properties of orange orchard soil are as follows: 57.7% sand, 29.8% silt, 12.5% clay, sandy-
loam texture (USDA), pH 7.46 (1:2.5 H2O), EC 0.210 dS m−1, CEC 36.1 cmol+ kg−1, total
organic C 1.4%, total N 0.1%, total CaCO3 22.5 g kg−1, active CaCO3 6.9 g kg−1. The soil
has been cultivated with orange trees from mid-1980s, with a planting distance of 4 × 4 m,
and periodically tilled. Further information regarding the soils of the experimental sites is
available in Pathan et al. [16] and Badagliacca et al. [6].
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2.3. Experimental Design and Soil Management

The field experiments were started at the end of May 2016 by arranging plots (75 m × 18 m)
in a randomized complete block design (RCBD) with four replications. According to the
aims of this study, the following treatments were tested: (1) unamended control (CON-
TROL) which consisted of a soil tillage by harrowing (~20 cm till depth) followed by a slight
rolling, and (2) the amendment with solid digestate (DIGESTATE) at a rate of 30 Mg ha−1

which was incorporated into the soil by harrowing (same as in CONTROL). The dose of
digestate used in the experiment is the standard quantity applied by the farmers in the
area, and it is in agreement with Barra Caracciolo et al. [20] and Fernández-Bayo et al. [21].

2.4. Soil Sampling

Soil samples were collected during the 2016/17 growing season at the following stages:
immediately before (Pre-treat, early May 2016) and then one month (T1, late June 2016),
five months (T2, mid-September 2016) and one year (T3, early May 2017) after the digestate
application. Four soil samples per treatment, each obtained by thoroughly mixed nine
adjacent soil samples taken from each experimental plot, were separately collected from
the 0–20 cm, 20–40 cm and 40–60 cm soil layers. Eight composite samples were gathered
at each sampling time (2 treatments × 4 replicates) for each of the two sites studied, thus
producing an overall number of 80 soil samples (8 samples × 4 sampling times × 2 sites).
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2.5. N Forms Determination

Field moist samples were stored at 4 ◦C and promptly processed within 24 h. N soluble
forms were determined by extracting the soil with 2 M KCl, applying an extraction ratio of
1:10 w/v (5 g of soil with 50 mL of extractant); the mixture was left shaking for 1 h on a
horizontal shaker at 180 oscillations per minute, then soil suspensions were filtered through
a quantitative filter paper. The concentration of exchangeable NH4

+-N and soluble NO3
−-N

were determined colourimetrically by the Berthelot reaction and Griess–Ilosvay methods,
respectively, by using a FIA System (FIAS 400 PerkinElmer, Inc., Norwalk, CT, USA). Total
soluble N (TSN) was determined by using an elemental analyser TOC-LCSH Shimadzu
(Shimadzu Corporation, Tokyo, J) for liquid samples. The extractable organic N (EON) was
calculated by subtracting to TSN the sum of NH4

+-N and NO3
–-N. A detailed description

of N forms determination is available in Badagliacca et al. [6] and Monti et al. [12].

2.6. Statistics

Experimental data were tested by Kolmogorov–Smirnov test for deviation from nor-
mality and Levene’s test for the homogeneity of within-group variances. Two-way analysis
of variance (ANOVA) was carried out separately for each soil type and soil layer in or-
der to assess the effects of treatments (Trt), sampling times (Time) and their interaction
(Trt × Time). Data shown in the figures were analysed by a one-way ANOVA and multiple
pairwise comparisons of means in order to discriminate differences between the treatments
within each soil layer and sampling time (Tukey’s HSD test at p < 0.05). Experimental
data were reported as mean values (n = 4) ± SE and expressed on a dry weight (dw) basis.
Statistical analysis was performed by using R software (R Core Team, Vienna, Austria).

3. Results and Discussion

The application of agricultural solid digestate can represent a valuable approach to im-
prove soil fertility and replace mineral fertilizers in Mediterranean cropping systems [21,22].
However, it is fundamental to correctly assess the mineralization dynamics, specific for
each soil type, by field experiment over a period of several months to understand nutri-
ent availability for plants and avoid uncontrolled release on the agroecosystems that can
cause environmental pollution [23,24]. These kind of studies become particularly necessary
nowadays due to the climate change, with unprecedented emerging challenges, which
leads to phenomena such as the tropicalization of the Mediterranean climate, causing more
violent rainfall events that may lead to the vertical transport of a considerable amount of
nutrients along the soil layers [25,26].

Soil TSN globally for both soils and all three soil layers investigated was influenced by
the interaction Trt × Time (p < 0.05) (Figure 2).

In the upper soil layer (0–20 cm) of the clay soil, the solid digestate amendment
significantly increased TSN values at T1(+108%; +44.4 mg N kg−1) and at T2 (+35%;
+16.9 mg N kg−1), whereas in the sandy-loam soil, the effect was lower but more pro-
longed by affecting all three sampling epochs (from T1 to T3) following the application
of the treatments (+33% and +10.3 mg N kg−1, on average). Conversely, in the middle
soil layer (20–40 cm), the effects from the amendment were observed at two sampling
times (T1, +120%, +26.3 mg N kg−1; and T2, +63%, 16.5 mg N kg−1) in the clay soil,
whereas just at T1 (+36%, +8.8 mg N kg−1) in the sandy-loam soil. In the deeper soil layer
(40–60 cm), the effects of the amendment with solid digestate in both soils were retrieved
only at the first sampling time (T1) with greater TSN concentration in the clay soil (+109%,
+21.9 mg N kg−1) than in the sandy loam soil (+20%, +5.3 mg N kg−1). The effect of solid
digestate on TSN concentration was markedly different between the two experimental sites,
as observed by Badagliacca et al. [6], and in all three layers investigated, resulting from the
different availability of the different N pools.
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Figure 2. Changes in total soluble N (TSN) (mean ± SE, n = 4) in clay and sandy-loam soil under
different treatments—conventional tillage (CONTROL) and solid anaerobic digestate amendment
(DIGESTATE)—at four sampling epochs. Results from two-way ANOVA Treatment (Trt) × Time
are displayed at the top of each graph. At each sampling epoch, significant differences between
treatments are denoted by the use of distinct letters (Tukey’s HSD test, p < 0.05).

Soil EON was generally influenced by the Trt × Time interactions (p < 0.01) with the
exception of the 40–60 cm layer in the sandy-loam soil where the effect of the treatments
and their interaction with time were not significant (Figure 3).

In the upper soil layer (0–20 cm) of both soils, solid digestate increased EON only at T1;
its effect was minor in the clay soil (+28%; +7.6 mg N kg−1) and greater in the sandy-loam
soil (+77%; 11.1 mg N kg−1). In the 20–40 cm soil layer, the amendment had a long-lasting
effect on the clay soil, affecting T1 (+106%; +15.0 mg N kg−1) and T2 (+40%; +7.3 mg N
kg−1), and a shorter effect on the sandy-loam soil only at T1 (+25%; +4.2 mg N kg−1). Then,
in the 40–60 cm soil layer, only in the clay soil and at T1, solid digestate increased EON
concentration by +107% (+15.0 mg N kg−1). Among the N pools, the EON was the lowest,
revealing the abundance of more available N forms such as NH4

+-N and NO3
−-N and,

thus, indirectly confirming the usefulness of this by-product to replace mineral nitrogenous
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fertilisers representing, also, a more stable and long-lasting source of nutrients related to
the decomposition of more recalcitrant compounds. Between the tested soils, the release
of EON was faster in the sandy-loam soil than in the clay soil, where the digestate effect
was longer-lasting and involved all the soil layers investigated. On the contrary, in the
sandy-loam soil, only in the 0–20 cm and 20–40 cm soil layers the effect of the amendment
was observed.
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Figure 3. Changes in soil extractable organic N (EON) (mean ± SE, n = 4) in clay and sandy-loam
soil under different treatments—conventional tillage (CONTROL) and solid anaerobic digestate
amendment (DIGESTATE)—at four sampling epochs. Results from two-way ANOVA Treatment
(Trt) × Time are displayed at the top of each graph. At each sampling epoch, significant differences
between treatments are denoted by the use of distinct letters (Tukey’s HSD test, p < 0.05).

The NH4
+-N soil concentrations were always affected by the interaction Trt × Time

(p < 0.01). In general, the effect of digestate was more pronounced in the clay soil than in
the sandy-loam soil (Figure 4).
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Figure 4. Changes in soil ammonium N (NH4
+-N) (mean ± SE, n = 4) in clay and sandy-loam

soil under different treatments—conventional tillage (CONTROL) and solid anaerobic digestate
amendment (DIGESTATE)—at four sampling epochs. Results from two-way ANOVA Treatment
(Trt) × Time are displayed at the top of each graph. At each sampling epoch, significant differences
between treatments are denoted by the use of distinct letters (Tukey’s HSD test, p < 0.05).

In the 0–20 cm soil layer of the clay soil, the amendment increased NH4
+-N concentra-

tion by +424% (+20.3 mg N kg−1) and by +36% (+4.5 mg N kg−1) at T1 and T2, whereas in
the sandy-loam soil, the effect was longer-lasting and involving all three sampling epochs
(T1 +36%, T2 +43% and T3 +27%). In the clay soil, the same behaviour was observed also
in the 20–40 cm layer (T1 +137%, T2 +74%), while in the sandy-loam soil, the amendment
effect was significant only at T1 (+55%; +2.7 mg N kg−1). In the deeper soil layer, differences
between the treatments were retrieved only at T1 (+95% in the clay soil, 5.5 mg N kg−1;
and +20% in the sandy loam soil, +1.0 mg N kg−1).

The NO3
−-N concentrations, in both experimental soils and in the three different soil

layers investigated, were significantly affected by the interaction between the treatment
and sampling time (Trt × Time p < 0.05) (Figure 5).
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Figure 5. Changes in soil nitrate N (NO3
−-N) (mean ± SE, n = 4) in clay and sandy-loam soil under

different treatments—conventional tillage (CONTROL) and solid anaerobic digestate amendment
(DIGESTATE)—at four sampling epochs. Results from two-way ANOVA Treatment (Trt) × Time
are displayed at the top of each graph. At each sampling epoch, significant differences between
treatments are denoted by the use of distinct letters (Tukey’s HSD test, p < 0.05).

Regarding the upper soil layer (0–20 cm), in both soils, at T1, one month and half
after the digestate amendment, a large increase of NO3

−-N concentrations was retrieved
(+178% in the clay soil and +273% in the sandy-loam soil). Then, the differences between
the treatments decreased until disappears in the last sampling time (T3) in the clay soil,
while the concentration of NO3

−-N remained at about 9.5 mg N kg−1 in the sandy-loam soil
(T2 and T3). In the 20–40 cm soil layer, the NO3

−-N concentrations were lower compared
to those of the upper soil layer (on average 2.5 vs. 8.3 mg N Kg−1), and the effect of
the digestate amendment (compared to the unamended control) was less evident with
slightly higher values in the clay soil at T1 (+179%, +3.1 mg N kg−1) and T2 (+213%,
+4.9 mg N kg−1) and in the sandy-loam soil at T1 (+72%) and T3 (+93%). In the deeper soil
layer (40–60 cm), the lowest soil NO3

−-N concentrations were observed; the amendment
effect was observed at T1 (+1.4 mg N kg−1) and T2 (+45%, +1.4 mg N kg−1) in the clay
soil and only at T1 (+71%, +1.35 mg N kg−1) in the sandy-loam soil. As expected, the
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solid digestate amendment mainly influenced the concentration of both N mineral forms in
the uppermost layer, in accordance with several authors (i.e., Gomez-Brandon et al. [27],
Heintze et al. [28] and Zilio et al. [29]). Moreover, based on the experimental information
retrieved, no large movements of the N mineral forms were found along the soil profile
with moderate differences (compared with those of the upper soil layer) between control
plots and amended ones, in agreement with what was observed by Zilio et al. [29] and
Tshikalange et al. [30]. On the contrary, this evidence disagrees with other studies conducted
by Sharifi et al. [31] and Dessureault-Rompré et al. [32] who found substantial N leaching
from digestate. This discrepancy could be ascribed to the application of a liquid-and-solid
mixed slurry digestate, particularly rich in mineral N (higher NH4

+/total N), whereas
a solid anaerobic digestate was used in this experiment. In addition, this may also be
explained by the limited rainfall during the first period after the treatment application,
from May to September (summer, dry season), and the soil-specific nitrification of NH4

+-N,
the most abundant pool in the deeper layer, of both soils. In particular, this process was slow
and relatively long in the clay soil (immobilization), while it was limited (the effects were
observed only at T1) in the sandy-loam soil. This evidence agrees with Qafoku et al. [33]
who have linked potential N mineralization with soil EON concentrations and disagrees
with Lili et al. [13] who found higher vertical N transport in sandy soil than in black loam
soil. In this regard, in the sandy-loam soil due to the alkaline pH (>7.5), higher ammonia
volatilization (as postulated by Ni et al. [34] and Giacomini et al. [35]) caused a low mineral
N concentration in the superficial soil layer, which led to a limited N transported vertically.

4. Conclusions

The present study investigated the potential risk of N leaching in two different soils
under Mediterranean conditions after the application of solid agricultural digestate. The
results show that in both tested soils the agricultural solid digestate, at a dose of 30 Mg ha−1,
does not lead to significant N loss along the soil profile by leaching. In particular, in each
experimental soil, specific properties and N dynamics determined a limited N movement
along the soil profile. Furthermore, as highlighted by other studies carried out in the
same experimental sites (i.e., Badagliacca et al. [6]; Monti et al. [12]; Pathan et al. [16];
Badagliacca et al. [36]), digestate in addition to providing readily available minerals has
proven to play a positive role in improving soil structure, the microbial community and,
in general, the overall functioning of the soil by increasing its fertility. Therefore, the use
of this energetic by-product, under the conditions tested, can represent a valuable and
sustainable way to manage N fertilisation in Mediterranean orchards, with reduced risk
for the environment, within a frame of the circular economy. Finally, further studies are
needed to assess the effects related to N leaching from the application of solid digestate
dosage on different soils and in long-term application.
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