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Abstract: Soil degradation is one of the most topical environmental threats. A number of processes

causing soil degradation, speci�cally erosion, compaction, salinization, pollution, and loss of both

organic matter and soil biodiversity, are also strictly connected to agricultural activity and its in-

tensi�cation. The development and adoption of sustainable agronomic practices able to preserve

and enhance the physical, chemical, and biological properties of soils and improve agroecosystem

functions is a challenge for both scientists and farmers. This Special Issue collects 12 original contri-

butions addressing the state of the art of sustainable agriculture and soil conservation. The papers

cover a wide range of topics, including organic agriculture, soil amendment and soil organic carbon

(SOC) management, the impact of SOC on soil water repellency, the effects of soil tillage on the

quantity of SOC associated with several fractions of soil particles and depth, and SOC prediction,

using visible and near-infrared spectra and multivariate modeling. Moreover, the effects of some soil

contaminants (e.g., crude oil, tungsten, copper, and polycyclic aromatic hydrocarbons) are discussed

or reviewed in light of the recent literature. The collection of the manuscripts presented in this Special

Issue provides a relevant knowledge contribution for improving our understanding on sustainable

agriculture and soil conservation, thus stimulating new views on this main topic.

Keywords: organic agriculture; soil amendment; soil organic carbon; soil management; soil water

repellency; soil contamination; soil remediation; sustainable fruit growing; water conservation

practices; multivariate statistical models for SOC prediction

1. Introduction

The ongoing global climate changes and the ever-increasing world population impose
the adoption of agroecological or eco-sustainable production techniques to increase the
resilience of the most fragile agrosystems [1]. For this reason, from many directions, a
multidisciplinary scienti�c paradigm is increasingly suggested to better approach the
complex problems concerning soil protection and sustainable agriculture [1–3].

The development and adoption of sustainable agronomic practices able to preserve
and enhance the physical, chemical and biological properties of soils and improve agroe-
cosystem functions is a challenge for both scientists and farmers [4]. In recent decades,
much has been done because, on one hand, scientists have improved and simpli�ed the
measurement methods in speci�c research sectors, and on the other hand, the process of
transferring research outputs to farmers has been enhanced. The latter has been consid-
erably extended thanks to research funding granted by the National and Supranational
Political Institution, which increasingly involves farmers and stakeholders. From a scien-
ti�c point of view, much progress has been achieved in the development of sustainable
practices based on minimal soil disturbance, the use of cover crops, organic mulching, crop
rotations, water and nutrient conservation, recycling crop residues and livestock manure
for soil amendment, precision agriculture and so on, and many reviews have summarized
the state of the art and traced the future trajectories (among others, refs. [5–9]). However,
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much remains to be explored, and Special Issues stimulating the scienti�c community on
these main topics are desirable.

The main goal of this Special Issue (SI) is to collect and present recent research on
sustainable agriculture and soil conservation. A synthesis of the main results is reported in
the following section.

2. Overview of This Special Issue

This SI collects 12 original contributions focused on soil use and management, soil
conservation, as well as on the impact of some pollutants on the soil. Speci�cally, the SI col-
lects nine research papers [10–18], two reviews [ 19,20] and one methodological work [ 21].
Eight of the twelve manuscripts considered the effects of soil use and management (topic
I) [10–16,21], while the remaining four [ 17–20] evaluated the impact of some soil contami-
nants (e.g., crude oil, tungsten, copper and polycyclic aromatic hydrocarbons) (topic II).
This grouping was used to detail the contents and for the reader's usefulness.

Regarding the aforementioned nine investigations (i.e., research papers), seven were
carried out in the �eld [ 10–16], while the others accounted for pot [ 17] or microcosm [ 18]
experiments. From a geographical point of view, �ve “�eld open-air” investigations were
carried out in Italy (three in the south [ 12,13,16], one in the center [15] and one in the
north [10] of Italy), while the remaining investigations were in Brazil [14] and China [11].

Topic I comprises eight papers. Pastorelli et al. [10] investigated the short-term effects
of digestate on soil properties through a holistic approach, thus investigating the soil's
physical, chemical and microbiological properties and their interactions. The digestate
effects were evaluated in the two maize growing seasons within a 2-year maize–triticale
rotation to feed the biogas plant. The main results showed that the digestate (1) increased
the soil's total organic C, total N and K contents, (2) did not affect the soil bulk density
while transiently improving the soil aggregate stability, (3) decreased the soil transmission
pores (50–500� m size) proportion as well as increasing the �ssures (>500 � m), (4) only
transiently affected the soil's microbial community and did not cause soil contamination
from Clostridiaceae-related bacteria, (5) signi�cantly impaired seed germination when
applied at low dilution ratios and (6) did not improve the crop yield, as it was similar to
usual mineral fertilization. In the context of energy crop farming, the authors concluded
that the agronomic recycling and usage of digestate from biogas production assured a
sustainable crop yield and soil quality. Therefore, digestate was con�rmed as a valid
resource for sustainable management of the soil's fertility.

Wang et al. [11] investigated the prediction of soil organic matter (SOM) from visible
and near-infrared (VNIR) spectra, taking into account the presence of nonlinear relation-
ships and spatial heterogeneity conditions. Speci�cally, they combined the proposed partial
least squares-based multivariate adaptive regression spline (PLS–MARS) method and a
regional multivariable associate rule mining and Rank–Kennard–Stone method (MVARC-
R-K-S) to construct a nonlinear prediction model to realize local optimality considering
spatial heterogeneity. The method, which was applied and validated for a case study in
Hubei (China), was able to �lter the spatial autocorrelation present in the investigated area.
In addition, it showed improvements compared with some available methods in terms of
accuracy and robustness, suggesting the reliability of the proposed prediction model.

Losciale et al. [12] compared four soil management strategies at a peach orchard,
namely (1) completely tilled (control); (2) mulched with reusable re�ective plastic �lm; (3)
mulching with a leguminous cover crop �attened after the peach fruit set; (4) completely
tilled and irrigated with the water volumes of the treatment with re�ective mulching. The
effects on the soil features, water use ef�ciency (WUE), tree functionality, fruit growth and
quality, yield and water productivity were investigated. The main results showed that
when using 50% of the regular irrigation, reusable re�ective mulching reduced the water
loss and soil carbon mineralization while not affecting (and sometimes increasing) the net
carbon assimilation, yield and fruit size. Consequently, water productivity was drastically
increased. The investigation allowed for the conclusion that a re�ective mulching strategy
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is promising from the point of view of WUE optimization, especially in hot and dry areas
with clay soils and low organic matter contents.

De Mastro et al. [13] investigated the effects of different soil management methods
(conventional tillage, CT, minimum tillage, MT, and no-tillage, NT), both with fertilization
and without fertilization, on the quantity of SOC at different soil depths and soil particle
size fractions. Diffuse re�ectance infrared Fourier transform spectroscopy (DRIFT) was
also performed to obtain information on both the SOC quality and the mineralogical
composition of these soil fractions. The results showed that CT provided the highest
amount of the �nest fraction, while fertilization improved the microbial community with
the increase of soil microaggregates. The coarse fraction was highest in the upper soil
layer, while the �nest fraction was highest in the deepest one. The greatest OC content
was observed in the topsoil layer and in the �nest soil fraction. The DRIFT analysis could
provide information about the quality of the main minerals present in the different soil
size fractions.

Lozano-Baez et al. [14] measured both the unsaturated and saturated soil hydraulic
conductivity, determined with simple and low-cost �eld in�ltration methods—a minidisk
tension in�ltrometer, MDTI [ 22], and Beerkan [23]—for three land covers, namely (1) pas-
tures, (2) 9-year-old restored forest and (3) remnant forest. The paper, which was relevant
because it provided the �rst measurements of soil water repellency (SWR) in the Brazilian
Atlantic Forest, proved that MDTI and Beerkan in�ltrations gave complementary infor-
mation, highlighting increasing hydraulic conductivities, especially at the remnant forest
plots, when moving from near-saturated to saturated conditions. Moreover, measuring
the hydraulic conductivity with MDTI allowed the estimation of the macroscopic capillary
length [ 24], which is a hydrodynamic soil parameter useful for investigating the impact of
soil management on water saving [ 25]. The authors concluded that the applied approach
(MDTI + Beerkan) allowed the design of better estimates of the saturated soil hydraulic
conductivity under challenging �eld conditions, such as soil water repellency (SWR).

Amoriello et al. [ 15] evaluated the impact of soil amendment with biochar from
brewers' spent grain (BSG) on hop growth. The �eld investigation was carried out in Rieti
(central Italy). Three different German cultivars of hop plant were considered, and biochar
was added at a 20% level. Biochar's effects on root development, shoots, bine length and
crop yield were evaluated using multivariate image analysis and general linear models.
The results showed that biochar signi�cantly improved root growth. Overall, no variability
in shoots, number of leaves or bine length was observed between the two treatments for
all cultivars or among the genotypes considered. Moreover, soil amendment signi�cantly
improved the yield (number of cones). The authors concluded that BSG-derived biochar
could be useful for improving hop plant growth and cone production because it can supply
key nutrients for plant growth and improve the soil's properties.

Montemurro et al. [ 16] evaluated the production capacity of organic horticultural
systems and the ex-post sustainability using a new multi-attribute decision model named
DEXi-met. Speci�cally, they compared three horticultural systems in Metaponto (south
Italy): (1) ECO (organic system with full implementation of agroecological strategies,
agroecological services crops (ASC), strip cultivation and organic amendment), (2) GM
(organic system with the introduction of ASC) and (3) no ASC (organic system without
agroecological services crops). The qualitative response of the DEXi-met model suggested
that the treatments with ASC returned similar total energy outputs, indicating the positive
effect of this agroecological practice. Therefore, the authors pointed out that the ECO
system could contribute to building up more complex agroecosystems, increasing both the
resilience and biodiversity in organic agriculture.

Sofo and Ricciuti [21] presented a standardized method, named Biolog ® EcoPlates™
(Biolog Inc., Hayward, CA, USA), to analyze the functional diversity of bacterial commu-
nities by means of measuring their ability to oxidize carbon substrates. Speci�cally, they
reported a detailed methodological procedure which was easy to follow and reproduce
(i.e., a detailed and step-by-step description of soil preparation, dispersion and dilution,
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optimal bacterial density of the inoculum and so on), based on previous data and experi-
ments. To this aim, a case study of the soils of a Mediterranean olive orchard was reported
for comparing the methods and justifying the methodological protocol proposed. The
authors emphasized that the results of this methodological paper could be important for
correctly evaluating and comparing the microbiological fertility of the soils managed with
sustainable, conservation-based practices or conventional, non-conservation-based ones.

Topic II comprises four papers. Zhang et al. [ 17] evaluated the impact of differentlevels
of crude oil on the soil properties, physiological and chemical parameters of maize leaves
and the phenanthrene content in the leaf. The results showed that (1) the soil water content
signi�cantly increased as the total petroleum hydrocarbons increased, and the soil electrical
conductivity signi�cantly increased compared with the control, and (2) the stomatal length
and density, leaf K and Na contents and phenanthrene leaf concentration decreased in the
contaminated soil compared with the reference group. The authors concluded that the
stomata structure of maize could be in�uenced by crude oil, thus possibly controlling the
accumulation of polycyclic aromatic hydrocarbons in aerial tissues. Practical implications
for contaminated soil management were also hypothesized. Indeed, because stomata can
play a key role in the aerial uptake of pollutants, regulation of stomatal movement can be
usefully applied in phytoremediation of contaminated soil.

Petruzzelli and Pedron [ 18] investigated the in�uence of the soil characteristics on
the tungsten uptake by maize for three different soils—Histosol, Vertisol and Fluvisol—in
the Mediterranean area. Tungsten is largely used in high-tech and military industries.
Therefore, soils are increasingly enriched in this element, and the possible transfer in the
food chain represents a current issue in agroenvironmental studies. The results showed
that tungsten concentrations in the roots and shoots increased with the increasing soil pH
and decreased with the increasing organic matter. Further investigations were suggested
by the authors to fully understand the mechanisms of tungsten transfer from the soil to the
plant and the corresponding environmental impact of this element on human health.

Cesco et al. [19] reviewed the issue of copper (Cu) accumulation in European vineyard
soils due to massive application from different sources (among others, metal-contaminated
sludges and Cu-based pesticides for crop defense against pathogens). Although Cu is
an essential micronutrient for equilibrated crop growth, excessive Cu concentrations in
soil may lead to severe symptoms of toxicity, which are beginning to be recognized in
crops and, particularly, in acidic soils. After dealing with the state of the art on this topic,
they listed and discussed several current challenges, including (1) copper effects on soil
agrobiodiversity, (2) rhizosphere management (management of soil–root–microorganism
interactions), (3) biotechnologies and breeding for a more resistant plant material and (4)
smart viticulture.

Sayara and S¡ nchez [20] reviewed the topic of bioremediation of contaminated soils
due to the accumulation of polycyclic aromatic hydrocarbons (PAHs). Speci�cally, they
focused on the application of compost as a type of biostimulation or bioaugmentation
treatment to facilitate the bioremediation of soils contaminated with PAHs. Moreover,
the authors reviewed the use of composting as an ex situ bioremediation strategy for
PAH-contaminated soils. After dealing with the properties and sources of PAHs, they
discussed the bioremediation of PAH-contaminated soils by composting and bioaugmen-
tation (reviewing the effects of PAH characteristics and concentrations, temperatures of
treatment, organic co-substrate stability and the mixing ratio), also describing the conse-
quences of PAH bioavailability and biodegradation pathways. The authors concluded that,
although the use of compost and composting in several remediation strategies signi�cantly
improved the removal of PAHs in contaminated soils, further investigations are needed in
this research �eld.

3. Conclusions

The 12 manuscripts presented in this Special Issue can contribute to improving our un-
derstanding of sustainable agriculture and soil conservation through the development and
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adoption of speci�c agronomic practices able to preserve and enhance the physical, chemi-
cal and biological properties of soils. The derived improvement of agroecosystem functions
goes in the direction desired by both scientists and farmers. The investigations presented
considered various crops, three different countries and multiple pedoclimatic conditions.

For the reader's convenience, the collected contributions were summarized in
two main groups to provide results on the effects of soil use and management (topic I) and
on the impact of some soil contaminants (e.g., crude oil, tungsten, copper and polycyclic
aromatic hydrocarbons) (topic II).

The common conclusions drawn by the authors of this SI agree on the importance of
both improving the available options for soil conservation and developing, implementing
and sharing new techniques for the sustainable use of the soil.

Funding: This research received no external funding.

Con�icts of Interest: The authors declare no con�ict of interest.
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Abstract: In recent decades, agriculture has faced the fundamental challenge of needing to increase

food production and quality in order to meet the requirements of a growing global population.

Similarly, viticulture has also been undergoing change. Several countries are reducing their vineyard

areas, and several others are increasing them. In addition, viticulture is moving towards higher

altitudes and latitudes due to climate change. Furthermore, global warming is also exacerbating

the incidence of fungal diseases in vineyards, forcing farmers to apply agrochemicals to preserve

production yields and quality. The repeated application of copper (Cu)-based fungicides in con-

ventional and organic farming has caused a stepwise accumulation of Cu in vineyard soils, posing

environmental and toxicological threats. High Cu concentrations in soils can have multiple impacts

on agricultural systems. In fact, it can (i) alter the chemical-physical properties of soils, thus com-

promising their fertility; (ii) induce toxicity phenomena in plants, producing detrimental effects

on growth and productivity; and (iii) affect the microbial biodiversity of soils, thereby in�uencing

some microbial-driven soil processes. However, several indirect (e.g., management of rhizosphere

processes through intercropping and/or fertilization strategies) and direct (e.g., exploitation of vine

resistant genotypes) strategies have been proposed to restrain Cu accumulation in soils. Furthermore,

the application of precision and smart viticulture paradigms and their related technologies could

allow a timely, localized and balanced distribution of agrochemicals to achieve the required goals.

The present review highlights the necessity of applying multidisciplinary approaches to meet the

requisites of sustainability demanded of modern viticulture.

Keywords: copper; rhizosphere; smart agriculture; microbes; vineyard

1. Introduction

In recent decades, the food demand has signi�cantly increased in terms of quality
and quantity due to the increase in the global population, which has now reached almost
8 billion people [ 1]. The growth of the per capita income in developing countries has
undoubtedly played a decisive role [ 2,3]. On the other hand, the arable soil surface
has decreased due to soil degradation and the impact of climate change [4]. Indeed,
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we are experiencing a global annual mean warming of 1 � C above the level of the pre-
industrialization period [ 5]. Moreover, the global non-renewable natural resources used
for the production of fertilizers (e.g., rock phosphate) are limited and are expected to be
consumed shortly [ 6]. All these trends highlight the limits and the vulnerability of the
current model of economic and social growth based on mass production and consumption,
including with respect to soil [7].

For this reason, the United Nations de�ned 17 Sustainable Development Goals (SDGs)
and 169 target actions for the year 2030, to which we are all invited to proactively contribute.
These include targets of no poverty, zero hunger, good health and well-being, life below
water, life on land, and climate action. In this context, agriculture is called upon to
contribute by providing primary production and to reduce its anthropogenic impacts on
the environment.

A speci�c example is represented by copper (Cu) accumulation in agricultural soils
due to the massive application of metal-contaminated sludges and/or Cu-based pesticides
for crop defense plans against pathogens. While Cu is an essential micronutrient for
equilibrated crop growth, excessive Cu concentration, due to its accumulation in soil, leads
to severe symptoms of toxicity, which are beginning to be recognized in crops, particularly
in acid soils [ 8,9]. The case of vineyard soils is the most emblematic. Therefore, speci�c
strategies must be adopted to limit and/or mitigate this problem, particularly in the
viticulture sector.

This review aims at shedding light on the soil vineyard Cu accumulation and its
agricultural and environmental consequences, speci�cally at the European level. Some ap-
proaches to limiting Cu toxicity and the related challenges, considering recent technological
innovations (rhizosphere management, biotechnologies and precision/smart viticulture),
are discussed. A short description of the role of Cu as an essential nutrient for plants is
also included. The review further highlights research gaps that urgently require further
study and innovation in order to guarantee sustainable vineyard management, providing
soil conditions that will enable quality viticulture in the long term.

1.1. Cu in Agricultural Soils and Crops

Copper is a trace element in soil–plant systems. The average Cu concentration in
the Earth's crust is 60 mg kg� 1 and in soil, it typically ranges between 2 and 50 mg kg� 1.
Natural soils with a high content of clay minerals (e.g., Vertisols) or organic matter (e.g., Spo-
dosols, Histosols) are usually characterized by a higher Cu content (up to 180 mg kg� 1) [10].
Anthropogenic atmospheric depositions (traf�c and industry related) and agricultural
materials (inorganic fertilizers, agrochemicals, sewage sludge, livestock manure, irrigation
water, compost, etc.) can dramatically increase the Cu concentration in soil. Indeed, Cu
concentrations higher than 1000 mg kg� 1 have been recorded in polluted soils, including
in agricultural soils [ 11]. In particular, concentrations exceeding 1000 mg kg� 1 have been
reported for vineyard soils in France and Brazil [9] (see also the following chapter).

The main form of Cu in the soil is Cu 2+, typically bound to inorganic and organic
ligands, forming both soluble and insoluble compounds. In the solid phase, Cu has a
very high af�nity for organic matter and manganese oxides, as well as for iron oxides and
clay minerals. Because of its high af�nity for soil colloids and especially organic matter,
Cu shows low mobility in near-neutral soils and is mainly concentrated in the upper soil
layers. For instance, in rhizosphere soil (i.e., at the root–soil–microorganism interface), Cu
is complexed by low-molecular-weight organic compounds exuded by plants and microbes
like carboxylic and phenolic acids, which play an essential role in both external and internal
plant tolerance mechanisms [9]. In arable soils, Cu concentration in the soil solution lies in
the range 1–300� g L � 1 [12].

Concerning the plant acquisition process, roots can use the free ionic forms (Cu+/Cu 2+),
although the direct use of Cu complexes with different organic molecules present in the
rhizosphere cannot be excluded. Indeed, the identi�cation of an uptake system of Fe-
phytosiderophore (i.e., root exudates with a high af�nity for Fe) complexes also in di-

8



Appl. Sci.2021, 11, 907

cots [13] further corroborates this hypothesis. Moreover, a reduction step (Cu 2+ ! Cu+)
is also very likely to occur before the root uptake of the nutrient [ 9]. Indeed, previous
works demonstrated that Fe chelate reductase enzymes and their related gene family (FRO)
responded to both Cu de�ciency and toxicity in Arabidopsis thalianaand cucumber plants,
respectively [14,15]. The metal is taken up through a speci�c transmembrane Cu Trans-
porter Protein 1 (COPT1) [16]. However, the involvement of other transporters like Zn/Fe
Permeases (ZIPs), Natural Resistance Associated Macrophage Proteins (NRAMP) and Iron
Related Transporters (IRT) has also been speculated [17–20]. In this context, the extent
of the Cu bioavailable fraction (i.e., the two free ionic Cu forms and the soluble metal
complexes with organic ligands) strongly depends on soil properties, especially cation
exchange capacity (CEC), pH values, organic matter and clay content [12].

Once taken up by the roots, Cu is loaded into the xylem vessels to be translocated
towards the aboveground organs. Despite only a few pieces of information available, the
Heavy Metal-transporting P-type ATPase 5 (OsHMA5) has been shown to be involved in
the Cu xylem-loading in rice plants [ 21]. In this respect, the Cu concentration in the xylem
sap and in shoots is remarkably limited when the expression of this gene is down-regulated.
Moreover, in A. thaliana, Yellow Stripe Like 2 (YSL2) transporter was also found to play a
pivotal role in the xylem loading of Cu complexed with nicotianamine [ 22]. Once loaded
in the xylem, Cu is bound to an organic ligand, generally amino acids (like histidine and
proline in Brassica carinata) or nicotianamine (e.g., in tomato and chicory) [ 23–25]. Once at
the leaf level, before being taken up by the cells, the Cu2+ complexes need to be reduced to
Cu+ by FRO4 [26] and, only after its transmembrane transport, the metal is delivered to the
different organelles (e.g., mitochondria and chloroplasts) through speci�c transporters [ 27].

In plant cells, Cu is involved in a plethora of biochemical and physiological processes,
including photosynthesis, respiration, oxidative stress responses, cell wall metabolism,
and hormone signaling [ 28,29]. In fact, Cu is an important cofactor in many proteins,
such as plastocyanin, cytochrome c-oxidase and amino oxidase [28]. Generally, the Cu
concentrations in plant tissues growing in uncontaminated soils range from 5 to 30 mg kg � 1

dry weight, depending on the type of plant, the growth stage, and the soil characteristics.
De�ciency symptoms can appear at Cu concentrations lower than 5 mg kg � 1 dry weight,
while leaf concentration higher than 20 mg kg � 1 dry weight may result in toxic effects
affecting the whole plant development [30–32].

1.2. Current Situation in Vineyards (Including Toxicity in Plants and Effects)

Several studies have reported an accumulation of metals in agricultural soils due
to common agricultural practices, such as manure fertilization and spraying for pest
control [ 33–35]. For instance, Cu in apple orchards can have an average annual total increase
ranging from 2.5 to 9 mg kg � 1 year� 1 deriving from the application of Cu-containing
agrochemicals [36]. The accumulation of Cu through time can be in�uenced not only by the
age, but also by other factors, such as soil organic matter content and pH [33]. As shown in
Figure 1, vineyard soils are prone to Cu accumulation, since the practice of spraying Cu
salts as fungicides dates back at least as far as 1761 [37]. After the introduction in 1885 of the
mixture of Cu sulfate and lime, called “Bordeaux mixture” [ 38], its use became generalized
on wine-producing farms. Because of this, the concentration of Cu in vineyards can be
many times higher than the background values of forest soils in the same region, reaching
up to 3000 mg kg� 1 [39,40]. Next, high Cu concentration differences can also be found
inter-row and intra-row within the same vineyard [41].
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Figure 1. Cu concentration distribution ( a) compared to the distribution of vineyards ( b) in Eu-
rope [42]. Several high Cu concentration areas perfectly match viticulture areas.

Although much research is currently taking place to �nd alternatives to Cu, this
element is still crucial to �ghting fungal diseases in vines, especially in organic farming,
limiting the supply of pure Cu to 28 kg ha � 1 over a period of 7 years [43–45]. For these
reasons, the global trends of vine-cultivated areas and the use of Cu should be monitored,
particularly in newly planted vineyards. Indeed, the shallow root system of newly planted
vine plants might be more affected by high Cu levels than older plants, since Cu mainly
accumulates in the upper soil layers (where the concentration of organic matter is higher).
In fact, the �rst effects of Cu phytotoxicity are evident at the root level, with a clear decrease
of root elongation, abnormal root branching, thickening and dark coloration [ 46]. As a
consequence of this altered root development, the roots' ability to take up water and other
nutrients is clearly impaired [ 32,47]. In this regard, it is worth mention the negative effect
of Cu toxicity on P acquisition by roots [ 48,49], highlighting the interactions occurring
between the different nutrient acquisition mechanisms. Critical Cu concentrations in roots
range from 100 to 400 mg kg� 1 dry weight [ 10,46]. Like other heavy metals, an excess of
Cu may also cause the generation of toxic reactive oxygen species (ROS), which, in turn,
can damage several important biomolecules like DNA, proteins and lipids [ 50]. Usually,
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plants exhibit an excellent translocation barrier of excessive Cu between roots and shoots.
This limits the risk of Cu accumulation in edible plant tissues that exceeds toxic levels
to livestock and humans. However, toxic concentration levels, as well as symptoms of
Cu toxicity, have also been well described for the aerial part of plants [ 30–32]. Typical
cases of Cu toxicity at the root and shoot levels of vine plants ( Vitis vinifera L., cv Glera) are
presented in Figure 2.�1 �1 �1 �1�1 �1 �1 �1

�1
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Figure 2. Symptoms of Cu toxicity in vine plants grown in a soil with 814 mg kg � 1 Cu (DTPA
extractable fraction: 280 mg kg� 1 Cu): (D–F) canopy, (C) leaves and (H) roots of grafted plants of
Vitis vinifera L. (cv. Glera); (G) canopy of the rootstock SO4 (V. berlandieri x V. riparia). As control,
canopy (A) and leaf (B) of healthy vine plants ( Vitis vinifera L. cv Glera).

Considering the soil surface dedicated to viticulture, in 2019, worldwide vine cultiva-
tion covered 7.4 million hectares [ 51], and it has been considered stable in recent years, with
a global balance given by heterogeneous evolution in different regions of the world [ 52].
In Europe (Figure 1), the vine-cultivated area is stable, being balanced between the Eu-
ropean Union “grubbing up” program (i.e., the replacement of vine plants with other
agricultural crops, [ 53]) on the one hand, and the possibility of Member States authorizing
the planting of up to 1% of the vineyard surface already planted each year [ 54], on the
other hand. Globally, several countries are increasing their vineyard area, namely Russia,
New Zealand, Peru, and China, to name a few. Meanwhile, countries like USA, Argentina,
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Chile are showing a decline in vineyard area [ 51]. In addition to wine regulations and
the global market [ 55], Climate Change is playing a fundamental role in directing the
spatial distribution of vines, as increasing temperatures are leading to vineyards higher
in elevation and at higher latitudes [ 56,57]. Climate change also affects the incidence of
fungal infections in vineyards, requiring increasing use of Cu-based treatments [ 9]. These
changes will then affect the chemical and biological quality of soils of newly planted vines
with increasingly higher Cu concentrations. In this regard, it is interesting to note that the
annual supply of Cu for pathogen defense plans can range from 1–2 kg ha � 1 in Europe to
30 kg ha� 1 in southern Brazil [ 58] as a function of the infectious pressure of the pathogens.
Furthermore, new crops growing where there used to be vineyards might be affected by
high Cu concentrations and exhibit symptoms of toxicity.

European countries have different approaches to de�ning threshold levels, as there is
large heterogeneity in the legal systems, the chemical analysis used, the target organisms
for toxicity, and background-values and how these are de�ned. In addition, other soil
properties (mainly pH and SOM) and the precipitations/humidity of wine areas can be
used as additional data to determine the �nal threshold level since the need for applying
higher quantities of active principle can in�uence the decision-taking process [ 59–61].
In Italy, for instance, the management of polluted sites is regulated by the law D. Lgs.
152/2006, and a recent Decree established 200 mg kg� 1 of Cu as the contamination limit
for agricultural soils [ 62]. A literature review showed a high degree of heterogeneity
and a lack of standard approaches and thresholds for heavy metal risk assessment [59].
For example, the Austrian standard ON S 2088-2 de�nes a two-step evaluation in which,
�rstly, soil metal content is measured (NH 4NO3-extract). If certain trigger values are
reached, then the possible bioavailability is evaluated in consideration of the metal content
and other soil parameters, such as pH and soil organic matter, thus resulting in a �nal
contamination evaluation [ 59]. The Czech Republic provides indication limits on plant
growth inhibition [ 63] in consideration of the metal content extracted with aqua regia
(HCl and HNO 3 at a ratio of 3:1) or with 1 mol L � 1 of NH 4NO3. Both extractions must
be performed if the limit values for the speci�c metal are de�ned. At the global level, the
lack of a standardized approach on Cu content thresholds in soils should be addressed in
the future both by the scienti�c community and in public policy. Several soil extraction
methods should be evaluated, considering both total and available Cu contents in order to
reach a robust decision scheme.

2. Current Challenges

As described in the previous paragraphs, a deeper understanding of the Cu accumu-
lation phenomenon in vineyard soil with an all-encompassing approach, including the
main environmental and agricultural risks connected, appears necessary. Concurrently,
the identi�cation of approaches and the setup of cultivation practices aimed at mitigating
the problem are urgent. Therefore, the following paragraphs describe some examples con-
sidering recent technological innovations like rhizosphere management, biotechnologies
applied to vine plant breeding and smart viticulture.

2.1. Copper Effects on Soil Agrobiodiversity

Soil contains a vast underground world inhabited by many fungal and bacterial
species. It is estimated that 1 g of soil contains a number of bacteria ranging between
100,000 to 1,000,000, and, within this fraction, there may exist different micro-niches
in which several ecotypes may live [ 64,65]. Although only a small fraction of the fun-
gal and bacterial diversity is known, certain fungal and bacterial groups play a crucial
role in several agroecosystem services, including plant-growth promotion and cycling
of nutrients (e.g., nitrogen, N, and phosphorus, P) [ 66–68]. However, the accumulation
and the excessive availability of heavy metals such as Cu can impact the soil microbial
biomass and activity, thus affecting some microbial-driven soil processes, including N
�xation and mineralization [ 69]. Moreover, Cu has been demonstrated to impact microbial
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communities' composition and functionality, with higher effects on bacterial than fungal
communities [70–74]. Fungi and bacteria have evolved different strategies against high Cu
concentrations in soils (Figure 3). For instance, some �lamentous fungal and yeasts species
act against the overload soil Cu, directly at the cytosol level [ 75]. Herein, the sequestration
of the free Cu ions occurs due to metallothioneins, a family of cysteine-rich proteins (e.g.,
Cup1 and Crs5) that chelate Cu [76–78]. Furthermore, when the metal in the cytosol is in
excess, fungal cells act through organellar compartmentation of the metal, mainly directing
it to the vacuole. Concerning this latter strategy, no speci�c Cu transporter catalyzing
the transmembrane transport into the vacuole has yet been identi�ed [ 79]. In addition,
cytoplasmic chaperones' activity is essential for mitigating Cu stress in the cytosol. Indeed,
while the chaperone Atx1 delivers Cu to the trans-Golgi network, Ccs1 delivers Cu to the
Cu-Zn Superoxide dismutase Sod1 [80,81].
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Figure 3. Exposure of soil microorganisms to Cu in vineyards. ( a) Selection of Cu-resistant and antibiotic-resistant genes
due to the Cu application ( b) Schematic representation of the bacterial and fungal strategies for coping with excessive
Cu inputs;
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In contrast, in bacteria, the detoxi�cation strategy relies mainly on a Cu export system
based on the functionality of two different mechanisms for Gram-positive and Gram-
negative bacteria [82]. In Gram-positive bacteria, proteins belonging to the Cop family are
at the basis of cytosolic Cu disposition. The system includes a Cu chaperone (CopZ) that
delivers Cu �rst to CopY (copper responsive repressor), activating the transcription of copA
and copB(genes encoding for ATPase pumps), which extrude Cu + and Cu2+ from the cell,
respectively. In Gram-negative bacteria, the presence of periplasmic space determines the
evolution of speci�c mechanisms for extruding Cu in the extracellular space. Speci�cally,
the Cop-protein system is located on the inner membrane and in the inner cell, and its
activation is mediated by the MerR-type Cu-responsive transcriptional activator CueR [ 83].
Additionally, while Gram-positive bacteria mainly use the Cop system, Gram-negative
bacteria exploit a trans-envelope extrusion system (CusABC ATPase pumps system) [82].
Additionally, the periplasmic multicopper oxidases (PcoA, CueO), oxidizing Cu + to Cu2+

and activating the production of siderophores to sequester the cytoplasmic Cu, play a
crucial role in the Cu detoxi�cation process [ 84,85].

Moreover, the Cu accumulation in agricultural soils other than bacterial Cu resistance
can also promote the occurrence of antibiotic resistance, with these traits being linked
together [86–90] (Figure 3). Therefore, at the molecular level, the Cu-resistant and antibiotic-
resistant genes can be reasonably co-selected. Thus, they can commonly occur on the same
mobile genetic element (i.e., plasmid, integron or transposon) [ 91,92]. Additionally, the
bacteria cells can have a cross-resistance molecular mechanism in which the same gene
confers resistance to different antimicrobial agents, such as antibiotics and Cu [91]. Indeed,
the repeated application of Cu to agricultural soils over the years, given that the metal is not
degradable, can dramatically enhance the frequency and dissemination of Cu-resistant and
antibiotic-resistant genes [92]. In this context, Cu-contaminated vineyard soils could even
be considered a reservoir of antibiotic-resistance traits that can be transferred among the
different bacterial species via vertical and horizontal gene transfer (e.g., plasmid-mediated
conjugation, integrons) [ 36]. However, more detailed studies should be carried out to
elucidate the possible long-term impact of Cu on the bacterial communities inhabiting
agricultural soils linked to the antibiotic resistance. Indeed, there is a general lack of
knowledge about the potential route for the transmission of antibiotic-resistant bacteria
from soil to crops, animals and humans. Speci�cally, it will be crucial to investigate the
potential health risk assessment to prevent further development of pathogenic-resistant
bacteria in agricultural ecosystems.

2.2. Soil Management Considering the Root–Microorganism Interactions
(Rhizosphere Management)

Considering the ever-increasing incidence of soils contaminated with Cu, it is evident
that rhizosphere dynamics must be taken into account when setting up and applying soil
management practices to mitigate the Cu stress in these agricultural soils. In fact, the
biogeochemical cycles of the nutrients completely differ at the soil–root interface compared
to non-rooted soil (i.e., bulk soil). Indeed, the highly dynamic interactions between roots,
soil and microorganisms occurring in the rhizosphere control not only the speciation and
the consequent availability of the nutrients (and, in turn, the extent of their root acquisition),
but also determine the level of availability/toxicity of heavy metals like Cu. For instance,
in the hotspot that is the rhizosphere, pH value modi�cations and the release of low- and
high-molecular-weight organic compounds by both roots and microorganisms are the main
drivers of Cu availability.

Concerning soil pH values, root-induced changes of this chemical parameter are
mainly triggered by plant nutrient uptake. This process is often coupled with an active
proton extrusion catalyzed by the plasma membrane H +-ATPase [28]. Furthermore, an
unbalanced cation/anion uptake of nutrients might lead to either acidi�cation (i.e., due
to an excessive uptake of cations) or alkalization (i.e., due to an excessive uptake of
anions) of the rhizosphere. These imbalances might occur naturally due to different plant
requirements, depending on the physiological status of the plants, microbial interactions
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and/or competition with neighboring plants, as well as potentially being caused by the
unbalanced availability of some nutrients in the growth medium [ 93,94]. Indeed, in
vineyards, when cover crops are co-cultivated with other plants like vine plants, nutrient
competition might induce an unbalanced uptake of elements with consequent root-induced
changes of the pH. As is to be expected, this phenomenon impacts Cu mobility/availability
and, consequently, its toxicity. On the other hand, excessive concentrations of metals like
Cu might also be themselves responsible for an unbalanced nutrient uptake. Recent studies
have highlighted that Cu stress can induce synergism and/or antagonisms with many
other nutrients like P, Fe, Zn and Mn, causing further root-induced pH changes both in
annual grass species and in perennial plants like grapevine [ 15,95]. The complexity is
further exacerbated by the fact that rhizosphere effects (like acidi�cation and alkalization
processes) are not always constant over time [96] and are strongly plant species and
genotype/rootstock dependent [ 15,95,96].

As mentioned earlier, besides pH values, rhizosphere organic compounds are the
main drivers shaping Cu speciation in agricultural soils. Indeed, speci�c compound
classes such as phenolic compounds and carboxylic acids play a fundamental role in both
internal and external Cu tolerance strategies of plants [ 97]. Recent studies have shown
that perennial plants like grapevines also trigger their root exudation when exposed to
excessive Cu concentrations, yet the phenomenon strongly depends on the type of the
rootstock and the growing conditions [ 15]. Indeed, when grapevines are intercropped with
annual grass species like oat, the exudation pattern is completely modi�ed. Furthermore,
the enhanced exudation reduces the Cu accumulation in grapevine plants, making this
a valuable agronomic strategy for mitigating Cu stress [ 15]. It is important to highlight
that the alleviating effect is highly plant species dependent, and thus the intercropping
approach should be evaluated for each speci�c rootstock. In addition, the intermingling of
roots in intercropping systems might induce a competition between plant species leading
on one side to a modi�ed exudation pro�le and on the other side to an unbalanced nutrient
uptake ultimately affecting the effect of Cu stress.

In addition, soil management also comprises fertilization strategies, which also
strongly affect rhizosphere dynamics. For instance, the source of N supply (NO 3

� or NH 4
+)

affects the pH at the soil–root interface both in annual and perennial plant species [ 28].
Nitrate-based fertilizers induce an enhanced anion root uptake with proton consumption
and a consequent alkalization of the rhizosphere. On the other hand, ammonium-based
fertilizers trigger enhanced proton release by roots, resulting in signi�cant rhizosphere
acidi�cation. Even though nitrate usually predominates over ammonium in agricultural
soils due to the very rapid microbial nitri�cation processes, preferential ammonium uptake
might still occur in acid soils, at low soil temperatures, or shortly after the application of
ammonium fertilizers, organic fertilizers and/or nitri�cation inhibitors [ 28]. Soil manage-
ment should thus comprise fertilization-induced root activities, since Cu availability in
soil is strongly pH dependent and might undergo mobilization processes, exacerbating
its toxicity. Moreover, an adequate nutritional balance for a crop seems to be decisive in
mitigating the effects of Cu toxicity when the metal is already present in relevant quantities.
Vineyards in calcareous soils represent a clear example. In fact, in this case, the edaphic
conditions (essentially soil pH values) should theoretically restrain the availability of Cu to
the plants. However, if the Fe availability for crops becomes limited as a consequence of the
chemical–mineralogical nature of the soil, the activation of the plant's adaptive responses
to this de�ciency (including the acidi�cation of the rhizosphere [ 98]) could transform the
Cu problem from potential to real.

The complexity of rhizosphere dynamics highlights that soil management, and particu-
larly the management of nutrients, in agricultural agroecosystems such as vineyards needs
a comprehensive overview and an appropriate knowledge of the soil–plant system and its
dynamics. Indeed, such knowledge could be crucial in counteracting the negative effects
of toxic concentrations of heavy metals like Cu and/or exploiting bene�cial synergism
between elements to bene�t the agricultural production. Future studies should therefore
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focus on a holistic approach that also includes the third main actor involved in rhizosphere
processes, i.e., microorganisms. Even though microorganisms are known to increase plant
growth and stress resilience, little is known about the effect of Cu stress on their compo-
sition and functionality in the rhizosphere in real agroecosystems such as vineyards. To
date, most studies have been lab-based and recreate arti�cial metal stress conditions; thus,
they still provide an insuf�cient understanding of the microbiome functioning and the
mechanisms of plant–microbiome–soil interactions. Large-scale experiments at the �eld
level are thus essential in order to give a complete overview of the effect of Cu on the
complex interplay between soil, plants and microorganisms involved in the biogeochemical
cycles of nutrients at the agroecosystem level.

2.3. Biotechnologies and Breeding for a More Resistant Plant Material

Grapevine cultivation and wine production worldwide face challenges posed by the
high pressure of fungal and fungal-like diseases, causing production losses [ 99]. The most
common and severe problems in viticulture include those presented by downy mildew
and powdery mildew infections, caused by Plasmopara viticolaand Erisyphe necator, respec-
tively [ 100]. Both pathogens are commonly controlled by the application of fungicides
in vineyards, mainly based on Cu [ 101]. However, the implementation of innovative
strategies, such as the use of pathogen-resistant vine genotypes, is highly desirable with
the aim of achieving a more sustainable viticulture. For this reason, breeding programs
have been implemented in order to transfer the so-called resistance (R) genes from resistant
Vitis species to sensitiveV. vinifera varieties [102].

The production of resistant grapevine hybrids began in the 19th Century, yet the �rst
varieties, obtained from traditional breeding carried a high percentage of non- V. vinifera
genetic material and presented undesirable “foxy” �avors in the resulting wine, a dis-
tinctive feature of V. labrusca[101]. In the post-genomic era, new techniques, such as
marker-assisted backcrossing, marker-assisted background selection and marker-assisted
pyramidization, contributed to the development of breeding strategies allowing the precise
introgression of wild alleles in susceptible genomes, while reducing the undesired residual
genetic material [103]. At present, up to 27 Quantitative Trait Loci (QTL), known as Rpv
genes, are associated with the resistance toP. viticola, while up to 13 QTL ( Renand Run
genes) are related to resistance againstE. necator[102]. Following infections, Rpv genes
can induce different defense responses (e.g., hypersensitive response, the accumulation
of phenolic compounds in the infected tissues, the accumulation of callose and lignin, the
synthesis of phytoalexins, the induction of either cell necrosis or peroxidase activity; [ 104]
and the references therein), while Renand Run loci have been shown to encode small
gene families of receptor-like proteins that are thought to directly or indirectly interact
with pathogen-speci�c effectors. This interaction elicits a signaling cascade that leads to
the transcriptional reprogramming of the host plant and the expression of plant defense
genes [105]. Despite the potential economic and environmental bene�ts achievable, the
diffusion of resistant hybrids is being prevented by the wine-making industry, which pref-
erentially chooses traditional genotypes, despite their being susceptible, over resistant ones,
mainly because of current regulations [ 102,106]. A remarkable opportunity to overcome
the issues related to traditional breeding might be offered by the genome editing approach,
directed towards the susceptibility ( S) genes encoded in theV. vinifera genome [107]. The
functionality of Sgenes is required for successful infections by both E. necator[108,109] and
P. viticola[106,110]. Indeed, the targeted inactivation of Sgenes inV. vinifera plants might
potentially lead to the generation of resistant clones, while still preserving the genetic iden-
tity of the parental genotypes, which would be highly appreciated by the wine producing
industry [ 106].

Interestingly, these new varieties can be de�ned as being tolerant to the pathogens;
however, in cases of very high infection pressure, the endogenous plant responses might
not be suf�cient for counteracting disease, making the application of agrochemicals like
Cu necessary for controlling and/or contrasting pathogen diffusion within the canopy
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(Figure 4). Indeed, despite not completely avoiding the application of fungicides, resistant
varieties might contribute to strongly decreasing the use of agrochemicals in open �elds.
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Figure 4. Traditional susceptible varieties vs. resistant varieties in viticulture. The protection of tradi-
tional susceptible varieties from pathogen infections requires the repeated application of Cu-based
fungicides, which, through drift phenomena and rain wash-offs, can cause a consistent accumulation
of Cu in vineyard soils. The increased Cu concentration in soil can, on one hand, induce vine plants to
modify their exudation to cope with Cu toxicity, and, on the other hand, promote an alteration of soil
microbial biodiversity. The combination of modi�ed exudation patterns with an altered rhizosphere
microbial community might impact the biogeochemical cycles of mineral nutrients, thus modifying
their availability to plants. In resistant varieties, the protection against pathogens requires lower
application rates of agrochemicals, thus also reducing the input of Cu. Nonetheless, the expression
of the resistance gene(s) might alter the physiology of vine plants at transcriptomic, proteomic and
metabolomic levels, in this case also causing a modi�cation in the exudation pattern. In addition,
evidence shows that resistant varieties might require speci�c fertilization strategies in order to fully
present the resistance traits. Again, an altered exudation pattern combined with the input, albeit
minimal of Cu and fertilizers may impact the rhizosphere dynamics, affecting both soil microbial
biodiversity and the biogeochemical cycles of mineral elements.

Nevertheless, both the introgression of foreign genetic material (such as for traditional
breeding) and the silencing of genes (such as for the genome editing approach) could
potentially alter the physiology of plants. The modi�cation of vine plants' genetic material
might produce, for instance, organisms that could require particular edaphic conditions
(e.g., speci�c fertilization practices and/or speci�c provision of micro/macronutrients) in
order to express disease resistance at optimum levels (Figure4). In fact, speci�c nutrient
�uxes within the leaf blade seem to be the basis for the expression of the pathogen response
in these resistant varieties [111]. In addition, transcriptional reprogramming, as in the
case of eitherRpv or Ren/Runloci, can alter the metabolome [112,113], which might mirror
modi�cations in qualitative and quantitative root exudation patterns. Root rhizodeposition
plays a crucial role in the transformations and �uxes of nutrients from soil to plant [ 114],
considerably affecting the extent of their acquisition by plants, and therefore, the crop
yield. Moreover, root exudates represent, at least in part, the mechanism by which plants
can recruit soil microbiota and shape the rhizosphere microbial community [ 115]. As
mentioned earlier, this could either directly or indirectly impact the structure, the diversity
and the functionality of soil and rhizosphere microbial communities, which play a pivotal
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role in the processes occurring below ground (Figure 3) [68,115–117]. In this regard, the
accidental selection of pathogenic microbes, which could represent a future challenge for
viticulture in terms of new plant diseases, cannot be excluded. Therefore, the suitability
assessment of these new plant materials should not be limited to those traits that are
strictly connected with the expression of the pathogen resistance genes for the purpose of
overcoming old (i.e., the classical and well-recognized vine diseases) challenges. Indeed, it
is necessary to evaluate resistant varieties also with respect to putative new challenges (i.e.,
new pathogens and the related diseases) in order to establish the sustainability of these
viticultural practices in both the short and the long term. Furthermore, the availability
of rootstocks with traits of tolerance to Cu toxicity could be advantageous in viticultural
areas. Finally, the increase in phenotype and genotype data of the scions and the rootstocks
could signi�cantly bene�t from the application of machine learning to accelerate the crop
breeding process [118] in press).

2.4. Smart Viticulture

Cu accumulation in soil can be restrained through direct (e.g., using more resistant
plant species, as described in the previous paragraph) and indirect actions (e.g., decreasing
the availability in the rhizosphere and/or limiting the quantity of Cu that reaches the
soil via new applications). Since the resistant varieties of vine plants currently available
are essentially tolerant, and therefore a certain level of plant defense using pesticides is
essential, indirect actions are still important not only for the traditional varieties, but also
for the new ones. In this respect, the main goal is to avoid drift phenomena during the
application of pesticides and to limit Cu accumulation in the soil. The Cu applied to the
vine canopy will indeed reach the soil due to rain, foliar irrigation and/or autumn leaf fall.

In the last two decades, a wide range of technologies have been increasingly applied
in viticulture, such as monitoring technologies, decision support systems and operating
technologies. Monitoring technologies include geolocation, remote sensing (using satel-
lites, aircrafts, and unmanned aerial vehicle/drone images), and proximal sensing during
production (using wireless sensor networks to measure soil moisture, leaf wetness, grape
temperature, sap �ow, etc.) and harvesting phases (using volumetric grape sensors and
optical sensors for grape “quality”). Decision support systems (DSS) make it possible to
consider the spatial variability (i.e., the variability of soil properties, landscape features,
crop stresses, yield and quality in the different areas of a �eld [ 119]) in process optimization
(irrigation, fertilization, or chemical treatments) and harvesting. Finally, operating tech-
nologies include variable-rate technologies (VRT) and agricultural robots , which make
it possible to implement the activities de�ned with the help of the DSS, while also limiting
drift phenomena [ 120].

These technologies were proposed in the 1990s, initially for their ability to manage
crops according to site-speci�c logic, which makes it possible to deal with the spatial
variability of soil, nutrient and phytosanitary conditions. They also include geo-referencing,
which allows producers to micro-manage soil and plant processes within small areas of
a single �eld. Despite positive expectations, these techniques' diffusion is still relatively
limited, as several authors have reported [ 121–125]. In several European countries, the use
of ITC in agriculture remains at less than 10% of farms, and, of these, only 50% of farms
that complete site-speci�c applications. The current circumstances are considered to be
very favorable for the growth of the sector, not only for the new generation, with habits
more rooted in the use of digital technologies, but also for the “cultural dragging” caused
by the so-called “Industry 4.0” revolution [ 126–128]. In fact, this revolution has brought
signi�cant attention to the new technological frontiers connected to the “Internet of Things”
(IoT), Big Data, Cloud Computing, hyper-connectivity, cybernetics and augmented reality.
As a consequence of this technological trend and its effects, the termsagriculture 4.0and
smart agricultureare coming to be preferred to the term precision agriculture[129].

To the best of our knowledge, there are no studies measuring the exact impact of
precision or smart viticulture techniques on the limitation of Cu accumulation/toxicity

18



Appl. Sci.2021, 11, 907

at the soil level. However, various papers have highlighted that the goal of these tech-
niques is to improve not only the yield and quality of grape production, but also its
environmental sustainability (i.e., reducing the chemical treatments) [ 120,130]. Indeed,
these techniques have shown that it is possible to reduce the use of Cu-based fungicides
by 25–50% [131–133]. Therefore, it can be expected that the contribution to the limitation
of Cu accumulation/toxicity at the soil level will be remarkable. Thus, a set of exam-
ples of precisionand smart viticulture technologies (which might be used by practitioners
and scholars as an initial reference point for implementation projects and precise impact
analyses) is discussed in the following paragraphs. Other examples can be found in the de-
tailed reviews of literature and �eld applications of precision viticulture [ 120] or precision
agriculture [ 134–136].

While soil protection has mostly been studied using a mono-disciplinary approach
(e.g., soil chemistry, plant defense), the use of precision/smart viticulture technologies
in combination with an interdisciplinary approach involving technology experts (from
the �elds of sensors, electronics, computer science, and agricultural machinery), domain-
experts (e.g., from the �elds of soil chemistry, plant pathology, genetics, and agronomy)
and sustainability experts (or Lifecycle assessment experts) is increasingly needed.

In particular, precisionand smart viticulture technologies could contribute positively
to the following aspects: (1) crop monitoring, i.e., using optical sensors on vehicles (e.g.,
tractors, autonomous vehicles, or drones) to perform a sort of “early digital scouting”
to be carried out promptly to keep the phytosanitary status of wide-crop areas under
control [ 137,138]; (2) operational monitoring, i.e., using the so-called FORK systems (Field
Operation Register Keeping) [129,139,140] which allow the detection and automatic record-
ing of how a �eld operation is carried out; (3) implementation of site-speci�c techniques
with retro�t components, i.e., adaptable to existing farm machinery, thus avoiding the
need to make large investments in new equipment (see Figure 5). The �rst two aspects
concern information management actions, necessary for medium- and long-term quality
decision-making processes at the farm, based on targeted information. The third aspect
allows a direct intervention with immediate control effects, especially if the retro�t device
is also equipped with sensors capable of locally estimating the volumes of canopy to be
treated and then enabling the adjustment of the doses to be distributed accordingly.

Sensors installed both on agricultural machines and within the vineyards (both at
the plant and soil level) allow the collection and monitoring of data (e.g., the color, shape
and dimensions of leaves and grapes, temperature and weather conditions, soil pH, and
the presence of pathogens [120,130,131,141]). These data can then be processed (cleaned,
�ltered, aggregated, represented and archived) and analyzed to extract the relevant infor-
mation. These analyses might be carried out by a DSS at the farm or at external servers
accessible over the Internet (i.e., in the Cloud) [133,141]. Moreover, they might be au-
tomated through Arti�cial Intelligence and/or neural networks algorithms, and they
might also be used to simulate/prevent future behaviors/events (e.g., a digital twin of the
vineyards can be created where the impact of different interventions/strategies can be sim-
ulated) [ 142]. The data analyses might also combine data from multiple farms/vineyards,
as well as other big (information assets characterized by such a high volume, velocity and
variety that it requires speci�c technology and analytical methods for its transformation
into value [ 143]) data from several sources [144,145]. Finally, the results obtained can
lead to an action, such as process optimization (modi�cation of irrigation, fertilization,
or chemical treatments), or to a report for internal or external users [ 129,131,133]. Such
actions can also be implemented in a more precise and/or automatic way through strad-
dle tractors/machines, autonomous vehicles/robots, and drones [ 120,146]. Finally, the
application of these technologies might help the winegrower to spray, fertilize or irrigate
(1) when it is needed; (2) exactly where it is needed (also limiting the drift); and (3) at the
quantity needed in the different areas of the �eld and times (i.e., considering the horizontal,
vertical, and spatial variability), thus potentially minimizing the Cu accumulation process
in the soil. The technologies presented above are (mostly) already available on the market
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and have been adopted by some vineyards. An interesting example of this is PlantCT TM

(formerly known as Smartvineyard), a system that continuously monitors the plants and
the environment using a wide range of sensors (i.e., spore and pest detectors, as well as
leaf surface, light, humidity, and temperature, wind, solar radiation, precipitation and
soil sensors) and suggests to the winegrower the interventions/actions that should be
implemented ( https://plantct.com/ ). Another example—more focused on the topic of
this paper—is Coptimizer, a model-driven DSS that might help to optimize and track the
use of Cu-based fungicides in viticulture. Other similar examples include VineSens [ 141],
GRover [147], and FeelGridTM (https://www.feelgrid.com/ ). For a detailed review of
smartphone applications for smart agriculture, see [ 148]. There are then several companies
producing variable-rate (or smart) straddle tractors/machines and spraying drone systems
(also) for vineyard applications (e.g., Pellenc, New Holland, Durand-Wayland, Tecnovit,
Fly Dragon Drone Tech., Chouette). Some of these systems have been presented in detail
by [120].
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Figure 5. Design of a possible retro�t device to be applied to sprayers already present at the vineyard to enable them to
operate according to site-speci�c logics. The retro�t application concerns a vertical spraying tower equipped with a set of
rotating supports for independent nozzle selection and activation. The control is supported by a set of volumetric ultrasonic
sensors able to detect the size of the canopy to be processed. The solution even includes a Field Operation Register Keeping
(FORK) system based on an identi�cation device enabling the tractor to automatically detect the identity of the coupled
machine through a simple Radio Frequency (RF) system (T-MO: implement transmitting code; A-RF: tractor receiving
antenna; identi�cation is enabled only on distances <20 m). On board data transmission is performed via Controller Area
Network (BUS-CAN), supposing this is already available on-board. In case of older tractors (no BUS-CAN), a direct wire
connection can be easily established.

The necessary investments and/or operating costs required by the abovementioned
systems—as well as more generally for the implementation smart farming solutions—are,
however, rather high, particularly for small vineyards [ 149,150]. Furthermore, speci�c
know-how is often needed to properly use them [ 149]. The Industry 3.0 phase (indicatively
occurring between 1970 and 2010) was characterized by digital culture and technologies in
the management of industrial production processes. On the other hand, the Agriculture
3.0 phase (occurring between 1980 and 2000) introduced technological innovations mainly
focused on the improvement of the quality of mechanization in the �elds of electronics,
ergonomics and safety, but with limited results in the �eld of information technology. The
“digital gap” in agriculture compared with the industrial sector is particularly relevant.
Therefore, the key challenge is to adopt these systems and technologies for economic sus-
tainability (the retro�t idea mentioned above could, for instance, be an interesting solution)
and to explain their potential bene�ts to winegrowers. Another possible idea could be

20



Appl. Sci.2021, 11, 907

the creation of some consortia or cooperative forms to cover the high investments/costs.
In any case, with the application of these strategies, it is possible to signi�cantly limit
the supply of Cu to the vineyard, thus limiting the metal accumulation process in the
wine-growing context.

However, future research is needed on the smart viticulture topic at different levels
to contribute to the general challenge. First, while well-developed and robust solutions
for speci�c purposes exist (e.g., grape yield monitors, soil and leaf monitors and precision
sprayers), they still tend to work as separate silos. Future research should therefore try to
develop visions as well as practical architectures/applications for an integrated smart (or
digital) management of vineyards. Second, there is a strong need to identify the compe-
tencies needed by farmers (and by wine-growing consultants) in order to correctly and
effectively use the technologies available and to consequently update the study programs.
Finally, smart viticulture's impact on the three sustainability dimensions (i.e., environmen-
tal, social and economic) should be further investigated. [ 151] showed that both positive
and negative impacts of Industry 4.0 technologies can be observed in the industrial �eld.
This might also be applied in viticulture (and, more generally, in agriculture) where, to
date, research has mostly focused on the environmental dimension [ 130,131].

3. Conclusions

The repeated application of copper (Cu)-based fungicides in conventional and organic
farming has caused a signi�cant increase in the total Cu contents in vineyard soils, posing
agricultural and environmental threats. The goal of our review was to shed light on this
issue and to discuss some approaches that might be adopted to limit Cu toxicity.

We presented the current Cu accumulation situation, with particular reference to the
European context (see Figure1), and discussed its potential risks in viticulture (see Figure 2),
considering the chemical-physical-microbiological properties of soils, as well as the toxicity
phenomena in plants. Furthermore, some approaches and setups of cultivation practices
aimed at mitigating the Cu accumulation problem (namely, rhizosphere management,
biotechnologies and breeding for more resistant plant material, as well as precision/smart
viticulture techniques for a timely, localized and balanced distribution of agrochemicals)
were discussed. We summarized the current literature for all these topics and highlighted
a set of research gaps that urgently require future studies and innovation. In particular,
research is needed to shed light on the possible long-term impacts of Cu on selecting
antibiotic-resistant bacterial species of agricultural soils and on their potential threats to
animal and human health. Future studies should then focus on vineyard rhizosphere
dynamics more holistically, i.e., considering the microorganisms and the effect of Cu stress
on their composition and functionality, as well as relying on large-scale experiments at the
�eld level. Third, the assessment of “new” resistant plant material (scions) should not be
limited to the traits strictly connected with the expression of the pathogen resistance genes
for overcoming current vine diseases, but should also consider putative new pathogens
and related diseases. From this perspective, particular attention should also be paid to
rootstocks with tolerance traits for high Cu concentrations in soils. Finally, future research
is needed (1) to develop visions as well as practical architectures/applications for an
integrated smart (or digital) management of the vineyard; (2) to identify the competencies
needed by farmers and wine-growing consultants to use the technologies available correctly
and effectively; and (3) to shed empirical light on the impact of smart viticulture on the
three sustainability pillars (i.e., environmental, social and economic).

More generally, our review showed that the setting up of a more sustainable soil
management in viticulture requires a multidisciplinary approach involving all the players
throughout the whole production chain. In this context, the availability of plant material
more resistant to pathogens and physiologically more suitable for the edaphic environment
is essential. Moreover, Cu-induced antibiotic resistance in soil microorganisms highlights
the relevance of the One Healthconcept, where the protection of plant, animal and human
health is considered to be one. For instance, the frequent contamination of the water sources
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used for crop irrigation with synthetic compounds for human care (such as drugs like
ibuprofen, [ 152] clearly indicates that the defense plan against pathogens of agricultural
crops like vines using agrochemicals should not be considered independently of animal
and human health, and vice versa. Actually, thanks to an approach like this, it is possible to
effectively contribute to both the continuation of the viticulture (and more generally that of
agricultural production) and the preservation of the environment as a whole, in particular
the soil ecosystem.
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Abstract: Digestate from biogas production can be recycled to the soil as conditioner/fertilizer

improving the environmental sustainability of the energy supply chain. In a three-year maize-triticale

rotation, we investigated the short-term effects of digestate on soil physical, chemical, and microbio-

logical properties and evaluated its effectiveness in complementing the mineral fertilizers. Digestate

soil treatments consisted of combined applications of the whole digestate and its mechanically sepa-

rated solid fraction. Digestate increased soil total organic C, total N and K contents. Soil bulk density

was not affected by treatments, while aggregate stability showed a transient improvement due to

digestate treatments. A decrement of the transmission pores proportion and an increment of �ssures

was observed in digestate treated soils. Soil microbial community was only transiently affected by

digestate treatments and no soil contamination from Clostridiaceae-related bacteria were observed.

Digestate can signi�cantly impair seed germination when applied at low dilution ratios. Crop yield

under digestate treatment was similar to ordinary mineral-based fertilization. Overall, our experi-

ment proved that the agronomic recycling of digestate from biogas production maintained a fair crop

yield and soil quality. Digestate was con�rmed as a valid resource for sustainable management of

soil fertility under energy-crop farming, by combining a good attitude as a fertilizer with the ability

to compensate for soil organic C loss.

Keywords: anaerobic digestion residues; soil amendment; soil fertilization; soil organic C; soil

porosity; soil microbial community

1. Introduction

Interest in biogas production has grown signi�cantly in the past two decades, fol-
lowing the need to reduce fossil fuel consumption in favour of renewable energy sources.
To encourage biogas market penetration, EU policy issued �nancial incentives [ 1] which
have led to a signi�cant increase in the number of biogas plants. More than 18,000 biogas
plants were registered by October 2020 [2] with an overall installed electric capacity (IEC)
of 13,520 MW estimated at the end of 2019 [3]. Currently, in Europe, Italy and Germany
rank �rst in terms of the number of active biogas plants, with most Italian plants (1900 units
with an IEC of around 1000 MW) located in the Po Valley and other northern regions [ 4,5].

Biogas production from anaerobic digestion mainly relies on four types of biomass
sources: (i) biomass wastes from farms (animal slurries and crop residues) and households
(municipal solid waste and food waste); (ii) agro-industrial by-products; (iii) sewage
sludges; (iv) biomass from dedicated energy crops [6].
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The energy derived from anaerobic digestion is considered to be almost “carbon-
neutral” and to bring environmental and social bene�ts, contributing to a reduction of
greenhouse gas emissions (allowed by replacement of fossil fuels) and organic wastes [7],
and supporting rural development and new employment opportunities [ 8]. Against these
bene�ts, biogas production from energy crops generates several issues and con�icts that
are under the political attention on a world scale, since the shift of farmland to non-
food systems creates doubts concerning the security of food supply and the environmental
impact of energy crops cultivation [ 9]. One main concern is the environmental sustainability
of energy crop cultivation as large amounts of organic matter and plant nutrients are
removed with the crop biomass from the �eld. Depletion of organic matter and plant
nutrients from the agricultural system can lead to soil degradation if not balanced by
appropriate replenishments. Secondly, since the number of biogas plants in many European
countries has increased signi�cantly in recent years, the disposal of residues from anaerobic
digestion has become of growing concern [10]. From a sustainability perspective of the
biogas supply chain, since a wide range of undecomposed organic compounds and plant
nutrients removed from the �eld (mainly ammonia and phosphate) are retained in the
digestate [11–14], the direct land application of digestate is an economical option for
residues disposal and soil amendment/fertilization [ 15–17]. The risk of a potential transfer
of organic pollutants, such as herbicides and fungicides, from digestate to rotational crops
and feedstuffs is considered very low by the European Food Standards Agency [16].

A third concern is that energy crops require resources (land, water and energy) which
inevitably become no longer available for food production [ 8,9,18,19]. For cereal crop-based
productions, the “food vs. fuel” con�ict would be overcome if the grain was excluded from
the biogas feedstock and used for livestock feed, while in general, the con�ict would not
exist at all if energy-crop cultivation was carried out on soils unsuitable for food production
(marginal land) [ 20]. In this context, energy crop farming is an effective and pro�table
strategy to prevent the land from abandonment and degradation while promoting rural
investments and new job opportunities [8].

Digestate can be applied to the soil without further processing (whole digestate,
WD) [ 17] or after mechanical separation to obtain a solid �brous material (solid digestate,
SD) which can be directly spread to the �eld, composted, or dried for intermediate storage
and transport [ 17,21]. Both WD and SD are sources of organic carbon and plant nutrients
but since they exhibit quantitative and qualitative differences, they are expected to con-
tribute differently to soil organic matter turnover [ 22], plant nutrients availability, and soil
physical properties [ 23]. Typically, SD exhibits a great percentage (38–75%) of highly stable
organic matter and a low NH 4-N to total-N (TN) ratio [ 23], which make it suitable for use as
a soil conditioner rather than as a source of readily available N. The use of digestate as a soil
amendment can contribute to soil carbon sequestration, especially in intensively cultivated
soils where crop residues are removed [24]. Organic matter addition is bene�cial to soil
fertility, since it may improve soil structure, increase plant nutrient retention, and water
holding capacity and stimulate microbial activity [ 25]. A higher microbial activity, in turn,
may enhance the release of plant nutrients from added residues and soil organic matter
itself [ 26]. Conversely, the low organic matter concentration and the high NH 4-N/TN ratio
in WD makes it more suitable for use as an N-fertilizer [ 22,23]. The ef�ciency of digestate
as N fertilizer changes with the features of digestate itself, soil type, crop and time of
spreading [4]. Like any other fertilizer, WD should be applied at appropriate rates and
times during the crop growing season, to ensure optimum plant nutrient uptake and to
avoid phytotoxic effect and pollution of groundwater [16].

Research on digestate suitability for land application is relatively recent and is focused,
on the one hand, on agricultural bene�ts of digestate as soil fertilizer and/or improver,
and on the other hand, on the environmental risks associated with digestate use. Overall,
many studies have investigated the potential of digestate as N fertilizer and the fate of N
in the soil after land application [ 27,28], as well as the effect of digestate on soil organic
matter and chemical properties [ 28–30], while there is still little knowledge about the
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impact of digestate on soil physical [ 27,28,31] and biological properties (bacterial and
fungal communities) [ 32,33], which are key factors of soil functioning. Knowledge gaps
about appropriate rates and soil-digestate interactions still exist, and the research �eld is
very broad and complex, involving different kinds of feedstocks, crops, soils, environments,
and agricultural management.

The main goal of our research was to understand the short-term effects of digestate
on soil properties through a holistic approach, investigating soil physical, chemical, and
microbiological properties and their interactions. Furthermore, we evaluated the effective-
ness of digestate in replacing mineral fertilizers and as a resource to compensate for carbon
depletion due to biomass removal in a three-year energy crop rotation. The study included
both the whole digestate and its mechanically-separated solid fraction.

2. Materials and Methods
2.1. Digestate

The whole digestate was obtained from the biogas plant of the Cooperativa Agroener-
getica Territoriale (CAT) in Correggio (Reggio Emilia, Italy). The digester was fed with the
above-ground biomass from energy crops, including maize, triticale and sorghum silages,
combined with by-products from the agricultural industry (i.e., stalks of grapes and sugar
beet pulps), and cattle slurry from Parmesan cheese farms [34]. The solid fraction (SD) was
retrieved from the whole digestate (WD) through a mechanical solid/liquid separation
system following the digestion. SD was rich in organic C (44.4% of air-dry digestate) but
relatively poor in N, P and K, whereas WD had a very low organic C content (1.1% of
air-dry digestate) and a low C/N ratio (3.1), with a large proportion of NH 4-N in the total
amount of N (about 60% of air-dry digestate) (Table S1).

For a more in-depth characterization of digestate, we performed molecular-level
analyses of microbial communities (see the paragraph on soil sampling and analysis) on
WD, SD and two additional fractions, one collected directly from the fermentation silos,
the other one from the mechanically-separated liquor (LD).

2.2. Study Site and Experimental Design

The experimental �eld was a 35 � 130 m area belonging to the R.G.R. Farm (CAT co-
operative partner) located in the lower Po Valley (Correggio, Reggio Emilia, Italy; 44 � 490N–
10� 450 E). The land use of the area had been converted from sugar beet cultivation to a
2-year maize-triticale rotation to feed the biogas plant, according to the set-aside scheme
introduced by the Common Agriculture Policy. The trial was carried out from January 2011
to October 2013, maize cultivated from spring to summer 2011 and 2013, and triticale from
autumn 2011 to summer 2012. The effects of digestate application on soil properties were
investigated in the two maize growing seasons, using the whole digestate (WD) as a partial
or total replacement of mineral fertilizer, and the digestate solid fraction (SD) as a soil
amendment. Nitrogen fertilization was performed during maize post-emergency stage as
follows: D0 plots, with mineral fertilizer only (control); D50 plots, based on WD + mineral
fertilizer; D100 plots, with WD only. The SD fraction was applied to the WD-fertilized plots
(D50 and D100) between one crop cycle and the next.

The treatments were assigned to 4 � 10 m �eld plots according to a randomized block
design with three blocks (replicates). 1 m between plots and 5 m between blocks were kept
free to avoid disturbance during soil tillage and to allow machinery operations. During
the trial period, the mean annual air temperature was 14.2 � C and precipitation 681 mm
(Figure S1). The experimental soil was a Hypocalcic Hypovertic Calcisols [ 35], with a
silty-clay texture (Table S2). The main soil physical and chemical characteristics at the start
of the trial (time t 0) are given in Table S2.

In September 2010, the �eld was ploughed and harrowed for seedbed preparation.
On 2 April 2011, maize (Zea maisL., cv. Kalumet) was sown at a density of 7 plants/m 2 and
all plots fertilized with urea (125 kg N ha � 1). At the plant emergence (20 May 2011), an
additional N fertilization was applied as follows: D0 plots, urea (125 kg N ha � 1); D50 plots,
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urea (62.5 kg N ha� 1) plus WD (17,400 L ha� 1 = 62.5 kg N ha� 1); D100 plots, WD only
(34,700 L ha� 1 = 125 kg N ha� 1). WD was spread on the soil surface along the maize rows
using mobile equipment (Figure S2) speci�cally developed by CAT and Cavazzuti Franco
(Carpi, Modena, Italy), consisting of a 1 m 3 tanker mounted on a tractor and connected to a
boom with 4 trailing hoses, with a 2.80 m working width. The tanker was equipped with a
pump-loading apparatus for �lling. Maize was irrigated on 26 May, 13 June and 6 July 2011,
and harvested at the wax ripeness stage (17 August 2011). On 16 September 2011, the D50
and D100 plots received 40 m3 ha� 1 SD (equivalent to 10 t ha� 1), applied by a solid manure
spreader (Vaschieri, Solignano di Castelvetro, Modena, Italy) and incorporated into the soil
by ploughing and harrowing. Triticale (x TriticosecaleWittm., cultivar Agrano) was sown
in November 2011 at a density of 240 kg seeds ha� 1 and fertilized in a single operation in
April 2012 by urea only (30 kg ha � 1). Due to the high plant density and the lack of suitable
equipment for WD application in the standing crop, no WD top-dressing treatment was
possible for triticale. The option of a pre-sowing WD treatment was discarded because of
the low N use ef�ciency in the autumn-winter period and the related risk of N leaching [ 4].
Triticale biomass was harvested on 24 June 2012. In October 2012, the D50 and D100 plots
were amended with the SD fraction (40 m 3 ha� 1) and the whole �eld was prepared for
maize sowing as previously described (19 April 2013). The trial continued with a maize
cycle according to the same practices as for the �rst experimental year. Due to unfavourable
weather conditions (Figure S1), sowing, fertilization and harvesting operations needed to
be delayed for about one month, respectively. Maize was harvested at the wax ripeness
stage on 3 September 2013.

The whole above-ground biomass yielded at the end of the crop cycles was harvested
and used as feedstock for biogas production.

The combination of both SD and WD with the agricultural management (fertilization
factor) and sampling data (time factor) were the factors considered for the evaluation of
differences in soil physical-chemical and biological characteristics.

2.3. Seed Germination Bioassay

Extracts of the two digestate fractions (WD and SD) collected from biogas plant at the
beginning of experimentation were prepared by adding 25 g digestate to 100 mL of sterile
deionized water. The suspensions were shaken for two hours and then centrifuged at
5000g for 30 min. The supernatants from each digestate were used to prepare test solutions
with digestate concentrations of 100% (pure), 50%, 25%, 12.5% and 0% (distilled water
as control). Petri dishes of 9 cm diameter were prepared, each containing twenty maize
seeds placed upon two sheets of Whatman N. 1 �lter paper pre-treated with 10 mL of
the test solution. The dishes were transferred to a germination chamber under controlled
temperature (20 � C) in the dark. There were �ve replicates for each treatment.

The number of seeds germinated in each Petri dish was counted after three days and
after one week of incubation, and the germination index (GI) was calculated as a percentage
relative to the control [26]. Seedling root elongation was measured after 1 week.

2.4. Crop Yield

Crop yield just before harvest (in August for maize and in June for triticale) was
estimated by collecting biomass at ground level from three randomly selected point in each
plot spaced 30 cm from the edges to avoid border effects. In each sampling point, maize
was harvested from 1 m in length row sections (including 6–7 plants), while triticale was
harvested from 0.5 m2 areas. After weighing, the biomass was oven-dried at 70 � C until
constant weight (about 56 h for maize and 48 h for triticale) to determine the dry weight.

32



Appl. Sci.2021, 11, 750

2.5. Soil
2.5.1. Sampling

Soil samples were collected before maize sowing (25 March 2011 = t0; at the beginning
of the trial); after maize harvesting (17 November 2011 = t 1); before sowing in the second
maize cycle (14 April 2013 = t2); at the end of the trial (3 October 2013 = t3).

For soil chemical, biochemical, microbiological and particle size analyses, each plot
was sampled by auger to a depth of 20 cm in three selected points, collecting soil cores
of 5 cm in diameter. The three cores were then mixed thoroughly providing a single
composite sample per plot (3 replicates for each treatment, as a whole). Before chemical
and biochemical analyses, the soil was air-dried, ground and sieved through a 2 mm mesh
size. The samples for microbiological analyses were stored untreated at � 80 � C until
analysis.

For soil bulk density (BD) and macro-porosity measurements, three undisturbed soil
samples were collected from the central part of each plot, at depth increments of 0–10 and
10–20 cm, using a hammer-driven linear sampler. Samples for BD were collected at each
sampling time whereas those for macro-porosity analysis were taken only at t 0 and t2.

Soil aggregate stability was determined at t 0, t1 and t2 on a single composite sample
per plot, obtained from three spatially separated sub-samples of soil aggregates collected
down to 10 cm depth.

2.5.2. Chemical Analyses

Soil pH was measured potentiometrically in a 1:2.5 soil-water suspension. Soil cation
exchange capacity (CEC) and exchangeable base concentrations (Ca, Mg, K and Na) were
determined on BaCl2 triethanolamine (pH 8.2) extracts by �ame atomic absorption spec-
trometry [ 36]. Soil available Cu, Zn, Fe and Mn were extracted and quanti�ed according
to Lindsay and Norvell [ 37]. Soil total organic carbon (TOC) and total nitrogen (TN) in
the bulk soil were measured by dry combustion using a Thermo Flash 2000 CN elemental
analyser (Thermo Fisher Scienti�c, Walthman, MA, USA). The analysis was performed
on 20 to 40 mg of soil weighed into Ag-foil capsules and pre-treated with 10% HCl until
complete removal of carbonates.

2.5.3. Biochemical Analyses

Microbial biomass carbon and nitrogen (MBC and MBN, respectively) were deter-
mined following the fumigation extraction method [ 38]. Two aliquots from each soil sample
were brought to 60% of water holding capacity (WHC), 24 h before the analysis; a �rst
aliquot was immediately extracted with K 2SO4 (0.5 M) and then �ltered with Whatman n.
42 �lter paper; the second aliquot was fumigated for 24 h at 25 � C with CHCl 3 and extracted
as the �rst one. The organic C and N concentration in the extracts was then determined by
Thermo Flash 2000 CN elemental analyser (Thermo Fisher Scienti�c). MBC and MBN were
calculated as the difference between the C and N extracted from the fumigated samples
and those extracted from non-fumigated samples, respectively.

Soil microbial respiration was determined according to Badalucco et al. [ 39]. Each
sample was incubated at 28 � C in a �ask sealed with a stopper. The CO 2 developed during
incubation was trapped in NaOH solution after 1, 3, 7, 10, 14, 21 and 28 days and then
measured by titration with HCl (0.1 M). The cumulative amount of CO 2 produced over
28 days of incubation (MRcum) was regarded as the potentially mineralizable C.

2.5.4. Microbiological Analyses

Soil RNA was extracted using the RNA PowerSoil TM Total Isolation Kit (MoBio, Solano
Beach, CA, USA), following the manufacturer's instructions with the minor modi�cation
of adding Na-EDTA (0.5 M) to the lyses solution to improve the DNA desorption from
clay particles [40]. RNA was eluted in nuclease-free water (Promega, Madison, WI, USA)
and then DNA was co-extracted by the RNA PowerSoil TM DNA Elution Accessory Kit
(MoBio). The extracted RNA was subsequently subjected to DNase digestion using the
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RQ1 RNase-free DNase (Promega) and complementary cDNA was generated by reverse
transcription (RT) using the ImProm-IITM Reverse Transcriptase System (Promega).

For Denaturing Gradient Gel Electrophoresis (DGGE) analysis of microbial communi-
ties, the extracted DNA and the generated cDNA were ampli�ed using speci�c primers for
bacterial and archaeal 16S rDNA, and for fungal 18S rDNA (Table S3). Ampli�cation and
DGGE procedures were carried out following Pastorelli et al. [41] and Lazzaro et al. [42].

Representative bands from archaea and Clostridiaceae-related DGGEs were excised,
eluted from gels and screened according to Pastorelli et al. [43]. Selected bands were
subjected to direct sequencing by Macrogen Service (Macrogen Ltd., Amsterdam, The
Netherlands). The nucleotide sequences collected in this study were deposited in the
GenBank database under the accession numbers MF415444-MF415489.

2.5.5. Physical Analyses

Soil texture was determined by the pipette method [ 44]. Soil bulk density (BD) was
measured by the core method according to Blake and Hartge [45].

Soil macro-porosity was determined by the micro-morphometric method [ 46]. This
method allows the characterization and quanti�cation of soil macro-porosity according
to pore shape, size distribution, irregularity, orientation and continuity from vertically
oriented thin sections of 5.5 � 8.5 cm size, obtained from undisturbed soil samples.
A 2.82 � 3.54 cm area of each thin section was captured with a video camera avoid-
ing the edges where disruption could have occurred. The images collected were then
analysed by Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA), set up
speci�cally to measure pores larger than 50 � m. The total porosity and pore distribution
were calculated from the measurement of pore shape and size [46]. From a functional point
of view, the elongated pores of 50–500� m were described as transmission pores and the
pores with >500 � m size as �ssures [47]. The thin sections were also examined by a Zeiss
“R POL” microscope at a 25� magni�cation to characterize soil structure.

Soil aggregate stability was determined by the wet sieving method and the calculation
of the mean weight diameter of water-stable aggregates (MWD) [ 48]. Soil aggregates from
each composite sample were air-dried, weighed and separated into different size fractions
(10–20, 4.75–10, 2–4.75, 1–2, <1 mm) using a vibrating sieve shaker (Retsch, Germany).
The most representative aggregate size fraction was used to perform wet sieving. Twenty
grams of aggregates from the most abundant size class (4.75–10 mm) were directly soaked
for 5 min on the top of nests of 4.75, 2, 0.25- and 0.05-mm diameter sieves immersed in
water (fast wetting). The nest of sieves with its content was then vertically shaken in water
by an electronically controlled machine with a stroke of 40 mm per 10 min, at a rate of
30 complete oscillations per minute. For each sample, 3 repetitions were performed.

2.6. Statistical Analyses

The results of soil physical, chemical and microbiological (richness and � -diversity
indices) analyses were processed by analysis of variance (ANOVA) followed by Fisher's
least signi�cant difference (LSD) test at the signi�cance level p � 0.05, using the Statistica
software (Palo Alto, CA, USA). Pearson correlation analysis was performed among physico-
chemical properties of soil by Statistica software.

Band migration distance and intensity for each DGGE pro�le were obtained using
the Gel Compare II software v 4.6 (Applied Maths, Saint-Martens-Latem, Belgium). The
number of bands (species richness) and their relative abundance (Shannon index, H' and
Simpson index, D) were used as proxies of richness and � -diversity of soil microbial
communities, as described by Pastorelli et al. [43]. The banding patterns of bacterial and
fungal DGGE pro�les were converted into presence/absence band matching tables and
imported into PAST3 software [ 49]. Non-metric multidimensional scaling (MDS) based on
the Dice coef�cient was performed to represent the distance between the DGGE pro�les
in the two-dimensional space. Analysis of similarity (ANOSIM) based on Dice similarity
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coef�cient and 9999 permutational tests were run to assess the statistical signi�cance in
microbial community structure due to fertilizer/amendment treatments.

Nucleotide sequence chromatograms were edited using Chromas Lite software v2.1.1
(Technelysium Pty Ltd., Tewantin, Old, AU) to verify the absence of ambiguous peaks and
to convert them to FASTA format. The DECIPHER's Find Chimeras web tool [ 50] was used
to uncover chimaeras hidden in nucleotide sequences. The Web-based BLAST tools was
used to identify closely related nucleotide sequences within those stored in the GenBank
database.in order Microbial taxonomic identi�cation was achieved by means of different
sequence similarity thresholds as described by Webster et al. [51].

3. Results
3.1. Germination Index Bioassay

GI was lowest when maize seeds were treated with undiluted SD and WD soluble
extracts (57% and 34.9%, respectively; Table 1) but increased with increasing dilution ratio.
According to McLachlan et al. [ 52], GI values above 70%, as those observed under 50%,
25% and 12.5% digestate concentrations, indicate the absence of toxicity.

Table 1. Relative seed germination index (GI) of maize under different digestate concentrations,
expressed as the percentage of germinated seeds relative to the control GI (distilled water).

Digestate Concentration (%)
GI (%)

SD WD

100 (undiluted) 57.0 34.9
50 (1:2) 75.6 75.6
25 (1:4) 84.9 84.9

12.5 (1:8) 104.7 81.4

SD = solid digestate; WD = whole digestate.

After one-week incubation there were signi�cant differences in rootlet lengthening
between SD and WD treated maize seeds, as well as between the different digestate used
concentrations. The rootlet length was lowest in the undiluted extracts and greatest under
12.5% (SD) and 25% (WD) concentrations (Table 2). With a 12.5% SD concentration, the root
elongated more than in the control, although not signi�cantly.

Table 2. Root length (mm) of maize seedlings after 1 week of incubation under different digestate
concentrations (means followed by standard error in brackets). Different Latin letters within a
column indicate statistically signi�cant differences between digestate concentrations at p � 0.05
(Fisher LSD test); different Greek letters within a row indicate statistically signi�cant differences
between digestate types atp � 0.05 (Fisher LSD test).

Digestate Concentration (%)
Root Length (mm)

SD WD

0 (water) 25.4 (1.8) ab 25.4 (1.8) a
100 (undiluted) 11.2 (1.5) d � 3.6 (0.7) d �
50 (1:2) 19.8 (2.1) c � 12.3 (1.4) c �
25 (1:4) 22.9 (2.0) bc � 16.4 (1.5) b �

12.5 (1:8) 30.5 (2.0) a � 15.9 (1.8) bc �

SD = solid digestate; WD = whole digestate.

3.2. Crop Biomass Yield

Neither maize nor triticale biomass showed signi�cant differences between treatments
(Table 3). In 2013, due to abundant rainfall (Figure S1), the growth of maize suffered a
marked delay compared to 2011, along with a reduction in the biomass yield irrespective
of treatment (8.8–12.8 t ha� 1 against 19.6–22.1 t ha� 1, respectively).
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Table 3. Maize and triticale above-ground biomass (t dry weight ha � 1) under different experimental
treatments (means followed by standard error in brackets).

Maize Triticale Maize
2010–2011 2011–2012 2012–2013

D0 22.1 (1.0) 12.7 (0.4) 11.9 (2.3)
D50 20.4 (2.7) 11.6 (0.7) 12.8 (3.7)
D100 19.6 (1.2) 11.9 (0.4) 8.8 (2.2)

D0 = 100% N as urea; D50 = 50% N as urea + 50% N as WD; D100 = 100% N as WD.

3.3. Soil Chemical Properties

As reported in Table 4, the average TOC content in the plots under digestate treatment
generally showed slight increases compared to that of the control plots, with no difference
between the application rates.

Table 4. Soil total organic carbon (TOC), total nitrogen (TN) and C/N ratio under the different
experimental treatments at different sampling times (means followed by standard error in brackets).
Different letters indicate statistically signi�cant differences at p � 0.05 (Fisher LSD test).

TOC TN C/N
Plots Time g kg � 1 g kg � 1

D0 t0 10.6 (0.2) abcd 1.15 (0.03) bcde 9.2 (0.1) abc
t1 11.2 (0.4) abcd 1.25 (0.02) abcd 9.0 (0.2) abcd
t2 11.4 (0.2) abc 1.17 (0.08) bcde 9.8 (0.6) a
t3 9.7 (0.2) d 1.10 (0.01) de 8.8 (0.2) abcd

D50 t0 9.8 (0.8) cd 1.07 (0.08) e 9.2 (0.1) abc
t1 12.2 (0.6) a 1.28 (0.08) ab 9.6 (0.2) ab
t2 11.0 (0.5) abcd 1.30 (0.04) ab 8.5 (0.7) cd
t3 11.1 (0.2) abcd 1.26 (0.03) abcd 8.8 (0.1) abcd

D100 t0 10.3 (0.9) bcd 1.12 (0.07) cde 9.2 (0.3) abc
t1 12.2 (0.6) a 1.27 (0.03) abc 9.5 (0.2) ab
t2 11.0 (0.3) abcd 1.34 (0.05) a 8.2 (0.2) d
t3 11.7 (0.9) ab 1.28 (0.07) abc 9.2 (0.4) abc

D0 = 100% N as urea; D50 = 50% N as urea + 50% N as WD; D100 = 100% N as WD.

TN followed a different trend but, overall, it was well correlated with TOC (0.723 ***),
con�rming a positive digestate effect in the third experimental year (t 2 and t3 sampling).
The TOC to TN ratio did not change with treatment, except for t 1 sampling which showed
lower C/N values under digestate application (Table 4).

Soil CEC values, exchangeable Ca and exchangeable Mg concentrations did not differ
among treatments for the entire duration of the trial (Table 5). In contrast, at the end of the
�rst year (t 1) the exchangeable K concentration was increased by D50 and D100 regardless
of the application rate. At t 2, K showed a signi�cant decrease in all plots as compared to t 0
and t1 contents. The available Cu, Zn, Fe and Mn contents were not affected by treatments
(Table 5).
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Table 5. Soil cation exchange capacity (CEC), exchangeable bases (K, Na, Mg, Ca) and available metal content (Cu, Zn, Fe, Mn) in the soil (depth = 0–20 cm) under different fertilization
treatments (D0, D50, D100) and at different sampling times (t 0, t1, t2) (means followed by standard error in brackets). Different letters indicate signi�cant differences between soil samples
at p � 0.05 (Fisher LSD test).

CEC K Na Mg Ca Cu Zn Fe Mn
Plots cmol(+) kg � 1 mg kg � 1 mg kg � 1 mg kg � 1 mg kg � 1 mg kg � 1 mg kg � 1 mg kg � 1 mg kg � 1

D0 t0 21.3 (0.7) 274.5 (3.1) b 20.6 (2.1) bc 196.6 (8.9) 3781.0 (157.9) 28.4 (7.4) 1.8 (0.3) 15 (0.8) a 16.6 (1.4) a
t1 21.2 (0.6) 269.6 (9.8) b 24.1 (1.5) abc 207.8 (7.4) 3752.0 (118.5) 27.7 (7.5) 1.9 (0.2) 14.6 (0.2) abc 15.1 (0.5) ab
t2 20.7 (0.4) 225.7 (20.2) c 15.9 (1.6) d 201.1 (8.8) 3691.9 (74.4) 27.5 (7.7) 1.7 (0.3) 14.0 (0.7) bcd 13.2 (4.8) bc

D50 t0 20.1 (1.1) 275.7 (6.8) b 25.9 (4.1) abc 212.3 (46.2) 3583.3 (292.3) 26.9 (3.0) 1.9 (0.3) 15.3 (0.3) ab 16.1 (0.3) ab
t1 21.4 (0.3) 330.0 (20.4) a 29.9 (2.2) a 236.3 (34.3) 3705.2 (73.1) 25.1 (1.6) 1.9 (0.3) 14.2 (0.6) abcd 16.7 (1.6) a
t2 21.0 (0.4) 220.0 (12.2) c 17.3 (2.7) d 200.3 (27.2) 3747.1 (92.3) 24.9 (1.5) 1.6 (0.2) 13.3 (0.5) cd 11.5 (2.3) c

D100 t0 21.3 (0.2) 285.7 (12.7) b 19.6 (1.5) cd 196.1 (17.9) 3788.5 (20.2) 28.9 (6.0) 1.6 (0.1) 15.0 (0.3) ab 16.1 (1.0) ab
t1 21.1 (0.7) 328.8 (11.1) a 26.5 (1.5) ab 210.9 (10.8) 3683.6 (131.0) 27.8 (6.2) 2.2 (0.3) 14.4 (0.7) abcd 17.3 (1.0) a
t2 20.9 (0.1) 216.9 (12.2) c 16.3 (1.3) d 192.8 (15.2) 3750.1 (36.5) 28.7 (6.1) 1.8 (0.0) 12.8 (0.1) d 10.2 (0.4) c

D0 = 100% N as urea; D50 = 50% N as urea + 50% N as WD; D100 = 100% N as WD.
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3.4. Soil Physical Properties

Soil BD did not change signi�cantly with treatments and was stable over time
(Figure 1).

Figure 1. Soil bulk density (BD; g cm � 3) at 0–10 and 10–20 cm depth, under the different treatments
and at the different sampling times.

Macro-porosity ranged within moderate levels in the surface layer (10–25%) while it
averaged less than 5% in the deeper layer, indicating a very compact soil, as de�ned ac-
cording to the micro-morphometric method [ 53] (Figure 2). Differences between treatments
were signi�cant in the surface layer only. The t 0 sampling showed a certain degree of �eld
variability for soil macro-porosity, with D0 plots showing a higher macro-porosity than
D50 and D100 plots (related to a larger number of �ssures) and D50 plots featuring a higher
proportion of irregular pores compared to D0 and D100 plots. In the t 0–2 time frame, soil
total macro-porosity increased under D100 with an increase in the percentage of >500 � m
elongated pores (�ssures) and a reduction in that of 50–500 � m elongated pores. Over the
same period, macro-porosity remained quantitatively unchanged under D50, showing a
decrease in the 50–500� m elongated pores.

Figure 2. Soil macroporosity (pores size >50 � m) expressed as a percentage of area occupied by pores
of different shape (regular, irregular and elongated pores) at 0–10 cm ( A) and 10–20 cm (B) depth
and at two different sampling times (t 0 and t2). Different letters above bars indicate statistically
signi�cant differences between the % of �ssures (elongated pores, size > 500 � m) in relation to the
total macro-porosity; different letters inside the bars indicate signi�cant differences within each shape
or size class of pores atp � 0.05 (Fisher LSD test).

Soil aggregate stability was very low at the beginning of the trial (MWD < 2.5 mm,
against a theoretical MWD maximum of 7.375 mm for the 4.75–10 mm size class aggregate)
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but increased over time regardless of treatment (Figure 3). The effect of digestate treatment
was signi�cant only at t 1, soon after WD distribution. After two years (t 2), the differences
in soil aggregate stability between treatments were not signi�cant.

Figure 3. Soil aggregate stability as expressed by the mean weight diameter index (MWD; mm), under
the different treatments and at the different sampling times. Different letters indicate statistically
signi�cant differences between treatments and sampling times at p � 0.05 (Fisher LSD test).

3.5. Soil Microbial Biomass and Respiration

Soil MBC was relatively stable over time with a small but signi�cant increase ( p � 0.05)
only in D50 plots. The MBN decreased from t 1 to t2 regardless of treatments (Table6).

Table 6. Soil microbial biomass C (MCB), microbial N (MBN) and cumulative microbial respiration
(MRcum) under different fertilization treatments (D0, D50, D100) and at different sampling times (t 0,
t1, t2) (means followed by standard error in brackets). Different letters indicate signi�cant differences
between soil samples atp � 0.05 (Fisher LSD test).

MBC MBN MRcum
Plots Time � g g� 1 � g g� 1 � g C-CO2 g� 1

D0 t0 159.8 (27.4) ab 20.1 (8.1) abc 426.5 (28.1) b
t1 135.5 (23.7) ab 32.4 (6.6) ab 424.4 (15.9) b
t2 157.5 (26.6) ab 7.0 (2.7) c 482.8 (17.8) ab

D50 t0 137.1 (10.1) ab 19.8 (1.7) abc 443.0 (26.8) ab
t1 143.6 (17.5) ab 33.0 (7.5) ab 507.8 (47.8) a
t2 203.5 (31.1) a 16.2 (3.7) c 469.1 (7.9) ab

D100 t0 133.3 (32.5) b 35.4 (5.9) a 462.2 (21.3) ab
t1 153.4 (10.7) ab 18.4 (5.7) bc 470.5 (25.4) ab
t2 174.4 (14.4) ab 11.8 (2.4) c 508.3 (20.3) a

D0 = 100% N as urea; D50 = 50% N as urea + 50% N as WD; D100 = 100% N as WD.

The C mineralization potential (after 28 days of incubation) did not change signi�-
cantly either in relation to treatment or time, except for D50 plots where it was higher than
in the control plots at t 1 (Table 6).

3.6. DGGE Analysis of Total Bacterial and Fungal Communities

The abundance (richness) and� -diversity (Shannon–Weiner and Simpson indices)
calculated from DGGE pro�les showed that the soil bacterial community was overall richer
and more diverse than the fungal community (Table S4). When considering all groups
independently (12 groups: 4 sampling time combined with three digestate treatments),
there were signi�cant differences between soil samples for both bacterial and fungal
communities (Table S4). Multifactorial ANOVA (Table S4) showed that the species richness
and � -diversity indices of the bacterial community were signi�cantly in�uenced by the
interaction between sampling time and digestate treatment. Differently, only the sampling
time had a signi�cant effect on the species richness and � -diversity indices of the fungal
community (Table S4).

At t 0, MDS ordination showed a low inter-speci�c variation between the bacterial
communities from the differently treated plots (Figure 4A). At t 1, the D50 and D100
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bacterial communities were clearly separated from the D0 ones, which grouped with t 0
communities. Bacterial communities at t 2 and t3 grouped together regardless of treatment
and were well separated from the t 0 and t1 ones (Figure 4A). Conversely, at t0 the fungal
community showed a higher inter-speci�c variation than bacterial community. In the
following sampling, the fungal community showed a progressive change of its structure,
which seems to be independent of the treatments (Figure 4B).

Figure 4. MDS ordination plots of bacterial 16S rDNA ( A; stress = 0.218) and fungal 18S rDNA (B;
stress = 0.282). Symbols: circle = D0 treatment; triangle = D50 treatment; square = D100 treatment.
Colours: white = time t 0; red = time t 1; blue = time t 2; black = time t 3.

Due to the poor reliability of MDS ordination results, especially for 18S-DGGE
(stress = 0.282), DGGE pro�les were further analysed by multivariate analysis. When
testing all groups independently (sampling time � fertilizer treatment), the one-way
ANOSIM global test revealed signi�cant differences in both bacterial and fungal DGGE
pro�les (Table 7), although R values were not suf�ciently reliable. According to the out-
comes of the two-way crossed ANOSIM test, the differences in both bacterial and fungal
community composition were greater in relation to the sampling time (R = 0.822 and 0.808
for bacteria and fungi, respectively) than in relation to the digestate treatment (R = 0.448
and 0.275 for bacteria and fungi, respectively) (Table 7).

Table 7. Summary of ANOSIM analysis based on 16S- and 18S-rDNA Dice similarity matrices.
In the one-way ANOSIM groups were analysed independently (three digestate treatments vs. four
sampling time), whereas the two factors (sampling time and digestate treatments) were analysed by
a two-way analysis.

One-Way Global Test Two-Way Crossed

Sampling Time Digestate Treatment

DGGE R P R P R P

16S-rDNA 0.575 0.0001 0.822 0.0001 0.448 0.0001
18S-rDNA 0.637 0.0001 0.808 0.0001 0.275 0.0009

3.7. DGGE Analysis of Total Active Bacterial Community

The active bacterial community was analysed by matching the t 0 DGGE pro�les with
those obtained at t1 (different seasons within the same year: March vs. November) and t 2
(different years under the same �eld conditions: before maize sowing, 2011 vs. 2013).

The abundance (richness),� -diversity (Shannon–Weiner and Simpson indices), and
composition of the active bacterial community were more in�uenced by sampling time
than by digestate treatment or sampling time � digestate treatment interaction (Data not
shown). The separation between active bacterial communities was stronger when they
were compared according to the different season (t0 vs. t1) than to the different year (t 0 vs.
t2) (Table 8).
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Table 8. Summary of ANOSIM analysis based on the 16S-cDNA Dice similarity matrices. In the
one-way ANOSIM groups were analysed independently (three fertilizer treatments vs. four sampling
time), whereas the two factors (sampling time and fertilizer treatments) were analysed by a two-way
analysis.

One-Way Global Test Two-Way Crossed

Sampling Time Digestate Treatment

DGGE R P R P R P

t0 vs. t1 0.686 0.0001 0.901 0.0016 0.467 0.0005
t0 vs. t2 0.404 0.0001 0.494 0.0032 0.267 0.0050

3.8. DGGE Analysis of Archaea and Clostridiaceae-Related Communities

The DGGE pro�les from the different digestate fractions were very similar to each
other and quite different from those of the soil (Figure S3). Digestate-based treatments
had no substantial effect on soil archaeal (Figure S3a) and Clostridiaceae-related bacterial
(Figure S3b–e) communities. Some additional dominant bands were found at t 1 in D50
and D100 DGGE pro�les obtained with the primer sets speci�c for Clostridiaceae-cluster I
and -cluster IV. In particular, a group of 
 -Proteobacteria-related bands appeared in the
Clostridiaceae-cluster I DGGE pro�les (Figure S3b), while a group of bands phylogenet-
ically related to Caproiciproducens galactitolivorans(similarity ranged from 93% to 94%)
appeared in the Clostridiaceae-cluster IV DGGE pro�les (Figure S3d). These bands were
almost undetectable in the t2 DGGE pro�les.

Overall, the digestate DGGE pro�les were characterized by one or more all-time
dominant bands related to Clostridiacea (Figure S3b–e; Table S5). However, none of the
primer sets was speci�c enough to detect only Clostridium-related species, since several
DGGE bands revealed to be related to � -, � - and 
 -Proteobacteria divisions, Acidobacteria
group or Actinobacteria phylum (Table S5).

4. Discussion
4.1. Effects of Digestate on Soil Chemical, Physical and Microbiological Properties

In this trial, digestate treatments provided consistent results in the two years of maize
cultivation. The soil TOC tended to be slightly higher in plots treated with digestate than
in plots under mineral fertilization, in agreement with results obtained using digestate or
other different bioenergy by-products as a soil amendment or fertilizer [ 28,29]. It is possible
that, to some extent, soil organic C enrichment was limited by tillage practices, due the
dilution of the organic matter across the ploughed layer and the exposure of physically
protected organic compounds to enhanced mineralization [ 54].

Functional properties of organic residues as amendments are related to the organic
matter stability, i.e., the ratio of recalcitrant to labile organic fractions [ 55] and how these
interact with soil features, climate and crop management. There is consistent laboratory
evidence of lower carbon mineralization of digestate compared to undigested feedstock,
due to an increase of the recalcitrance of organic matter during digestion [ 28]. However,
results from previous short-term experiments on the effects of digestate on soil carbon and
nitrogen and crop yield are contrasting, probably due to the various chemical characteristics
of digestate and different type of soil used in the experimentations [ 13,33,56,57].

Overall, the role of soil organic matter in soil fertility and plant nutrition may be
summed up in its ability to supply and store plant nutrients [ 58]. This role is expressed
through the release of organically-bound plant nutrients by microbial mineralization
and the contribution of organo-mineral complexes to the retention of plant nutrients as
available cations [58]. As indicated by the close similarity between soil TN and TOC
distribution patterns, soil organic matter contributed to the overall N pool. In addition,
the determination coef�cient of the relationship between soil TN and TOC (R 2 = 0.723 ***)
suggests that additional factors may account for TN variations, namely the dynamics of
mineral N supplied by fertilizers (WD, urea) and soil organic matter mineralization.
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According to crop yield performances, digestate treatments were at least as effective
as mineral fertilization in supporting crop requirements. There was no evidence of a
signi�cant contribution of the organic fraction of the digestate to the cation exchange
capacity of the soil, which is explained by the modest TOC variations found after digestate
treatments and the �ne-textured composition of the soil mineral fraction [ 59]. This agrees
with previous studies showing that the effects of organic amendment on soil CEC were
generally more pronounced in coarse-textured soils than in clayey soils [ 59].

The whole digestate (WD) also proved to be a valuable source of K, by increasing the
available K pool of the soil by 22% during the �rst year of trial. To further support the
high potential of digestate as a substitute for mineral K-fertilizers, numerous experimental
evidences demonstrate very high rates of K recovery during anaerobic digestion (above
94%) from a wide range of feedstock materials [60].

The unexpected decrease in soil K and Na content across the experimental �eld before
sowing in the second maize cycle (compared to their average content in the previous
sampling times) can be ascribed to a leaching effect (Figure S1), which conversely left Ca
and Mg concentrations unchanged due to their lower water-solubility and the buffering
effect of soil carbonates [61].

Soil BD was not affected by digestate treatments, which disagrees with results by
other authors who found a reduction of BD under organic amendments in both compacted
and uncompacted soils [62]. BD and organic matter are linked by a close relationship
involving physical and chemical interactions between organic substances and soil mineral
particles [63]. Usually, due to a lower density of the organic matter compared to that of the
mineral fraction, the average BD of a mixture mineral fraction/organic matter decreases
as the organic matter content increases. In the present experiment, several factors may
have interfered with these relationships, i.e., an experimental period too short compared
to the time required for soil structure formation and a contrasting effect of soil tillage on
aggregates formation and stabilization. This was re�ected in the pattern of soil pore size
distribution, with a decrease in the amount of transmission pores, which are of primary
importance for optimal soil–water–plant relationships, and an increase in the proportion of
�ssures mainly involved in water and air �ows but related to poor structure and physical
degradation when they are (as in D100) over 70% of total porosity [ 64].

The stability of soil aggregates is a key indicator of soil physical quality, affecting the
ability of the soil to retain its structure and the related physical and hydraulic functions
against degradative forces [65]. Soil aggregate stability relies on a complex range of factors
involving soil texture and mineralogy, the chemistry of soil cations and soil organic matter
content and quality [ 64]. At the beginning of the trial, aggregate stability (expressed as
MWD) was quite low possibly due to the high silt proportion and the low organic C
content [66,67]. However, aggregate stability was improved by digestate treatment during
the �rst experimental year, consistently with �ndings of other authors [ 27,31]. In addition,
it correlated positively with TOC (Figure 5), in line with the role of soil organic C as a
driver of soil aggregate formation [ 66–68].

With respect to soil biological parameters, biochemical analysis revealed just a slight
(statistically not signi�cant) increase over time in the soil MBC under digestate treatment.
This increase was consistent with the trend of TOC, suggesting that part of the organic
C supplied by digestate could have been converted into MBC [ 69]. The small extent of
MBC increase was expected from a short term digestate treatment, due to the relatively
high recalcitrance of the organic matter in SD and the low organic C concentration in
WD [ 26,70]. This evidence con�rms SD application as a valuable tool to improve soil C
sequestration [71] and to compensate for C depletion associated to crop biomass removal.
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Figure 5. Correlation between soil aggregate stability based on the mean weight diameter (MWD)
and total organic carbon (TOC) (** p � 0.01).

Microorganisms are crucial for soil fertility [ 25]. They drive the turnover of organic
substrates and their abundance and diversity can be affected by soil management as well
as by the quality of soil amendments/fertilizers. A reduction in microorganism number
and diversity may impair their ability to perform speci�c functions as well as to withstand
soil perturbations from a long-term perspective [ 72]. In this trial, “time” was the main
factor affecting the � -diversity of soil microbial communities. Differences in the microbial
community structure in response to digestate addition were showed when t 0 and t1 were
compared. Conversely, the microbial community structure remained quite similar when t 2
and t3 were compared. In addition, active bacterial communities resulted more affected by
season than by digestate treatments, contrasting many reports which indicated an enhanced
soil microbial activity after �eld applications of digestates [ 32,33]. Calbrix et al. [ 73], in a
study dealing with the impact of organic amendments on soil bacterial communities over a
12-month period, observed that changes in soil bacterial community structure were only
temporary and that seasonal variations had the greatest effect on microbial community
composition. Accordingly, in our study, digestate showed to have only a transient effect on
the microbial community structure. Successively, the soil microbial communities developed
new stability and equilibrium over time in both digestate treatments, thus strengthening
the hypothesis of a resilience of microbial communities to anthropogenic changes [ 74–76].
Likewise, the Archaea and Clostridiaceae-related bacteria revealed remarkably stable soil
resident communities, with negligible and temporary changes after the introduction of
allochthones species (Figure S3).

4.2. Effects of Digestate on Seed Germination and Crop Yield

The GI bioassays revealed that highly concentrated SD and WD extracts impaired seed
germination, whereas <50% digestate concentrations had no phytotoxicity. This suggests
that the use of digestate should follow appropriate rates and timings of application to avoid
the direct contact with seeds, as also described by Alburquerque et al. [26]. According to
our experimental plan, we can exclude any phytotoxic interference of digestate with maize
seed germination under �eld condition, as the SD fraction was applied several months
before sowing and WD in the post-emergence stage.

Interestingly, the 12.5% SD concentration increased the germination index and the
relative root elongation as compared to the control, which can be explained by assum-
ing a stimulating effect of plant nutrients, growth enhancers or even phytormone-like
compounds contained in SD as suggested by other authors [26,77].

In the �rst two years of the trial, both maize and triticale biomass yields were consistent
with the average yields in the area [ 78], which is promising in the perspective of agricultural
use of digestate, alone or combined with mineral fertilizers. The implementation of
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conservation tillage management [79] may further improve the ef�ciency of digestate as an
amendment and/or fertilizer.

With regard to the pronounced decrease in maize yield across the whole experimental
�eld in the third experimental year (second maize growth season), it was most likely due
to a combination of adverse climate and soil physical conditions arising from the abundant
rainfall between January and April (Figure S1), which caused a shift of the entire growing
season. At the same time, the �ne texture of the soil combined with the low organic matter
content might have led to a stronger impact of the heavy machinery on soil structure and
hydrological behaviour, resulting in insuf�cient drainage, extended water stagnation and
overall poor soil physical conditions for seed germination and shoot development [ 80].

5. Conclusions

With a focus on the environmental sustainability of the bioenergy supply chain, the
application of digestate to the soil can meet the need to safely dispose and recycle the
residues coming from anaerobic digestion and, at the same time, to compensate for soil C
and plant nutrient depletion due to crop biomass removal.

From our results, digestate application in a three-year maize-triticale rotation cycle
proved to be as effective as 100% mineral fertilization in maintaining crop productivity level.
Moreover, the increase in soil TOC following digestate treatments con�rmed digestate
effectiveness to compensate for carbon depletion.

Further research is needed to increase the knowledge about the optimum dose of
digestate to be applied in relation to soil/crop speci�cities and the best application method
to minimize potential negative effects of digestate to the soil and environment quality. The
pattern and extent with which the effects of digestate treatments were expressed and their
temporal �uctuations underline complex dynamics of chemical, physical and biological
processes affecting the material brought to the soil. This suggests that a more or less long
period of time is needed during which the achievement of a new stable equilibrium in the
soil functions is regulated by the interaction between the amount and quality of biomass
supplied, the impact of mechanical operations associated with crop management and
climate trend.

Further expected bene�ts from digestate as amendment, such as improvement of soil
bulk density and porosity, were not observed, possibly due to a counteracting interference
of soil tillage operations. The effectiveness of a soil amendment and the sustainability of the
use of digestate can be strongly conditioned by the crop management system as a whole,
and in particular, by those cultivation practices that have a direct impact on the soil and the
dynamics of the organic matter and nutrients supplied with the treatment. For this reason,
to fully exploit digestate potential, its use should be integrated within an overall more
conservative soil management system, involving reduced soil mechanical disturbance.
This would be essential to prevent soil physical degradation and excessive organic matter
mineralization, thus allowing the organic compounds of digestate to perform their chemical,
physical and biological functions and minimize the risk of N loss by leaching and/or gas
emissions.

Additional considerations regard the cultivation of energy crops in marginal lands or
set-aside areas; this could be a solution to the “food vs. fuel con�ict” and, at the same time,
would promote rural investments and new job opportunities.
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Abstract: Under the in�uence of complex environmental conditions, the spatial heterogeneity of soil

organic matter (SOM) is inevitable, and the relationship between SOM and visible and near-infrared

(VNIR) spectra has the potential to be nonlinear. However, conventional VNIR-based methods for

soil organic matter estimation cannot simultaneously consider the potential nonlinear relationship

between the explanatory variables and predictors and the spatial heterogeneity of the relationship.

Thus, the regional application of existing VNIR spectra-based SOM estimation methods is limited.

This study combines the proposed partial least squares–based multivariate adaptive regression

spline (PLS–MARS) method and a regional multi-variable associate rule mining and Rank–Kennard-

Stone method (MVARC-R-KS) to construct a nonlinear prediction model to realize local optimality

considering spatial heterogeneity. First, the MVARC-R-KS method is utilized to select representative

samples and alleviate the sample global underrepresentation caused by spatial heterogeneity. Second,

the PLS–MARS method is proposed to construct a nonlinear VNIR spectra-based estimation model

with local optimization based on selected representative samples. PLS–MARS combined with the

MVARC-R-KS method is illustrated and validated through a case study of Jianghan Plain in Hubei

Province, China. Results showed that the proposed method far outweighs some available methods

in terms of accuracy and robustness, suggesting the reliability of the proposed prediction model.

Keywords: soil organic matter; near-infrared spectroscopy; spatial heterogeneity; multivariate

adaptive regression splines; partial least squares regression

1. Introduction

Soil organic matter (SOM) content is signi�cantly relevant to soil fertility, biological
productivity, and agricultural sustainable development [ 1,2]. Accurate prediction of SOM
content is of great signi�cance for land management [ 1,3]. Extensive studies have fully
af�rmed the capability of SOM prediction methods based on visible and near-infrared
(VNIR) spectra [4,5]. However, the function relation between SOM content and VNIR
spectra should be established because of the strong soil spatial heterogeneity under the
in�uence of complex environmental conditions. In addition, the formation, variation, and
decomposition of SOM are generally in�uenced by various factors, and the VNIR spectra
are comprehensively related to various soil properties; hence, the relation of SOM content
to VNIR spectra is complex with high nonlinearity [ 6,7]. Therefore, further exploration
of VNIR spectra-based SOM prediction models is needed to improve simulation and
prediction accuracies.

An extensive literature review demonstrates that previous methods for predicting soil
properties can be categorized into linear and nonlinear pre diction methods. For example,
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multiple linear regression (MLR), partial least squares (P LS) regression, and geographic
weighted regression (GWR) are typical linear prediction me thods. These methods have been
extensively used in many previous studies because they are easily accessible in most software
packages [4]. A common characteristic of these prediction methods is th at they assume,
either explicitly or implicitly, a linear relationship amo ng the analyzed data sets. A nonlinear
relationship, however, is prevalent in practice between SO M content and VNIR spectra.
Thus, a series of nonlinear prediction methods has been proposed to estimate nonlinear
relationships, including, but not limited to, local weight ed regression (LWR) [8,9], arti�cial
neural network [ 10,11], and support vector machine (SVM) methods [ 12,13]. Although
these methods can ef�ciently determine nonlinear relationships in certain situations, they
lead to models based on global optimization and disregard the spatial heterogeneity of
the nonlinear relationship. This underlying principle will cause the accuracy of existing
methods to easily change with different samples and have dif�culty for application to other
regions. Therefore, nonlinear estimation methods considering spatial heterogeneity are
needed for SOM content prediction.

The multivariate adaptive regression spline (MARS) method is a nonlinear prediction
method that considers the effects of local difference. The MARS method is the expansion of
splines, thereby providing immense �exibility by automatically determining the splines
(i.e., the number of basis functions (BFs) and locations of knots) without human interfer-
ence. This method has been successfully applied to various �elds, such as geotechnical
engineering and soil liquefaction assessment [14–16]. The MARS method has proven to be
advantageous due to its adaptation to nonlinear relationships and to its adaptive model
construction process, while considering the natural local difference in the training data sets.
These characteristics of the MARS method indicate its considerable potential to represent
the relationships between VNIR spectra and SOM content. Although tracked records of the
application of the MARS model to soil property prediction are available in literature [ 11,17],
these records are not well received. The possible reason may be that most of the applica-
tions implicitly or explicitly consider the explanatory variables as mutually independent,
which is often not the case in reality. In fact, the VNIR spectra of soil samples are the com-
prehensive representation of soil properties, and thus multicollinearity inevitably exists.
As such, multicollinearity should be removed to obtain relatively independent variables
when constructing a MARS model. The multicollinearity-removing strategy from PLS
regression is veri�ed to be bene�cial by reducing the dimensionality, considering the high
dimensionality and correlated representations [ 4,18]. Therefore, this research proposes
the utilization of partial least squares regression to remove multicollinearity and obtain
extensive information on the explanatory variables; the resultant principal components
(PCs) from the PLS regression are used as a replacement for the original explanatory vari-
ables to construct a MARS model, thereby overcoming the weakness of the available MARS
model for prediction of soil properties. For simplicity, the entire process is referred to
as the partial least squares–based multivariate adaptive regression spline (PLS–MARS)
method herein. The proposed PLS–MARS method can effectively represent the nonlinear
relationship between the data with local difference and numerous variables, as will be
discussed in Section 3.

The accuracy of the prediction model relies signi�cantly on calibrated samples. Un-
derrepresentation of calibrated samples will lead to a biased prediction model due to soil
spatial heterogeneity. However, preceding studies (e.g., [8,9,11,12]) focused exclusively
on developing new prediction models for estimating soil properties, disregarding the
in�uence of the calibration sets on the reliability of the prediction models. In particular, the
calibration sets in most of these studies were selected randomly or from several available
methods, such as the concentration gradient method (C method) [ 19,20]. The prediction
model may be biased if inappropriate calibration sets are adopted [ 3]. Hence, reasonable
calibration sets should be selected before they are applied to construct prediction models.
Accordingly, our newly developed multi-variable analysis method (i.e., regional multi-
variable associate rule mining and Rank–Kennard-Stone (MVARC-R-KS) method) [ 3] was
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adopted to select calibration sets in the current study (see Subsection III-A for elaboration).
The MVARC-R-KS method was used due to the following two reasons. (1) This method is
effective in enhancing the accuracy of linear prediction methods, such as PLS regression
(Wang, Chen, Guo and Liu [ 3]), thereby providing the con�dence to extend it for non-
linear prediction methods (e.g., the proposed PLS–MARS method in this study). (2) The
MVARC-R-KS method can consider multiple in�uential factors (e.g., chemical component,
spectrographic information, and environmental factors) and select a representative calibra-
tion set, which makes the VNIR-spectrum–based SOM prediction model calibrated from
such a calibration set as to be an extensively applicable one [3]. Three commonly used cali-
bration set selection methods, namely, component concentration representative methods
(e.g., the C method [19,20]), spectrum representative methods (e.g., the Kennard–Stone
(KS) method [21]), and component concentration and spectrum representative methods
(e.g., the Rank–Kennard-Stone (Rank–KS) method [22]), are also utilized and compared
with the MVARC-R-KS method to investigate their in�uences on the prediction models and
further verify the effectiveness of the proposed method. To the best of our knowledge, such
a systematic comparison of the in�uences of different calibration set selection methods
on the performance of SOM prediction models, particularly nonlinear prediction models,
such as the proposed PLS–MARS model herein, appears to be original. This comparison is
expected to guide the calibration set selection for a speci�c prediction model in the future.

The remainder of the paper is structured as follows. The study area and materials
for this study are introduced in Section 2. The calibration set selection methods and
the proposed PLS–MARS prediction method are described in Section 3. Experiments on
the simulated data set and real application are discussed in Section 4, illustrating and
validating the proposed method. The principal contributions and observations of this
study are discussed in Section 5. Section 6 concludes this research.

2. Study Area and Materials
2.1. Study Area

Sampling was done in Jianghan Plain in Hubei Province, China. Jianghan Plain is
an important agricultural region because of the humid climate and fertile soil. However,
in recent years, the ecological system of the plain has become unstable, and the SOM
content has decreased due to long-term agricultural activities. Therefore, estimating
the SOM content with high accuracy in this plain is necessary and bene�cial to land
resource management. To this end, 260 topsoil samples (i.e., 0 cm to 30 cm; see Figure 1)
were obtained from this area in June 2014. The samples were taken at least 100 m apart
from one another. All samples were partitioned into two parts for chemical study and
spectral measurement.
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Figure 1. Distribution of the soil samples.
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2.2. SOM Content and Spectral Measurement

SOM content was measured by following the analysis and calculation methods in
literature [ 3,23]. An ASD FieldSpec3 portable spectral radiometer was used to measure
spectral re�ectance, which ranged from 350 nm to 2500 nm with a sampling interval from
1.4 nm to 2 nm. The measurement procedures were carried out in the dark to decrease
the interference of external light. The light source was from a standardized white halogen
light, which had a 45 � incident angle and was at a distance of 45 cm.

3. Methods

VNIR spectra-based SOM content prediction generally consists of the following three
parts. Part 1 is the spectral preprocessing. Spectral re�ectance is unavoidably impacted by
random noises, baseline drift, and scattering effects because of the in�uence of error from
the experimental instruments and ambient noises; thus, the stability of the constructed
VNIR-spectrum–based prediction model is affected [ 3]. Hence, spectral preprocessing
is a prerequisite for the construction of the prediction model, which will be detailed in
Section 3.1. In part 2, the representative calibration set is selected using methods such as
the MVARC-R-KS method [ 3], which will be detailed in Section 3.2. Part 3 aims to build
an SOM prediction model based on the VNIR spectra, such as by using typical prediction
methods and the proposed PLS–MARS method, which will be elaborated in Section 3.3.1.
Lastly, in Section 3.3.2, the accuracy of the constructed prediction model is evaluated by
several assessment indices, as will be described in Section 3.3.2.

3.1. Spectral Preprocessing

According to the characteristics of the spectra, spectral preprocessing was conducted
as follows. The spectra ranging from 400 mm to 2350 mm was retained to reduce the
interference of noises (Liu et al., 2014b; Liu et al., 2016) (Figure 2a). In addition, continuum
removed spectral curves exhibited several diminutive absorption valleys (Figure 2b), which
could interfere with the prediction based on the VNIR spectra. Hence, Savitzky–Golay
(SG) smoothing was used to denoise this interference. Furthermore, multiplicative scatter
correction (MSC) and mean center (MC) operations were utilized to reduce the in�uence of
the unavoidable scattering. In short, the spectra were preprocessed successively through
SG smoothing, MSC operation, and MC operation.

�.

�.

�.

 

Figure 2. (a) Pretreatment spectral curves of the soil samples. (b) Continuum removed spectral
curves of the soil samples.
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3.2. Calibration Set and Validation Set Selection Methods

The MVARC-R-KS method [ 3] aimed at adaptively selecting the calibration set through
multivariate analysis. The procedure of selecting the calibration set using the MVARC-R-
KS method comprised two phases [3]. Phase 1 initially mined the clustering distribution
zones using the MVARC method, which integrated the a priori algorithm, a density-based
clustering algorithm, and the Delaunay triangulation [ 3]. The association between the SOM
content and VNIR spectra may vary according to location and surrounding environment,
contributing to the generally strong spatial variability of soil samples. Hence, to open
out the spatial heterogeneity of soil samples, environmental variables and SOM content
were set as input data for the MVARC method. The spatial heterogeneity of soil samples
was checked by Moran's I; results are given in Table 1. Samples in the same cluster
mined by the MVARC method were relatively similar with respect to the impact of the
surrounding environment. In addition, the in�uence of environmental variables on SOM
in clusters presented signi�cant differences. Phase 2 utilized the Rank–KS algorithm [ 22]
to select the calibration set from the clustering zones. The eventually selected calibration
set was an internal component concentration and spectrum representations, as well as an
external environment representation. In addition, the size of the calibration set was set as
approximately 70% of the soil samples, and the remaining 30% of the samples were used
as the validation set, referring to previous studies [23,24].

Table 1. Moran's I index and z-score of data related with prediction models calibrated by different calibration set selec-
tion methods.

Prediction Model Selection Method
Original Data Predicted Data Residuals

I Z-Score I Z-Score I Z-Score

Partial least squares–based
geographic weighted

regression (PLS–GWR)

Concentration gradient
(C) method

1.15 6.33 1.06 5.83 0.01 0.20

Kennard-Stone (KS) method 1.28 5.87 1.15 5.23 � 0.07 � 1.27
Rank–Kennard-Stone
(Rank–KS) method

1.33 6.30 1.28 6.03 � 0.10 � 1.35

Regional multi-variable
associate rule mining and

Rank–Kennard-Stone
(MVARC-R-KS) method

1.39 6.17 1.24 5.49 � 0.07 � 0.96

Partial least squares–based
multivariate adaptive

regression (PLS–MARS)

C 1.15 6.33 1.03 5.69 � 0.01 0.06
KS 1.28 5.87 1.12 5.15 0.07 1.42

Rank–KS 1.33 6.30 1.12 5.30 � 0.01 0.01
MVARC-R-KS 1.39 6.17 1.17 5.23 0.08 1.33

Apart from the MVARC-R-KS method, three commonly used calibration set and
validation set selection methods—-C method, KS method, and Rank–KS method—-were
utilized for comparison to verify the representation of the selected calibration set.

3.3. VNIR-Based Prediction Methods

According to the VNIR-based SOM predicting demands, the PLS–MARS method was
proposed to effectively represent the nonlinear relationship between the data with local
difference and numerous variables (see Section3.3.1). To verify the effectiveness of the
proposed PLS–MARS method, typical prediction methods, such as MLR, SVM, PLS, and
GWR, were used to construct VNIR-based SOM prediction models. To realize a more
comparative analysis with the proposed PLS–MARS method, the GWR method was also
combined with PLS (named PLS–GWR) to construct a prediction model. Eventually, a series
of evaluation indices was used to evaluate the simulation and prediction performance of
the prediction models, which is described in detail in Section 3.3.2.
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3.3.1. PLS–MARS Method

The PLS–MARS method is a combination of PLS and MARS methods that constructs
a nonlinear prediction model with local regression. The �ow of PLS–MARS comprises
two parts (Figure 3). Part 1 removes the multicollinearity of the explanatory variables by
obtaining PCs using a PLS regression method. Part 2 constructs the MARS model based
on the predictors and PCs obtained in Part 1. The details of PLS–MARS are described
as follows.

�.

�.
�.

�.
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Figure 3. Procedure of constructing the partial least squares–basedmultivariate adaptive regression spline (PLS–MARS) model .

PCs were abstracted in Part 1. The explanatory variables and predictors were labeled
as E0 and F0, respectively. The procedure of obtaining PCs was to abstract the PCs �rst.
Thereafter, a series of PLS regression models based on the obtained PCs and predictors
was built. Lastly, the accuracy of the models was evaluated. The model with the highest
accuracy was selected, and the corresponding PCs were output as the eventual PCs. The
steps of this procedure are described in detail as follows.

Step 1: The PCt1 of the explanatory variables E0 and PC u1 of the predictors F0 were
extracted. The estimated values of PCs can be expressed in accordance with Equation (1).
The abstracted PCs should represent suf�cient information of the variables, and the PCs t1
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and u1 should be highly correlated. The preceding calculation targets imply that t1 and u1
can be calculated based on the conditions in Equation (2) by using the Lagrange multipliers.

�
t1 = E0w1
u1 = F0v1

(1)

�
ht1, u1i = hE0w1, F0v1i = wT

1 ET
0 F0 ) Max

wT
1 w1 = 1, vT

1 v1 = 1
(2)

Step 2: The regression (i.e., Equation (3)) was constructed based ont1 and u1; the
model is expressed as follows: �

E0 = t1aT
1 + E1

F0 = u1bT
1 + F1

(3)

where a1 and b1 are the model parameters to ensure the high correlation between t1 and u1,
which can be estimated using least squares criterion; E1 and F1 are the residual matrixes.

Step 3: The residual matrixes E1 and F1 were set as the explanatory variables and
predictors, respectively. Step 1 was iteratively repeated until the count of the selected PCs
reached h (i.e., the matrix rank of E0) (Equation (4)). The PCst of the explanatory variables
can be calculated using Equation (2).

�
E0 = t1aT

1 + � � � + thaT
h + Eh

F0 = u1bT
1 + � � � uhbT

h + Fh
(4)

Step 4: The �rst � principal component PCs (0 < d � h) were successively selected.
In addition, the corresponding PLS regression model between the predictors and extracted
PCs of the explanatory variables was constructed.

Step 5: The precision of the PLS model was evaluated using the root-mean-square error
(RMSEV) calculated by the cross-validation method (leave-one-out sample). High precision
of the PLS regression model led to a small value of RMSEV. The PCst =

�
t1, � � � , tp

	
for

constructing the PLS regression model with the highest precision were output as PCs for
constructing the following the MARS model.

In Part 2, the MARS prediction model was built based on the explanatory variables
{t1, � � � , tp} and predictors. The MARS model was established based on several BFs in the
form of an expansion of splines. The estimation of a true function f (t) utilizing the MARS
method [ 16] based on BFs is expressed as follows:

f̂
�
t1, � � � , tp

�
=

M

å
m= 0

amBm
�
t1, � � � , tp

�
(5)

where coef�cient am is obtained using the least squares method and Bm
�
t1, � � � , tp

�
(Equa-

tion (6)) is one of the BFs, which is multiplied by several bk,m as shown in Equation (7).

Bm
�
t1, � � � , tp

�
=

Km

Õ
k= 1

bk,m

�
tv(k,m)

�
�
�Pk,m

�
(6)

where Km is the number of bk,m (Equation (7)), which is a bilateral truncation power function
decided by the parameters Pk,m and explanatory variables tv(k, m) that correspond to the
kth truncated spline BF (SBF) in the mth term of Equation (6).

bk,m

�
tv(k,m)

�
�
�Pk,m

�
=

h
Sk,m �

�
tv(k,m) � rk.m

�i q

+
= max(0, Sk,m �

�
tv(k,m) � rk.m

� q
(7)

where Pk,m = (Sk,m, rk.m), truncation direction Sk,m = � 1, rk.m is the knot of the BF

bk,m

�
tv(k,m)

�
�
�Pk,m

�
, and q is the power of SBF re�ecting the degree of smoothness of the

resulting MARS estimation [ 16]. In this study, q was set as 1 to simplify the process.
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The process of constructing a MARS model consisted of forward selection and back-
ward pruning. In forward selection, four steps were conducted, as follows:

Step 1: BF was set asB0(t) = 1, and the threshold of the number of BFs and the
threshold of the model precision were set.

Step 2: Two new adaptive BFs that yielded the minimum training error were itera-
tively created.

Step 3: Step 2 was repeated until the number of BFs reached the number threshold or
the model precision reached the threshold.

Step 4: All BFs and related parameters were provided.
In forward selection, permission was limited to adding BFs. Accordingly, several

BFs were used merely for constructing succeeding BFs and contributed insigni�cantly to
the eventual model. The threshold of the number of BFs was generally set as high in the
forward selection procession. Hence, the backward pruning for deleting redundant BFs
was necessary.

In backward pruning, the model was simpli�ed by deleting one least important BF
(based on generalized cross-validation (GCV)) at each step until no more BFs were available
to be deleted. A new model was rebuilt at each step; the model with the minimum GCV
was selected as the eventual prediction model. GCV is computed in accordance with
Equation (8).

GCV =
1
N å N

i= 1

h
yi � f̂ (t i )

i 2

�
1 � M+ d� (M � 1)

2
N

� 2 (8)

where N is the size of the calibration set, M is the number of BFs in the model, d is a
penalizing factor, which is set as 3 in this study according to a report [ 16,25], and (M � 1)/ 2
denotes the number of the hinge function knots. Consequently, the function penalizes the
model for its number of BFs and knots.

In establishing a MARS model, a series of threshold values was preset to realize the
adaptive operation and obtain a suitable result. Accordingly, the model with the minimum
GCV was selected as the eventual model. The implementation of the PLS–MARS method
was realized using MATLAB software.

3.3.2. Fitness Assessment of the VNIR-Based Prediction Model

The prediction model can be evaluated by several assessment indices: the corrected
Akaike information criterion (AICc) [ 26,27], the coef�cient of determination of simulation
analysis (R2

c), the coef�cient of determination of prediction analysis ( R2
p), root of mean

square simulation error (RMSEV), root of mean square prediction error (RMSEP), relative
percent deviation (RPD), and Moran's I. AICc estimates the relative amount of information
lost by a given model. When comparing a series of models for the same data, the less
information a model loses with a lower AICc value, the higher the quality of that model.
R2

c and RMSEV are used to analyze the simulation precision and stabilization of the model.
A low RMSEV value and high R2

c value indicate the high stabilization and simulation
precision of the model. The prediction precision of the model is estimated by R2

p, RMSEP,
and RPD. If RMSEP is low and R2

p is high, then the predictive capability of the model is
considered good. In soil spectrographic analysis, if the RRP is less than 1, then the model is
not recommended due to poor prediction capability; if the RPD is larger than 1 and less
than 1.4, then the prediction capability is still deemed as poor; if the RPD is between 1.4
and 1.8, then the model can be used to perform prediction analysis; if the RPD is larger
than 1.8, then the model should have very good prediction capability [ 28,29]. Moran's I is
utilized to test the randomness of residuals. A good model will yield a random series of
residuals without autocorrelation [ 30].
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4. Results
4.1. Veri�cation of PLS� MARS Method Based on a Simulated Data Set

An illustrative function (Equation (9)) was set to validate the performance of the
proposed PLS–MARS method. The method was proposed mainly for nonlinear prediction
applications with numerous explanatory variables. Hence, the size of the explanatory
variables in the illustrative function in Equation (9) was set as N (N = 100;N = 500), and the
corresponding relationship between explanatory variables and the predictor was nonlinear.
For comparison, MLR, PLS, and SVM methods were also utilized to estimate the illustrative
function. Each prediction model was calibrated by 500 samples generated by the Latin
hypercube sampling method [ 16] and tested using 1000 randomly generated samples.

f = x1 � sin(x1) + x2 � sin(x2) + � � � + x100 � sin(xN ) (9)

The performance of the models was evaluated by �tness assessment indices (e.g.,
R2

c, RMSEV, R2
p, RMSEP, and RPD) (Table2). The results showed that the MLR model

performed well when estimating Equation (9) with 100 explanatory variables, but per-
formed poorly when estimating Equation (9) with 500 explanatory variables. These results
suggest the accuracy of the constructed MLR model decreases as the complexity and size
of explanatory variables increase. Compared with the MLR model, the PLS method had
relatively high accuracy due to the suitability of its equations with numerous explanatory
variables. However, SVM and PLS–MARS methods (i.e., as nonlinear prediction methods)
had the highest estimation and prediction accuracies when they were used to estimate the
relationship in Equation (9).

Table 2. Evaluation results of typical prediction models for the illustrative function.

Illustrative
Func-
tions

Explanatory
Variable

Size

Prediction
Model

Coef�cient of
Determination
of Simulation
Analysis

�
R2

c)

Root of Mean
Square

Simulation
Error (RMSEV

(g kg � 1))

Coef�cient of
Determination
of Prediction
Analysis ( R2

P)

Root of Mean
Square

Prediction
Error (RMSEP

(g kg � 1))

Relative
Percent

Deviation
(RPD)

f

100

Multiple
linear

regression
(MLR)

0.92 1.08 0.93 0.99 3.9

partial least
squares

regression
(PLS)

0.92 1.02 0.93 0.93 4.2

Support
vector

machine
(SVM)

0.96 0.71 0.97 0.61 6.4

PLS–MARS 0.94 0.89 0.96 0.69 5.7

500

MLR 0.56 4.29 0.02 31.2 0.2
PLS 0.64 3.33 0.75 2.98 1.9
SVM 0.69 3.09 0.78 2.79 2.2

PLS–MARS 0.65 3.21 0.76 2.93 2.1

In summary, the comparison experiments on the simulated data set veri�ed that the
PLS–MARS method exhibits a high performance for estimating nonlinear relationships to
numerous explanatory variables.

4.2. Case Study of PLS–MARS Method

In this subsection, the PLS–MARS method was used to construct a prediction model
between VNIR spectra and SOM content based on the representative calibration set in the
study area introduced in Section 2. The study area was utilized as a demonstration zone to
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validate the effectiveness and accuracies of the PLS–MARS method. Three missions were
carried out as follows.

Mission 1 selected the representative calibration set by utilizing the MVARC-R-KS
method [ 3], which is speci�ed in Section 4.2.1. Mission 2 (in Section 4.2.2) constructed
the PLS–MARS method, which was calibrated by the selected calibration set using the
MVARC-R-KS method [ 3]. Typical prediction methods based on typical calibration sample
selection methods were utilized to predict SOM content in the research area to verify the
effectiveness of the proposed PLS–MARS method and the in�uence of the calibration set.
These comparison experiments are elaborated in Section4.2.3.

4.2.1. Calibration Set Selected Using MVARC-R-KS Method

The procedure of selecting the calibration set using the MVARC-R-KS method com-
prised two phases [3]. Phase 1 consisted of obtaining clustering zones with similar in�u-
ences of the environment on SOM content. Phase 2 utilized the Rank–KS method to select
representative samples from the clustering zones. The selected samples were eventually
merged as the calibration set (Figure 4). Typical methods, such as C, KS, and Rank–KS
methods, were used for comparison to verify the representation of the calibration set. If the
calibration set was representative, then the distribution characteristics of the calibration
set would be similar to the entire samples. The statistical values of SOM content and
the spectral re�ectance information of the calibration sets selected by the aforementioned
methods were calculated and are shown in Figure 5 and Table 3. The results showed that
the mean and median values of the SOM content in the calibration set selected by the KS
method were lower than those in the entire samples. In contrast to the KS method, the
C, Rank–KS, and MVARC-R-KS methods obtained calibration sets having a considerably
similar distribution to the entire samples for SOM content. Compared with the calibration
sets selected by the KS, Rank–KS, and MVARC-R-KS methods, the calibration set selected
by the C method had less similar spectral re�ectance information to that of the entire
samples. Compared with the C, KS, and Rank–KS methods, the MVARC-R-KS method
further took into consideration the spatial variation and impacts of the environmental
variables [3].

�.
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�.
Figure 4. Calibration and validation samples selected utilizing the regional multi-variable associate
rule mining and Rank–Kennard-Stone (MVARC-R-KS) method.
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Figure 5. Statistics of the soil organic matter (SOM) content in the following samples: (1) all samples;
(2) samples selected utilizing the concentration gradient (C) method; (3) samples selected utilizing the
Rank–Kennard-Stone (Rank–KS) method; (4) samples selected using the Rank method; (5) samples
selected utilizing the MVARC-R-KS method.

Table 3. Statistical values of the spectral re�ectance information in the samples.

Statistic
Values

All Samples
Samples Selected by Typical Methods

C Rank–KS KS MVARC-R-KS

Mean 0.3542 0.3495 0.3563 0.3561 0.3541
Variation 0.0369 0.0360 0.0404 0.0401 0.0405

In summary, the calibration set selected by the MVARC-R-KS method was the SOM
content, spectrum representative, and environment representative [ 3]. Hence, the MVARC-
R-KS method seemed to be reasonable to select a representative calibration set.

4.2.2. Performance of the PLS–MARS Model Calibrated by the Calibration Set Selected
Utilizing the MVARC-R-KS Method

The PLS–MARS method was used to build the SOM prediction model based on the
VNIR spectra in accordance with the selected calibration set (Figure 4). PCs were �rst
calculated and selected. The count of PCs was set at 10, with the highest precision (i.e.,
RMSEV) of the constructed regression model (Figure 6) based on the PC selection procedure
described in Phase 1 of Section3.2. Thereafter, the PLS–MARS model was constructed
based on the PCs and SOM content. The PLS–MARS model was eventually evaluated.
Table 4 shows the �t assessments of the prediction model. The result indicated that the PLS–
MARS model calibrated by the samples selected utilizing the MVARC-R-KS method [ 3]
could estimate SOM content with high stability and prediction precision.
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Figure 6. Root-mean-square error (RMSEV) of the prediction model constructed using the latent
variables (i.e., principal components (PCs)).

Table 4. Evaluation results of prediction models calibrated by different calibration set selection methods.

Prediction
Model

Selection
Method

Corrected Akaike
Information

Criterion (AICc)
R2

c
RMSEV
(g kg � 1)

R2
p

RMSEP
(g kg � 1)

RPD

MLR

C 1005.54 0.54 8.9 0.11 28.0 0.44
KS 973.4 0.62 8.19 0.11 26.0 0.47

Rank–KS 948.65 0.50 9.04 0.22 23.1 0.52
MVARC-R-KS 937.79 0.54 8.9 0.09 30.8 0.39

PLS

C 877.64 0.73 6.39 0.53 8.21 1.48
KS 844.87 0.78 5.87 0.50 8.82 1.38

Rank–KS 829.80 0.71 6.51 0.56 8.48 1.51
MVARC-R-KS 785.50 0.79 5.83 0.70 6.98 1.61

SVM

C 996.75 0.54 8.70 0.50 8.78 1.38
KS 972.02 0.58 8.16 0.39 9.47 1.29

Rank–KS 912.02 0.55 8.17 0.46 9.34 1.38
MVARC-R-KS 935.36 0.50 8.84 0.55 8.11 1.56

PLS–GWR

C 1187.90 0.75 5.80 0.54 8.18 1.49
KS 1227.43 0.79 5.19 0.50 8.76 1.42

Rank–KS 1190.26 0.76 5.55 0.60 8.02 1.60
MVARC-R-KS 1213.80 0.74 6.12 0.66 6.83 1.78

PLS–MARS

C 1156.61 0.80 5.45 0.53 8.20 1.48
KS 1213.20 0.83 5.12 0.55 8.13 1.50

Rank–KS 1166.12 0.79 5.50 0.62 7.88 1.63
MVARC-R-KS 1135.50 0.84 5.14 0.71 6.52 1.94

4.2.3. Comparison of the PLS–MARS Model with Typical Prediction Models

The MLR, PLS, SVM, and PLS–GWR methods were utilized to construct the SOM
prediction model based on the VNIR spectra in the research region to verify the availability
of the PLS–MARS method. The precision of the prediction method was substantially
correlated with the selected calibration set. Hence, the C, KS, Rank–KS, and MVARC-R-KS
methods were introduced to obtain the representative calibration sets.

The performance of the models was evaluated using �tness assessment indices (e.g.,
AICc, R2

c, RMSEV, R2
p, RMSEP, and RPD) (Table4). Two conclusions could be drawn. One

was that the performance of the prediction models highly relied on the selected calibration
sets; such performance was achieved for the following reasons. The results imply that
the accuracies of the models based on different calibration sets �uctuated heavily. For
example, the prediction models calibrated using the calibration sets selected by the C and
KS methods had poor prediction capabilities. The Rank–KS method selected the calibration
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set for building prediction models with relatively higher accuracies than those of the C
and KS methods. The prediction models calibrated by the samples obtained utilizing the
MVARC-R-KS method had the highest prediction accuracies. These results suf�ciently
veri�ed the dependency of the performance of the prediction models on the selected
calibration sets. Because the PLS–GWR model was a local prediction model, the calibration
sets had less effect on the prediction results. Another conclusion was that the PLS–MARS
method outperformed the typical prediction models for estimating VNIR-spectrum–based
SOM content in the study area. The following results support this conclusion. The results in
Table4 show that the MLR model had poor prediction accuracies and thus could not be used
to predict SOM content in the study area. The possible reason is due to the inapplicability of
these methods for complex high-dimension data sets. Although the PLS and SVM models
had relatively higher simulation and prediction accuracies, their model accuracies were
lower than the PLS–GWR and PLS–MARS models that considered the local difference. The
Moran's I indexes in Table 1 indicate that both the PLS–MARS model and PLS–GWR model
could maintain the spatial heterogeneity distribution characteristics of data. In addition,
random spatial residuals without autocorrelation could further verify the effectiveness of
the PLS–GWR model and the PLS–MARS model. Compared with the PLS–GWR model, the
PLS–MARS model, which considered the nonlinear relationship between SOM content and
VNIR spectra, had the highest simulation and prediction accuracies among the prediction
models. Since PLS–GWR and PLS–MARS were constructed based on the same PCs, their
AICc values were comparable. Nevertheless, the AICc values indicated that the proposed
PLS–MARS model had higher model quality than the PLS–GWR model. In summary, the
PLS–MARS model calibrated by the samples obtained utilizing the MVARC-R-KS method
indicated immense potential for building a prediction model of SOM content based on the
VNIR spectra in the riverside region.

5. Discussion

Intrinsic strategies for the prediction method and selected calibration set were sig-
ni�cant factors that affected the performance of the constructed prediction model. The
in�uence of the calibration set on model performance, and the good performance of the
MVARC-R-KS method and the proposed PLS–MARS prediction method will be discussed
in Sections5.1and 5.2, respectively.

5.1. In�uence of the Calibration Set on the Model Performance

If the calibration set can well represent the relation of the SOM content with VNIR
spectra, then the prediction model calibrated using this calibration set will have a good
prediction performance. Table 4 shows that the prediction models calibrated using the
calibration sets selected by the classical C and KS methods lacked good prediction perfor-
mance, whereas the prediction models based on the Rank–KS method could build models
with considerably high R2

p and RPD in the study area. This phenomenon was mainly due
to the fact that the calibration set obtained utilizing the C or KS method was representative
of either the SOM content or the spectrographic information. By contrast, the calibration
set obtained utilizing the Rank–KS method was both SOM content and spectral informa-
tion representative. These results also indicated that the component concentrations and
spectrographic information should be simultaneously taken into account to obtain the
representative calibration set to accurately build a VNIR-spectrum–based SOM prediction
model. However, in comparison with the Rank–KS method, the MVARC-R-KS method
could select the more representative calibration sets, which could calibrate the prediction
models with the highest accuracy. This result could be attributed to the consideration of
the impact of the surrounding environment and spatial heterogeneity on the samples in
the MVARC-R-KS method, which were substantially consistent with real situations.

In summary, the prediction models depended substantially on the selected calibration
sets. A representative calibration set instead of a randomly selected calibration set should
be obtained in advance to construct a prediction model with good performance. Hence,

61



Appl. Sci.2021, 11, 566

calibration set selection should be taken seriously during the construction of the prediction
models. This study suggests that the MVARC-R-KS method [ 3] can be set as the optimal
choice in the riverside region. This is because this method simultaneously considers
the in�uence of multiple in�uential factors (i.e., chemical components, spectrographic
information, and environmental factors), thereby making the VNIR-spectrum–based SOM
prediction model calibrated by the selected calibration set an extensively applicable one.

5.2. Strategies of the PLS–MARS Method

The performance of the PLS–MARS method was analyzed using the simulated data
set and real application. In addition, the effectiveness and accuracy of PLS–MARS were
compared with those of several commonly used prediction methods (i.e., MLR, PLS, SVM
and PLS–GWR methods) in literature. The results in the simulated application implied that
the PLS, SVM, and PLS–MARS methods could ef�ciently estimate the relationship between
numerous explanatory variables and their responses. However, if the relationship exhibited
signi�cantly non-linear features and spatial heterogeneity, such as the relation of the SOM
content with VNIR spectra in the study area, then the PLS–MARS method produced
more accurate results than the rest of the prediction methods tested. This superiority is
generally due to the consideration of the natural local difference of data sets, and the
construction of a local non-linear optimization model in the PLS–MARS method rather
than the global non-linear optimization characteristics of the other prediction methods.
The adaptive strategy of the PLS–MARS method also facilitated the automatic estimation
of natural relationships and supported their promotion. Thus, the PLS–MARS method
has immense potential for estimating the complex nonlinear relationships of geographical
data with numerous explanatory variables, and the PLS–MARS method calibrated by the
samples obtained utilizing the MVARC-R-KS method shows great potential in estimating
signi�cantly nonlinear relationships in spatial and non-spatial domains.

6. Conclusions

The PLS–MARS method was proposed to construct a nonlinear model for SOM content
prediction, in which the MVARC-R-KS method was adopted to select the optimal calibration
set. Several commonly used calibration set selection methods were applied to calibrate the
PLS–MARS model, and their in�uences on the prediction precision of the established model
were investigated. The implementation procedure for the proposed method was described
in detail. The proposed approach was illustrated and validated through a simulated data
set and practical application in the Jianghan Plain. A comparative study with conventional
prediction methods indicated that the proposed PLS–MARS method presents the following
advantages: (1) the proposed method can ef�ciently estimate the nonlinear relationship
underlying data with numerous variables; (2) the proposed method can accurately construct
the highly nonlinear relationship of the SOM content with VNIR spectra, with consideration
of the spatial heterogeneity of the relationship; (3) the proposed method can automatically
construct a prediction model without substantial prior knowledge of the data set.

The following new �ndings were obtained based on the application of the PLS–MARS
method to estimate SOM content in the Jianghan Plain in China: (1) the accuracy of
prediction models, including the PLS–MARS model, depends signi�cantly on the selected
calibration sets; (2) the combined PLS–MARS and MVARC-R-KS methods have immense
stability and prediction capabilities when estimating the relation of SOM content with
VNIR spectra in the study area.

In general, the proposed PLS–MARS method can accurately estimate the nonlinear
relationship with local differences. The PLS–MARS method calibrated by the samples
obtained utilizing the MVARC-R-KS method has considerable potential for estimating
SOM. Furthermore, the PLS–MARS method is conceptually simple and easily executed via
a programming language, thereby ensuring easy application.

Future studies will focus on further practical applications of the PLS–MARS method.
For example, a PLS–MARS model calibrated by the calibration set selected utilizing
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MVARC-R-KS method can serve as a potential prediction model to estimate other soil
properties (e.g., iron content, copper content, and soil organic C) based on the VNIR spectra
in the study area or other areas. The proposed PLS–MARS method can also be used to
characterize the nonlinear relationships of other geographic phenomena.
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Abstract: Semi-arid conditions are favorable for the cultivation of late ripening peach cultivars;
however, seasonal water scarcity and reduction in soil biological fertility, heightened by improper
soil management, are jeopardizing this important sector. In the present two-year study, four soil
managements were compared on a late ripening peach orchard: (i) completely tilled (control);
(ii) mulched with reusable re�ective plastic �lm; (iii) mulching with a Leguminosae cover-crop
�attened after peach fruit set; (iv) completely tilled, supplying the water volumes of the plastic
mulched treatment, supposed to be lower than the control. Comparison was performed for soil
features, water use, tree functionality, fruit growth, fruit quality, yield and water productivity. Even
receiving about 50% of the regular irrigation, reusable re�ective mulching reduced water loss and soil
carbon over mineralization, not a � ecting (sometimes increasing) net carbon assimilation, yield, and
fruit size and increasing water productivity. The �attening technique should be re�ned in the last part
of the season as in hot and dry areas with clay soils and low organic matter, soil cracking increased
water evaporation predisposing the orchard at water stress. The development and implementation of
appropriate soil management strategies could be pivotal for making peach production economically
and environmentally sustainable.

Keywords: mulching; �attening; irrigation; photosynthesis; transpiration; soil quality; water stress
integral; fruit growth; water use e � ciency; productivity

1. Introduction

Fruit growing is a key sector for the Mediterranean economy, society and environment. It is the
highest value among the agricultural productions, representing 17% of the total EU agricultural turnover
(FAO—Food and Agriculture Organization of the United Nations, 2018). Furthermore, orchards
contribute to land preservation via stewardship and climate regulation through evapotranspiration [ 1]
and represent one of the most typical fruit crops of the Mediterranean Basin [ 2], thus being at the basis
of both its economy and dietary culture.

Fruit growing has a double-faced nature. On one side, the great demand of high-quality products.
The fruits, most of which are delivered to the fresh market, are asked to meet the consumer demand
with very high-quality standards [ 3] as fruit consumption improves health and well-being [ 4]. This, at
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world level, makes the fruit sector very competitive, creating concerns and often pushing the fruit
growers more on the yield than in quality production. Orchard intensi�cation techniques are one of
the results from this request. On the other side, society has expressed concern about the exploitation of
agricultural inputs because of their dramatic impact on natural resources and ecosystem functioning [ 5].

Peach is among the most representative and valued fruit species in the Mediterranean Basin.
The southern Italy environment is usually hot and dry until the beginning of autumn, therefore is
particularly suitable for early and late ripening peach cultivars. However, late cultivars are more water
demanding due to the long-lasting persistence of fruits on the plant [6].

Climate change and foreseeable future resource limitations (mainly water) threaten Mediterranean
fruit production. The secure supply of high-quality fruit is under jeopardy because of increased heat
and water stress conditions [7], reduced productive land [ 8], decreased soil fertility due to intensive
management practices, reduced water availability and competition for water with other productive
sectors and human activities [8]. In Mediterranean countries, the reduction in organic matter, which
impacts soil fertility, is a common occurrence, for climatic reasons [ 9]. This is often aggravated by
improper management of the residues of agricultural products, the low use of organic amendments
and the rapid mineralization of the organic compounds due also to intensive tillage practices [ 10].
A multi-year life cycle assessment study showed that fertilizers and energy consumption (i.e., electricity,
fossil fuel) and water were the main impact factors in peach cultivation [ 11]. Fertilizers and energy
consumption are indeed indicated to be the most impactful on emissions and climatic disorders.
Climate change, with its increased temperatures, can have negative e� ects on tree productivity if
scheduling irrigation is not applied properly. However, agriculture is already the main user of water,
consuming about 70% of freshwater, and it must achieve savings, rather than further increases, in its
water needs [12]. Water scarcity can be tackled by improving water saving techniques. In particular the
rational management of soil can increase water use e� ciency either through decreasing soil evaporation,
using arti�cial [ 13–15] or natural [ 16,17] mulching material, and increasing soil water holding capacity,
via decompaction and organic matter enrichment. Recent experiences in horticultural crops [ 18,19]
reported that water and N recycling at agroecosystem level can be enhanced by cover crop practice and
natural mulching covering techniques, independently from the soil management strategy. The authors
pointed out that the improved nitrogen surplus was not su � ciently retained in the agroecosystem
without cover crop. On the contrary, the practices adopted in the treatments with the cover crop or
temporary intercropping considerably improved the N self-su � ciency of the system. Bene�cial e� ects
have been found in grapes [20,21]. Grape ecosystem services provided by Mediterranean vineyards
are particularly threatened, because soil functions are often impaired by yearly repeated intensive
agricultural practices or weed and pest management. The authors demonstrated that the potential of
soil management practices to enhance soil functioning, can be promoted by the presence of a cover crop,
even temporarily, in the inter row [ 20,21]. Moreover, Almagro found that improved soil management in
rainfed Mediterranean agroecosystems can be a powerful strategy to mitigate the current atmospheric
CO2 increase, through soil carbon sequestration and stabilization [ 22]. However, few publications
on the e� ect of orchard �oor modi�cation on fruit trees, in general, and on peach tree development
and functioning, including fruit production, in particular, are available [ 23]. These authors found that
changed soil management practices such as zero tillage, supply of organic amendments, understory
mowing, retention of crop residues, can result in worthwhile gains within a long-term period. In
a Mediterranean peach orchard, these gains can include increased production and also increased
sustainability with higher level of soil organic carbon and litter carbon pools [ 23]. However, to date,
orchard soil and water management often rely only on grower and extension service experience or, in
the most advanced cases, are driven by data on soil water content and/or climate conditions and plant
status [24–26]. Real-time tree performance, as well as the inter-relation among the di � erent chemical,
physical and microbiological variables a � ecting soil fertility, is little considered. Solutions to the major
threats encountered by the fruit production sector may be found through approaches that consider
the soil–plant system as a whole and, therefore, address improving the entire orchard performance to
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cope with water scarcity and climate change [ 27,28]. Since orchards are particularly complex systems,
di � erent methods and approaches should be adopted under di � erent, even contrasting, pedo-climatic,
economic and social conditions [29]. Even lesser explored in horticulture, the use of di � erent mulching
material in the fruit orchard is deserving of particular interest. The use of plastic mulch was adopted
with the aim of increasing the water use e � ciency in a dryland rainfed area. However, the plastic
adopted in the mulching was dark in color with negligible results on light di � usion and probably
enhancing soil temperature [ 30,31]. Recent studies pointed out the positive e � ect of mulching with
high-re�ective biodegradable plastic �lm on productivity and water use e � ciency on peach [15].

The aim of the present study was to investigate the e� ect of four di � erent orchard �oor
managements on tree functionality, productivity and water consumption of a late ripening peach
cultivar orchard under semi-arid conditions. The comparison was performed among the following
treatments: (i) completely tilled, (ii) mulched with reusable and re�ective plastic �lm, (iii) mulching
with a Leguminosae cover crop �attened after peach fruit set, with the aim of increasing the organic
matter and water holding soil capacity; (iv) completely tilled and reducing irrigation at the same
volumes supplied to the plastic mulched treatment.

2. Materials and Methods

2.1. Experimental Set-Up and Pedo-Climatic Conditions

The trial was carried out in 2015 and 2016 at the Experimental farm of the Council for Agricultural
Research and Economics (Research Centre for Agriculture and Environment), in southern Italy
(Rutigliano, lat.: 40 � 590 N, long.: 17� 010 E, alt.: 147 m asl) on 3-year-old peach (Prunus persica(L.)
Batsch var. laevis) trees of a late ripening cultivar “Calred” [ 32] grafted on Missour rootstock, trained
as slender spindle and spaced 4.0� 2.5 m. The experimental site is under the Mediterranean climate,
characterized by warm and dry summers. The average air temperature throughout the year and during
the vegetative–reproductive season is 15.5 and 20� C, respectively, and the annual rainfall is about
535 mm, mainly concentrated in the autumn and late winter periods and usually greatly reduced, or
absent, in the spring–summer period [33].

Four di � erent orchard managements were tested: soil tilled (T); inter-row mulching with a
reusable and machine-resistant re�ective plastic �lm (C /820 Black Silver Orchard; thickness: 100� m;
Ginegar Plastic product Ltd., Ginegar, Israel) to reduce soil evaporation and to increase the di � use light
(M); inter-row mulching with horse bean ( Vicia faba.L.) sown in November and �attened after peach
fruit set forming a natural mulching on the soil (F). The last treatment (S) was established on tilled
soil supplying the same irrigation volume of M that was supposed to be lower than the control (T) as
evaporation was limited by the plastic mulching. Since horse bean contributed to Nitrogen �xation, N
supply on F treatment was halved in comparison to T, M and S, while the Phosphorus and Potassium
supply was increased by 25% in order to feed the service crop.

In order to verify the homogeneity of soil characteristics at the beginning of the trial, as well as to
evaluate the evolution of the soil conditions as a function of the four treatments, three soil samples per
treatment were collected at the beginning of the trial (before �attening period), after the harvest of the
�rst year and at the end of the second year (just before the winter pruning). Soil was evaluated for
its physico-chemical traits: soil texture by hydrometer method, total carbon organic content (TOC,
%) by the dry-combustion procedure with a TOC Vario Select analyzer (Elementar, Germany), pH,
electric conductibility (EC, dS m � 1), N (g kg � 1, Kjeldahl procedure) and P (mg kg � 1, Olsen method)
content. Soil texture was similar among the four treatment and it was classi�ed as clay loam [ 34]. Soil
water content in volume at �eld capacity (FC, � 0.03 MPa) and wilting point (WP, � 1.5 MPa) were
0.34 m3 m� 3 and 0.21 m3 m� 3, respectively (measured using the Richards chambers). At 0.6 m of depth,
the parent rock is present; this reduces the capacity of the root systems to expand beyond this layer.
At the beginning of the trial also, the evaluated chemical trait results were not statistically di � erent
among the treatments (Table 1).
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Table 1. Soil chemical traits at the beginning of the trial (14 April 2015) after the harvest of the �rst year
of the study (24 September 2015) and before the winter pruning of the second year (16 December 2016).
Within each date and for each variable, di � erent letters indicate a statistical di � erence atp � 0.05.

Date Treatment
N P pH EC TOC

(g kg � 1) (mg kg � 1) (dS m� 1) (%)

14/04/2015

T 1.06 34.40 8.43 0.17 1.05 a
M 1.00 28.32 8.38 0.17 0.98 b
F 0.98 44.70 8.42 0.17 1.03 a
S 1.20 41.48 8.40 0.14 1.05 a

F-value 3.08 1.45 0.47 4.12 10.72
p-value 0.129 0.334 0.715 0.081 0.013

24/09/2015

T 1.21 42.05 8.33 0.18 1.22
M 1.15 35.87 8.26 0.18 1.16
F 1.00 53.00 8.32 0.19 1.18
S 1.17 51.46 8.21 0.20 1.22

F-value 1.30 1.49 0.94 0.05 0.95
p-value 0.372 0.325 0.489 0.981 0.484

16/12/2016

T 0.68 37.97 ab 8.31 0.19 1.11 a
M 0.66 39.83 ab 8.38 0.12 1.20 a
F 0.94 52.36 a 8.27 0.17 1.18 a
S 0.75 27.14 b 8.33 0.13 0.99 b

F-value 1.07 5.53 0.28 0.43 8.57
p-value 0.392 0.010 0.838 0.736 0.002

2.2. Water Supply and Soil Water Content

Water was supplied with drip irrigation system having 2 drippers per tree, and a �ow rate of
8 l h� 1 per dripper. Volumetric soil water content (SWC) was measured by capacitive probes (10HS,
Decagon Devices Inc., Pullman, WA, USA) linked to dataloggers (Grillobee, TecnoEL, Italy). For each
treatment, three points were monitored. Capacitive probes were installed horizontally into the soil
pro�le, on the row at 0.3 m from peach trees and at � 0.1, � 0.3 and � 0.5 m from the soil surface, in
order to intercept the dynamics of soil water content below the dripping lines. For each treatment,
water content in the whole soil pro�le was calculated averaging the values of the three depts in each
of the three points. Probes were previously calibrated in order to measure the volumetric soil water
content (SWC) and identify the intervention threshold (IT). The IT corresponded to the SWC at which
the readily available water was completely used. The IT of 0.26 m 3 m� 3 was adopted; this value was
obtained considering a depletion fraction (fraction of available soil water that can be depleted from the
root zone before moisture stress) of 0.5 [35]. When the IT was reached, the amount of water necessary
to return at FC was supplied [ 36]. T, M and F were irrigated monitoring the SWC while S received the
same water volume of M.

2.3. Leaf Functionality and Tree Water Relations

Three plants similar in canopy size and potential crop load were selected for each treatment. At fruit
cell division, pit hardening, fruit cell expansion and close to the harvest stages, leaf net photosynthesis
(Pn, � mol m � 2 s� 1), stomatal conductance (gs, mol m� 2 s� 1) and transpiration (Tr, mol m � 2 s� 1) were
measured on well-exposed leaves placed on the east and west side of the canopy, 4 times during the
day (9.00–17.00 h), with an open circuit infrared gas analyzer �tted with an LED light source (Li-COR
6400XT, LI-COR, Lincoln, Nebraska, USA). At each time of the day and canopy side, light intensity
was maintained constant across the 4 treatments, setting the LED light source at the natural irradiance
experienced by the leaf immediately before the measurement. The values obtained on the west and
east side of the canopy were averaged for each tree. At the same time of measure, stem water potential
(Ys, MPa) was measured on the same trees belonging to the 4 treatments according to [37]. Pn and Tr,
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collected during the day, were integrated [ 38], providing the speci�c amount of CO 2 (SPn, mol m � 2)
and water (STr, mol m � 2) �xed and transpired by a square meter of leaf during the time of measure.
To take into account the amount of energy used by trees to raise water from the soil during the time of
measure, the water stress integral (SY , GPa) was calculated as the di� erence between the integral by
time of stem water potential and the integral by time of the minimum stem water potential measured
in the same time range [39,40].

2.4. Fruit Growth and Productivity

The fruit growth pattern was monitored during the season by means of a digital caliper
implemented with a datalogger able to store the data (HK—Horticultural Knowledge s.r.l. Bologna,
Italy) on twelve fruit per tree. The fruit volume (V, cm 3) and the absolute growth rate (AGR, cm 3

day� 1) were calculated assuming the shape of the peach as a spheroid and measuring the three axes of
each peach [15].

At harvest (ready for hand selection: when fruit �esh �rmness was around 3–5 kg cm � 2), the
number of fruits per tree (NF), the average fruit weight (FW, g), the yield (Y, t ha � 1) and the irrigation
water productivity (WPi, kg) of fresh fruit per cubic meter supplied with irrigation [ 41] were evaluated
on the same trees monitored for fruit growth and leaf functionality. The total soluble solids content
(TSS,� Brix), �esh �rmness (FF, kg cm � 2) and the percentage of fruit skin red overcolor (RC, %) were
measured on 10 fruit per tree.

2.5. Statystical Analysis

For each period of measure soil data, SPn and STr were subjected to ANOVA. Fruit growth data
(V and AGR) used for the statistical analysis were obtained averaging the measures taken on each
tree. A by-time repeated ANOVA was performed analyzing separately the data of fruit cell division,
pit hardening, fruit cell expansion and ripening stages, respectively. Three productivity, water use
e� ciency and fruit quality variables were tested by means of an ANCOVA considering the number of
fruits as the covariate variable.

3. Results

3.1. Pedo-Climatic Conditions

The two-year study's thermic patterns during the experiment period (1 June–10 September) were
almost comparable with an average minimum, maximum and average temperature of about 20.6, 29.5
and 25.0 � C, respectively. The year 2015 was less rainy than 2016 with a cumulative rainfall during
the period of 126 mm. The year 2016 showed a cumulative rainfall of 206 mm till 31 August and an
additional 147 mm of rain fallen in the �rst fortnight of September (Figure 1).

Soil measurements were performed on 14 April 2015, 24 September 2015 and 16 December 2016,
before peach's full bloom, after the harvest and before the winter pruning of the second season,
respectively. At the beginning of the trial, the soil chemical traits evaluated resulted in being not
statistically di � erent among the four treatments (Table 1). N, P, pH, conductibility and total organic
carbon content were about 1.0 g kg� 1, 37.2 mg kg� 1, 8.4, 0.16 dS m� 1 and 1.0 g kg� 1, respectively.
After the �rst harvest, the treatments continued to be similar for soil chemical traits. At the end of the
two-year trial, S showed the lowest value of P and TOC while the highest P content was recorded for F,
followed by T and M (Table 1).

3.2. Water Supply and Soil Water Content

In order to have all the treatments at the same soil moisture conditions at the beginning of the
experiment, three and two full irrigations were provided regardless of the treatments in 18 May,
29 May and 5 June in 2015, as well as in 6 June and 14 June, in 2016. In 2015, the seasonal water
supply was 1557 m3 ha� 1 for T and F, and 815 m3 ha� 1 for M, S. The irrigation season lasted about
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4 months (Figure 2A). In 2016, T and F received 1810 m3 ha� 1 while M and S 1023 m3 ha� 1 and the
duration of the irrigation season was about 3 months (Figure 2B). M and S received about 50% less
water than T and F in both years. Soil water content remained between the �eld capacity (FC) and
the intervention threshold (IT) till the end of July in T, M and F during the two seasons. In the same
period, S showed SWC lower than IT for several days (Figure 3, June–July). From the beginning of the
irrigation season till the end of July, M and F showed the highest SWC values (average SWC of 0.32
and 0.33 m3 m� 3 in 2015 and 2016, respectively, for M; 0.31 and 0.32 m3 m� 3 for F). In the same period,
T revealed SWC similar to M and F, in 2015 (average of 0.31 m3 m� 3), while in 2016, it decreased at an
average value of 0.29 m3 m� 3. The average SWC of S in the same period was 0.29 and 0.26 m3 m� 3

in 2015 and 2016, respectively (Figure 3). Due to local watershed restrictions occurring during the
period August–September for both the years, the irrigation frequency (number of peaks in Figure 3)
was reduced for all the treatments. In this period, the SWC of T, F and S fell below the intervention
threshold several times and in S it reached the wilting point; M showed the highest soil water content,
rarely below IT (Figure 3). In this period, the comparison between T and F, receiving almost the same
water volume in each irrigation, showed that in August–September, after water supply SWC declined
faster in F than in T, reaching values lower than T and close to WP at the end of the irrigation season
(Figure 3).

  

�º �º

�º �º

�º

�º

�º

�º �º

�$�� �%��

Figure 1. Air temperature (lines) and rainfall (bars) recorded for the peach orchard under investigation
during the two years of study.
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Figure 2. Cumulated water volumes supplied to T, F (closed circles) and to M, S (open triangles)
recorded in 2015 (A) and 2016 (B).

3.3. Leaf Functionality and Tree Water Relations

Full bloom occurred on 7 April and 14 March in 2015 and 2016, respectively. Leaf gas exchange
and stem water potential measures were performed 55, 86, 87, 88 and 120 days after full bloom (DAFB)
in 2015 (1/6, 2/7, 3/7, 4/7 and 5/8), and 92, 107, 120, 135, and 163 DAFB (14/6, 29/6 12/7, 27/7 and 24/8)
in 2016.
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Figure 3. Soil water content (m 3 m� 3) pattern recorded on the 4 treatments in 2015 (A) and 2016 (B).
Horizontal dotted and continuous lines represent the �eld capacity (FC), the wilting point (WP) and
the intervention threshold (IT), respectively.

3.3.1. Season 2015

At 55 DAFB, when water supply di � erentiation was not established yet, cumulative
photoassimilation ( SPn), transpiration ( STr) and the integral water stress (SY ) were similar among the
four treatments (Figure 4; Table S1). The average air temperature (Tair ) and vapor pressure de�cit (VPD)
during the measure period (9:00–17:00) were 29.9� C and 2.3 kPa, respectively; the midday stem water
potential was around � 0.9 MPa and the average stomatal conductance was about0.164 mol m� 2 s� 1. At
86–87 and 88 DAFB, trees were at the end of the pit hardening stage and water supply was di � erentiated
among the four treatments. At 86 DAFB, the average VPD and air temperature were 3.5 kPa and
36.4 � C, respectively. A slight reduction in SPn and STr were observed in S, while the water stress
integral SY was statistically lower in S and F in comparison with T and M (Figure 4; Table S1). The
midday stem water potential was around � 1.2 MPa in M and T and � 1.5 MPa in F and S. The average
gs recorded during the measure period was about 0.102 mol m � 2 s� 1 for M and T, 0.094 mol m � 2 s� 1 for
F and 0.085 mol m� 2 s� 1 for S. At 87 DAFB, the average VPD was about 4.5 kPa and the air temperature
recorded during the time of measure was about 37.5 � C. S showed the cumulative photoassimilation
and transpiration to be lower than the remaining treatments (0.142 and 72.5 mol m � 2, respectively).
The highest SY was recorded in M ( � 3.6 GPa), followed by T (� 7.0 GPa); F and S showed the lowest
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values of the water stress integral of about � 10 GPa (Figure 4; Table S1). The midday stem water
potential was � 1.1,� 1.25,� 1.3 and � 1.4 MPa in M, T, F and S, respectively, while the average gs was
around 0.105 mol m� 2 s� 1 in M, T, F and 0.064 mol m� 2 s� 1 in S. At 88 DAFB, the average VPD and
the air temperature of the period of measure (9:00–17:00) were 3.8 kPa and 37.1� C, respectively. The
highest cumulative photoassimilation was recorded on M (0.25 mol m � 2), followed by T and F (0.198
and 0.188 mol m� 2, respectively). S revealed the lowest SPn (0.125 mol m� 2) and the same trend was
observed for the cumulative transpiration (Figure 4A,B; Table S1). The average gs recorded during the
period was 0.134 mol m� 2 s� 1 for M followed by T and F, with an average gs of about 0.096 mol m � 2 s� 1

and S (gs, 0.057 mol m� 2 s� 1). M had the highest SY (� 2.5 GPa) followed by T (� 6.7 GPa); the lowest
SY values were recorded in F and S with values of � 14.2 and� 17.2 GPa, respectively (Figure 4C). At
120 DAFB, trees were in the full fruit cell expansion stage. The average (9:00–17:00) air temperature
and VPD were 33.5 � C and 2.5 kPa, respectively. The lowestSPn and STr were recorded in S (0.166
and 48.6 mol m� 2, respectively) while the remaining treatments were similar (Figure 4A,B; Table S1).
The same trend was observed for SY reaching the lowest levels of the season (Figure 4C; Table S1). The
midday stem water potential was � 1.4,� 1.5,� 1.6 and � 1.8 MPa for M, T, F and S, respectively, and the
average stomatal conductance recorded within the measure period (9:00–17:00) was around 0.106 mol
m� 2 s� 1 for M, T, F, and 0.066 mol m� 2 s� 1 for S.

3.3.2. Season 2016

At 92 DAFB, when water supply was the same for all the treatments, no di � erences were recorded
in terms of cumulative photoassimilation, transpiration and water stress integral; the average VPD and
air temperature during the period of measure (9:00–17:00) were about 2.0 kPa and 29.4� C, respectively;
the midday stem water potential was � 0.6 MPa and the average gs was about 0.182 mol m� 2 s� 1. At
pit hardening (107 DAFB), SPn, STr and SY were similar among the treatments (Figure 5; Table S1).
Average air temperature and VPD were 29.6 � C and 2.4 kPa, respectively; the midday stem water
potential was � 0.8 MPa and the average gs was 0.115 mol m� 2 s� 1. At the beginning of fruit cell
expansion (12 July, 124 DAFB), the average VPD was about 4.5 kPa and air temperature 37.6� C. T and
F showed the highest SPn (around 0.23 mol m� 2), while the lowest one was recorded on S (� 0.15 mol
m� 2). M revealed an intermediate SPn of 0.18 mol m� 2 (Figure 5A; Table S1). The highest cumulative
transpiration was recorded on F (146.1 mol m � 2), followed by T (127.0 mol m � 2); the lowest STr was
observed in M and S with an average cumulative transpiration of 89.8 mol m � 2 (Figure 5B). The average
gs during the period of measure was about 0.107 mol m � 2 s� 1 for T and F and 0.073 mol m� 2 s� 1 for
M and S. F and T had a quite similar water stress integral ( � 3.9 GPa), higher than SY recorded in S
and M of about � 12 GPa (Figure 5C). The midday stem water potential was � 1.0 MPa for T and F,
and � 1.3 MPa for S and M. At the fruit cell expansion stage (135 DAFB), the average air temperature
and vapor pressure de�cit recorded during the period of measure were about 32.5 � C and 2.8 kPa,
respectively. M and F showed SPn and STr higher than T and S (Figure 5A,B; Table S1). The average
gs recorded from 9:00 to 17:00 was about 0.118 mol m� 2 s� 1 in M and F, and 0.098 mol m � 2 s� 1 in T and
S. The water stress integral was� 7.8 GPa in T, followed by M ( � 10.6 GPa); S and R had the lowest SY
of about � 14.8 GPa (Figure 5C; Table S1). The midday stem water potential at 135 DAFB was about
� 1.0 MPa in T, � 1.1 MPa in M and � 1.3 MPa in F and S. Close to the harvest (163 DAFB), the average
Tair and VPD were 29.1 � C and 1.9 kPa, respectively. M showed a cumulative net photoassimilation
and transpiration higher than T and S and the lowest values were observed in F (Figure 5A,B; Table S1).
The average stomatal conductance followed the same trend with gs of 0.126 mol m � 2 s� 1 in M, about
0.099 mol m� 2 s� 1 in T and S, and 0.064 mol m� 2 s� 1 in F. SY in M was � 4.4 GPa, higher than T and S
(~� 9.0 GPa); the lowest water stress integral was observed in F with SY of � 13.4 GPa (Figure 5C). The
midday stem water potential followed the same trend with values of � 1.4,� 1.6,� 1.6 and � 1.8 MPa
recorded in M, T, S and F, respectively.
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Figure 4. Cumulative leaf net photosynthesis ( SPn) (A), transpiration ( STr) (B) and water stress integral
(SY ) (C) calculated for T (black bars), M (grey bars), F (dashed bars) and S (dotted bars) during the time
of measure (9:00–17:00 h) of each day of measurement in 2015. Within the same date di� erent letters
indicate a statistical di � erence atp � 0.05.
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Figure 5. Cumulative leaf net photosynthesis ( SPn) (A), transpiration ( STr) (B) and water stress integral
(SY ) (C) calculated for T (black bars), M (grey bars), F (dashed bars) and S (dotted bars) during the time
of measure (9:00–17:00 h) of each day of measurement in 2016. Within the same date di� erent letters
indicate a statistical di � erence atp � 0.05.

3.4. Fruit Growth and Productivity

3.4.1. Season 2015

At the end of the fruit cell division stage (38–77 DAFB), no di � erences for fruit volume were
recorded among the four treatments while the average AGR values observed in M and S were lower
than those measured on T and F (Table 2; Figure 6). During the pit hardening stage (77–105 DAFB), the
fruit volume was similar among the treatments (Table 2), and the absolute growth rate was higher in
T, M and F (~0.59 cm3 day� 1) than in S with an AGR value of 0.43 cm 3 day� 1 (Table 2). The reduced
AGR in S was observed starting from 94 DAFB (Figure 6B). In the full fruit cell expansion stage
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(105–125 DAFB), T, M and F continued to have fruits bigger than S (Table 2) with a di � erence between S
and the remaining treatments growing progressively (Figure 6A). The average AGR recorded between
105 and 125 DAFB was higher in M, T and F (~1.07 cm3 day� 1) than in S with an AGR of 0.73 cm3 day� 1

(Table 2). F maintained an AGR similar to M and T till 115 DAFB; afterwards it decreased, reaching
values closer to S (Figure 6B). During the last days before the harvest (125–148 DAFB), M and T showed
an average fruit volume (~105.8 cm3) higher than F and S with a value of about 88 cm 3 (Table 2). The
same behavior was observed for the absolute growth rate with values of about 2.34 cm3 day� 1, for M
and T and 1.86 cm3 day� 1 for S and F (Table 2).
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Figure 6. Fruit growth ( A) and absolute growth rate ( B) pattern recorded in 2015 for T, M, F and
S treatments.

75



Appl. Sci.2020, 10, 8135

Table 2. Average fruit volume (V) and absolute growth rate (AGR) recorded for T, M, F and S treatments
in di � erent fruit growth stages (Days After Full Bloom range, DAFB Range), in 2015. Within each stage,
a by-time repeated ANOVA was performed. For each variable, di � erent letters indicate a statistical
di � erence atp � 0.05.

DAFB Range Treatment
V AGR

(cm3) (cm3 day� 1)

38–77

T 23.18 0.58 b
M 20.93 0.49 c
F 21.46 0.65 a
S 21.00 0.51 c

F-value 3.14 5.25
p-value 0.108 0.041

77–105

T 41.35 0.61 a
M 37.95 0.60 a
F 39.42 0.58 a
S 36.56 0.43 b

F-value 3.56 5.83
p-value 0.088 0.033

105–125

T 61.77 a 1.09 a
M 59.42 a 1.16 a
F 58.13 a 0.98 a
S 50.13 b 0.73 b

F-value 5.08 9.14
p-value 0.044 0.012

125–148

T 104.46 a 2.26 a
M 107.10 a 2.42 a
F 91.26 b 1.86 b
S 85.28 b 1.87 b

F-value 5.30 5.06
p-value 0.040 0.044

In 2015, the third leaf season for the peach orchard, the harvest was performed in two picks: on
3 and 7 September, 149 and 153 DAFB, respectively. A late fruit drop occurred during the season
modifying the initial crop load imposed. The ANCOVA revealed the signi�cative e � ect of the number
of fruit as the covariate variable for the yield (F = 63.26;p < 0.001), fruit weight (F = 19.98;p = 0.001) and
water productivity (F = 30.98;p < 0.001), whose values have been adjusted accordingly. The yield was
similar among the treatments (~11.00 t ha� 1), while the fruit fresh weight was higher in M and T (166.9
and 149.4 g, respectively) than in F and S with values of 112.9 and 93.6 g, respectively (Table 3). Water
productivity was higher in M and S (average of 12.01 kg m � 3) than in T and F with an average value of
6.93 kg m� 3 (Table 3). No di� erences for the total soluble solid content was observed, recording an
average value of about 18 � Brix. The percentage of fruit skin over color was higher in M (~92.3%) than
in the remaining treatments (~56.7%) while the �esh �rmness was higher in F, followed by T, S and M
with values of 3.7, 3.0, 2.8, and 2.2 kg cm� 2, respectively (Table 3).
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Table 3. Yield (Y), fruit fresh weight (FW), water productivity (WPi), sugar content (TSS) �esh �rmness
(FF) and fruit skin red overcolor, measured on the 4 treatments under investigation in 2015. Data were
subjected to ANCOVA analysis, considering the number of fruits per tree as a covariate variable and
were adjusted accordingly. For each variable, di � erent letters indicate a statistical di � erence atp � 0.05.

Treatment
Y FW WPi TSS FF RC

(t ha� 1) (g) (kg m � 3) (� Brix) (kg cm � 2) (%)

T 11.91 149.45 a 7.22 b 18.07 3.01 ab 58.33 b
M 10.82 166.94 a 12.23 a 17.34 2.18 b 92.31 a
F 10.96 112.91 b 6.64 b 18.73 3.70 a 55.00 a
S 10.44 93.61 b 11.79 a 18.37 2.85 ab 56.67 a

F-value 0.70 17.59 17.32 2.02 5.12 7.48
p-value 0.571 <0.001 <0.002 0.169 0.019 0.005

3.4.2. Season 2016

During the pit hardening (57–107 DAFB) and the �rst part of fruit cell expansion stages
(107–140 DAFB), no di� erences for fruit volume and AGR were recorded among the four treatments
(Table 4; Figure 7). Afterwards (140–164 DAFB), the average fruit volume for the period was similar
among the treatments, while the absolute growth rate was higher in M and T (5.89 and 5.16 cm 3 day� 1,
respectively) than in S and F, with values of 4.63 and 4.31 cm3 day� 1, respectively (Table 4). Starting
from 150 DAFB, a divergent pattern for AGR was observed comparing T and M versus F and S: while
in the former treatments AGR continued to increase, in the latter ones it decreased (Figure 7B). Close to
the harvest, the fruit volume of M and T was higher than F and S (Figure 7A).

Table 4. Average fruit volume (V) and absolute growth rate (AGR) recorded on T, M, F and S treatments
in di � erent fruit growth stages, in 2016. Within each stage, a by-time repeated ANOVA was performed.
For each variable, di� erent letters indicate a statistical di � erence atp � 0.05.

DAFB Range Treatment
V AGR

(cm3) (cm3 day� 1)

57–107

T 35.99 0.73
M 33.19 0.59
F 35.45 0.73
S 35.11 0.69

F-value 0.44 2.59
p-value 0.731 0.149

107–140

T 77.81 1.94
M 73.17 1.64
F 80.54 2.02
S 73.17 1.77

F-value 1.85 1.67
p-value 0.239 0.271

140–164

T 190.61 5.16 a
M 180.13 5.89 a
F 182.93 4.63 b
S 180.27 4.31 b

F-value 0.36 8.51
p-value 0.785 0.014
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Figure 7. Fruit growth ( A) and absolute growth rate ( B) pattern recorded in 2016 on T, M, F and
S treatments.

In 2016, the harvest occurred on 26 August (165 DAFB) with a single pick. Even in this season a
late fruit drop a � ected the imposed crop load. The ANCOVA showed a signi�cant e � ect of the number
of fruits as a covariate variable for yield (F = 126.95;p < 0.001) and WPi (F= 76.84;p < 0.001), whose
values have been adjusted accordingly. Y was similar for the four treatments, with values ranging from
16.78 t ha� 1 (M) to 13.56 t ha� 1 (F). Fruit fresh weight was higher in M (256.65 g) than in T (234.46 g) and
the lowest values were observed in S and F with FW of 216.92 and 211.65 g, respectively (Table 5). The
highest WPi was recorded in M (16.2 kg m � 3), followed by S (14.03 kg m� 3), T (8.38 kg m� 3) and F with
WPi of 7.45 kg m� 3 (Table 5). No di� erence in terms of sugar content, �esh �rmness and percentage of
red overcolor was observed among the treatments (Table 5).
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Table 5. Yield (Y), fruit fresh weight (FW), water productivity (WPi), sugar content (TSS) �esh �rmness
(FF) and fruit skin red overcolor, measured on the 4 treatments under investigation in 2016. Data were
subjected to ANCOVA analysis, considering the number of fruits per tree as a covariate variable and
were adjusted accordingly. For each variable, di � erent letters indicate a statistical di � erence atp � 0.05.

Treatment
Y FW WPi TSS FF RC

(t ha� 1) (g) (kg m � 3) (� Brix) (kg cm � 2) (%)

T 15.25 234.46 ab 8.39 b 14.16 4.58 84.07
M 16.78 256.65 a 16.22 a 13.75 4.96 93.89
F 13.56 211.65 b 7.45 b 14.13 4.26 93.33
S 14.35 216.92 b 14.03 a 13.78 3.58 84.63

F-value 0.19 3.49 4.56 0.73 0.76 2.38
p-value 0.899 0.052 0.026 0.553 0.539 0.125

4. Discussion

The thermic pattern during the two years of study was quite similar and in line with the average
of the site while year 2015 was less rainy than 2016 (Figure 1). The similar chemical–physical conditions
of the soil recorded at the beginning of the trial suggested that the starting point for the four treatments
was the same (Table 1). At the end of 2016, the di� erent �oor and water managements a � ected the soil
chemical features (Table 1). S, subjected to water restriction and tillage, showed a decrease in TOC
and assimilable P. As observed in other studies, under semi-arid conditions the high temperature
and evapo-transpirative demand of the environment, jointly with the low soil moisture lasting for
long time during the year, may have increased the mineralization processes, reducing the already low
organic carbon in the soil [ 10,42,43]. An additional, related consequence could have been the reduction
in P in its assimilable form in the tilled treatment subjected to water shortage [ 44]. A decrease in P in its
assimilable form was observed in an evergreen forest, in the Mediterranean area, subjected to drought
stress [45]. M, experiencing the same water supply of S, did not show a decrease in TOC suggesting the
positive role of arti�cial, re�ective mulching in preventing organic matter over degradation (Table 1).
The use of organic mulching (F) did not a � ect TOC, while it was not possible to verify if the increase in
P occurring in this treatment was given by the �oor management per se or to the increased amount of
P supplied as fertilizer to feed the service crop (Table 1). Arti�cial re�ective mulching reduced soil
evaporation behaving as a physical barrier against the water loss but also reducing solar radiation
absorption by the soil and the wind speed at the surface [ 46]. Even when receiving about 50% less
water than the control (T), M maintained SWC higher than T for most of the irrigation season in both
years (Figure 3). These preliminary results con�rmed what was observed in other studies on rain-fed
peach orchards where mulching with plastic �lm reduced water loss of about 15% in comparison with
tilled soil [ 14]. The �attening technique (F) ameliorated SWC conditions in the rainier year (2016) till
the end of July. Afterward, its SWC dropped faster than T after irrigation, in both the years (Figure 3).
This rapid water depletion might have been attributable to the disruption of the natural mulching
and to the onset of relevant soil cracking occurring in clay soils, low in organic matter [ 47]. August
was characterized by a general water limitation caused by watershed restriction usually occurring
in this area (water demand for crop and for civil use increases in this period). Under this stressful
condition, M continued to maintain SWC higher than the remaining treatments (Figure 3); only in a
few cases its soil water content dropped below the IT, assuring an adequate soil moisture for all the
season long [13,15]. When the soil evaporation was not contrasted, the reduction in water supply (S),
produced a progressive consumption of the readily available water with values of SWC very low and
below the IT (Figure 3).

Soil and water management strategies a� ected leaf functionality and water relations in peach trees.
In both the years, when water supply was not yet di � erentiated among the four treatments and SWC
was within the readily available water range (Figure 3), T, M, F and S behaved similarly (Figures 4 and 5)
for carbon assimilation ( SPn), water transpiration ( STr) and plant water status, expressed as water
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stress integral (SY ). Re�ective mulching, preventing the excessive soil evaporation and increasing
the di � use light, maintained the pedo-climatic conditions favorable to photosynthetic activity of
leaves [13,14] for the entire vegetative–reproductive season in the two years of study (Figures 4A and
5A). Excluding the measure performed in 2016 at 124 DAFB (12 July), SPn, STr and SY in M were
similar, and in some cases higher than T receiving double the amount of water (Figures 4 and 5). When
water shortage was associated to tillage (S), tree water status (SY ) was a� ected and net photosynthesis
was subjected to stomatal limitation (reduction in average gs and STr) and probably to non-stomatal
limitation as well (Figures 4 and 5). Previous research in pear, apple, peach and grapevine suggested
that stomatal closure could a� ect leaf thermoregulation inducing the increase in leaf temperature and
raising the activity of photorespiration [ 48–50]. This process is a photoprotective strategy for the plant,
but it means a loss of carbon in terms of biomass accumulation [ 51–53]. The use of natural mulching
associated with full irrigation (F) did not a � ect leaf functionality ( SPn and STr) in comparison with T
till the end of July, in both years (Figures 4 and 5). This suggested the absence of such competition
between the main and the service crop and the positive e� ect of the �attening technique in controlling
weeds. This positive e� ect was already observed in vegetable crops [54,55]. In August, when the
�attened crop was disrupted and the soil cracking caused a rapid water depletion (Figure 5, 163 DAFB),
SY , SPn and STr values in F were the lowest of the four treatments. From a leaf functioning point of
view the use of the �attening technique for all of the dry season appeared to be detrimental under
particular pedoclimatic conditions such as hot summer, clay and poor of organic matter soils.

The di� erences among the treatments appeared more evident when high temperature and VPD
were associated with soil moisture limitation. The comparison between the days 86 and 87 DAFB of
year 2015 revealed that SWC did not change markedly within each treatment as well as SY (Figure 4C).
However, at 87 DAFB, the environment was more water demanding than the previous day: the average
Tair and VPD passed from 36.4 to 37.5� C and from 3.5 to 4.5 kPa, respectively. As a consequence, soil
with an adequate SWC allowed leaves to maintain the stomata opened, increasing STr and SPn. On
the other hand, S, having a low SWC, reduced gs and leaf transpiration [ 56], thus carbon assimilation
(Figure 4A). Trees, being in the middle of the Soil Plant Air Continuum (S.P.A.C.) were strongly
in�uenced by the status of rhizosphere and air. The comparison between F and S at 86, 87 and 88 DAFB
revealed that, even if the two treatments had the same SY and midday stem water potential, S showed
a cumulative net photosynthesis and leaf transpiration lower than F (Figure 4). The same behavior
was observed in 2016, comparing M and S at 124 DAFB and F and S at 135 DAFB. This late ripening
peach cultivar seemed to have a “pessimistic” (also called conservative or near iso-hydric) behavior.
At low soil water content and high vapor pressure de�cit, S sustained its stem water potential, at
the same level of F, above a safe threshold to prevent embolism [57,58]. This defense strategy was
at the expense of CO2 �xation since it was regulated by stomatal closure [ 59,60]. These �ndings are
in contrast with those described by Xiloyannis et al. (1980) on another late ripening peach cultivar
considered aniso-hydric [61], suggesting the needing to deepen this issue.

During the �rst year of study, the pattern of fruit growth of the four treatments was similar till
the end of fruit cell division stage (38–77 DAFB); however, M and S, receiving less water, showed an
average absolute growth rate lower than T and F (Table 2). This di � erence was completely recovered
in M during the pit hardening stage (77–105 DAFB), while S continued to have an average AGR lower
than the remaining treatments (Table 2). Passing from pit hardening to the fruit cell expansion stage
(105–125 DAFB), peach fruit became more water and carbon demanding [62]. Water shortage, jointly
with the reduction in net photosynthesis, led to fruit growth limitation. As revealed by the average
V and AGR in the period 105–125 DAFB (Table 2; Figure 6), the reduced AGR initially observed in S
during the pit hardening (77–105 DAFB) resulted in fruit size lower than the remaining treatments
(Table 2). In August, during the last part of fruit cell expansion and close to the harvest (125–148
DAFB), fruit growth was limited even in F, suggesting that the rapid water depletion occurring in this
period a� ected fruit volume and growth rate (Table 2, Figure 6). All the advantage of F on S was lost,
and, at the end of the season, the two treatments showed the smallest fruits (Figure 6, Table 3). The
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same behavior was observed in 2016. The rainier season alleviated the e� ect of water shortage and till
140 DAFB (�rst part of fruit cell expansion) no di � erences were recorded among the treatments for
fruit volume and AGR (Table 4, Figure 7). During the last part of fruit cell expansion (140–164 DAFB),
even in this season, F and S showed the lowest average AGR (Table 4), fruit volume (Figure 6) and fruit
size (Table 5).

Fruit yield was generally low considering that Calred is a late ripening cultivar. However, it
should be taken into account that this cultivar was subjected to a late fruit drop in both the years
and that, probably, trees were not at a fully mature productive status, as in 2015 and 2016, they were
at third and fourth leaf, respectively. The di � erent orchard �oor management and water supply
did not a � ect yield, but the fruit size with biggest fruit picked on T and M (Tables 3 and 5). Water
productivity of M was about 70 and 90% higher than T suggesting that the use of arti�cial re�ective
mulching could be considered a water friendly strategy in rainfed [ 14] as well as in irrigated peach
orchards (Tables 3 and 5). Although in 2015 peaches seemed to ripe earlier in M in comparison with
the remaining treatments (Table 3), fruit quality (TSS, FF and RC) was generally not a � ected by the
di � erent managements (Tables 3 and 4).

5. Conclusions

Under semi-arid conditions and where water supply is limited, the choice of an appropriate
orchard �oor management could be of pivotal importance for getting the peach production both
economic and environment-friendly. Even receiving about 50% of the regular irrigation, reusable
re�ective mulching reduced water loss and soil carbon over mineralization, not a � ecting (sometimes
increasing) net carbon assimilation, yield, and fruit size. As a consequence, water productivity was
drastically increased. These �rst results suggested that the re�ective mulching strategy could be
considered to be water and soil “friendly”. This management technique is �rstly described and
explored on a peach orchard, thus the studies on the development and the use of alternative material
for mulching should be explored. The �attening technique as mulching strategy should be re�ned
for the �nal part of the irrigation season, especially in those hot and dry areas with clay soils, low in
organic matter, thus predisposed to cracking.

Supplementary Materials: The following are available online at http: //www.mdpi.com /2076-3417/10/22/8135/s1,
Table S1: Anova results for Cumulative leaf net photosynthesis ( SPn), transpiration ( STr) and water stress integral
(SY) calculated in each day of measurement in 2015 and 2016. For each variable, within the same date the asterisk
indicates p � 0.05.
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Abstract: Bioremediation of contaminated soils has gained increasing interest in recent years as
a low-cost and environmentally friendly technology to clean soils polluted with anthropogenic
contaminants. However, some organic pollutants in soil have a low biodegradability or are not
bioavailable, which hampers the use of bioremediation for their removal. This is the case of polycyclic
aromatic hydrocarbons (PAHs), which normally are stable and hydrophobic chemical structures.
In this review, several approaches for the decontamination of PAH-polluted soil are presented and
discussed in detail. The use of compost as biostimulation- and bioaugmentation-coupled technologies
are described in detail, and some parameters, such as the stability of compost, deserve special attention
to obtain better results. Composting as an ex situ technology, with the use of some speci�c products
like surfactants, is also discussed. In summary, the use of compost and composting are promising
technologies (in all the approaches presented) for the bioremediation of PAH-contaminated soils.

Keywords: bioremediation; composting; PAHs; organic co-substrates; soil

1. Introduction

Globally, di � erent anthropogenic activities have resulted in increasing environmental pollution,
and its consequences has injured almost all components of the ecosystem [1–3]. Soil, as a vital
component of the terrestrial ecosystem, is prone to pollution from di � erent sources, including industrial
and agricultural activities [ 4–7]. Wide verities of pollutants entering the soil posing a huge threat
and risk to human health and natural ecosystem [ 8–12]. Polycyclic aromatic hydrocarbons (PAHs),
petroleum, and related derivatives represent the main sources of soil contamination [ 13–17]. Indeed,
these organic pollutant groups are listed as priorities and receive considerable attention, owing to their
toxic, genotoxic, mutagenic, and potentially cancer-causing properties [18,19].

To deal with this problem, several treatment technologies are used, including chemical, physical,
and biological, as well as thermal for remediation of these contaminated soils. Among the best
approaches is the bioremediation technology, which is categorized as a promising approach that
continues to gain more attention due to its e � ciency, cost-e� ectiveness, and environmental-friendly
byproducts [ 20–22]. The process mainly relies on the activity of a wide spectrum of microorganisms to
degrade the target contaminants to lower toxic levels. Bioremediation of PAH-contaminated soil has
been performed utilizing distinctive approaches [ 7]. In any case, composting as a remediation approach
has been considered a reasonable strategy in this �eld, because it provides nutrients for indigenous
microorganisms to degrade the target contaminants; simultaneously, applying this approach is a
great opportunity for feasible and sustainable reuse of the natural biodegradable fraction of wastes.
Additionally, the process is cost-e � ective compared with other approaches—for instance, composting
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costs between $50–$140 per ton, while applying slurry or biopiling treatments cost $170 per ton and
$130–$260 per cubic meter, respectively [23–27]. Bioremediation of PAH-contaminated soil through
composting could be implemented through incorporating PAH-contaminated soils to the composting
process, or by adding compost to contaminated soils. Also, bioaugmentation or surfactant application
might be included to achieve the �nal set objectives [ 16,25,28–34]. Biodegradation of PAHs intrinsically
depends on microbial activity, where bacteria and fungi are considered the foremost vital variables
governing the bioremediation process [ 35–37]. However, the functionality of these microorganisms
is a� ected by di� erent factors within the composting mixture, including biotic and abiotic factors.
In this context, the environmental condition (pH, temperature, moisture,), nutrient availability, oxygen
presence, and bioavailability of the contaminants are essential parameters for process control and
performance [38].

This review focuses on the application of composting and compost addition for the bioremediation
of soils contaminated with PAHs. In this regard, the impact of di � erent controlling factors like
temperature, PAH structure and concentration, co-substrate stability, co-substrate mixing ration, and
bioaugmentation are discussed. Moreover, other issues, such as bioavailability, surfactant application,
and the degradation pathways of PAHs are illustrated, in order to provide an insight into the process
that is necessary for new development.

2. Soil Contamination with PAHs

Soil represents a vital component of all terrestrial ecosystems. However, it is subjected to
degradation or decline in its quality as a result of di � erent anthropogenic activities that have resulted
in increasing the rate of contamination [ 4,5,7]. Therefore, polluted land is a worldwide concern,
and can be viewed as major obstruction to sustainable development and modern environmental
protection [ 39]. Soil contamination has been recognized as one of the major dangers to soil function in
Europe by the Communication from the European Commission “Towards a Thematic Strategy for soil
Protection” [ 40,41]. The issue has expanded with expanding public awareness and concern about the
presence of chemicals in the environment, particularly due to their di � erent unfavorable impacts on
the ecosystem and human health. Polycyclic aromatic hydrocarbons (PAHs) have been recorded as
pollutants of priority importance due to their properties and ubiquitous occurrence, as well as their
recalcitrance [18,42,43]. Consequently, great e� orts worldwide have been directed toward remediating
these pollutants from the environment.

2.1. PAHs: Properties and Sources

PAHs are a group of ubiquitous organic pollutants with at least two aromatic rings (Figure 1),
and are poorly soluble in water (Table 1). Due to their chemical structure, PAHs have hydrophobic
properties, which refers to their ability to accumulate on the surface of solid materials like soil, sediment,
sewage sludge, and solid wastes. The dangers emerging from the presence of PAHs in soil are related
to the toxic nature of those pollutants [ 42,43]. It is noteworthy that some substances in this group have
been recognized as mutagenic, carcinogenic, and teratogenic [18,19].

Sources of PAHs are categorized into natural as well as anthropogenic sources: hydrothermal
process volcanoes, forest �res, and waste burning are natural sources of PAHs. Anthropogenic sources
include waste incinerators, burning of fossil fuels during heating processes, incomplete combustion
of organic matter, petrochemical spills on land, wood burning, petrol and diesel oil combustion,
gasi�cation, and plastic waste incineration [ 13–15,17]. Globally, 16 to 32 PAH compounds are subjected
to mandatory control, due to their harmful properties [ 44]. PAH persistence and hydrophobicity in
environmental components are the main factors that exacerbate the pollution problem, taking into
account that soils receives a considerable share of this pollution (sink), due to their complex matrix
structure that facilitates the sorption of these pollutants. Soil organic matter is a decisive factor in
determining the degree of PAH sorption into the soil, along with the physicochemical properties of
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the PAHs themselves [18,19,23,45,46]. Therefore, the remediation of soils polluted by aged PAHs has
become a major issue for environmental scientists in recent years [12–14,47,48].

�� �� �� ��

Naphthalene (C10H 8) Anthracene (C14H 10) Phenanthrene(C14H 10) Acenaphthene (C12H 10) 

��
��

�� ��

Acenaphthylene (C12H 8) Fluorene (C13H 10) Fluoranthene (C16H 10) 
Benz[a]anthracene 

(C18H 12) 

�� ��
��

��

Chrysene (C18H 12) Pyrene (C16H 10) 
Benzo[b]fluoranthene 

(C20H 12) 
Benzo[k]fluoranthene 

(C20H 12) 

�� �� ��

Dibenzo[a,h]anthracen 
(C22H 14) 

Benzo[a]pyrene 
(C20H 12) 

Indeno[1,2,3-cd]pyrene 
(C22H 12) 

Benzo[g,h,i]perylene 
(C22H 12) 

Figure 1. Structure and chemical formula of the 16 polycyclic aromatic hydrocarbons (PAHs) listed as
priority pollutants by the United States Environmental Protection Agency (USEPA).

2.2. Bioremediation of PAH-Contaminated Soils

When natural biodegradation processes cannot achieve the desired goals, in this case, human
intervention becomes necessary to stimulate the process above naturally occurring microbial process [49].
Accordingly, several approaches have been used to enhance bioremediation e� ciency. These
approaches, which could be used separately or in combination (two or more) include, but are not
limited to, biostimulation (providing nutrients for increasing the microbial activity), bioaugmentation
(introducing a consortium of indigenous or exogenous microorganisms), using surfactants, and
co-metabolism [50,51]. Recently, various studies have been done in attempt to understand the
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process hierarchy and to provide solutions for di � erent process limitations. For instance, much
research has been carried out to better understand the microbial behavior and its interaction with
the contaminants during the bioremediation process, whereas others have focused on introducing
exogenic and genetically engineered microbes for process enhancement [52].

Table 1. Selected properties of the 16 USEPA PAHs.

PAH
Number
of Rings

Molecular
Weight

Aqueous
Solubility (mg /L)

Vapor
Pressure. (Pa)

Log
Kow

Naphthalene 2 128 31 1.0� 102 3.37
Acenaphthylene 3 152 16 0.9 4.00
Acenaphthene 3 154 3.8 0.3 3.92

Flourene 3 166 1.9 9.0 � 10� 2 4.18
Phenanthrene 3 178 1.1 2.0 � 10� 2 4.57
Anthracene 3 178 0.045 1.0� 10� 3 4.54

Pyrene 4 202 0.13 6.0 � 10� 4 5.18
Flouranthene 4 202 0.26 1.2 � 10� 3 5.22

Benzo(a)anthracene 4 228 0.011 2.8� 10� 5 5.91
Chrysene 4 228 0.006 5.7� 10� 7 5.91
Benzo(b)

�ouranthene
5 252 0.0015 - 5.80

Benzo(k)
�ouranthene

5 252 0.0008 5.2� 10� 8 6.00

Benzo(a)pyrene 5 252 0.0038 7.0� 10� 7 5.91
Dibenzo(a,h)
anthracene

5 278 0.0006 3.7� 10� 10 6.75

Indeno(1,2,3-cd)pyrene 6 276 0.00019 - 6.50
Benzo(ghi)perylene 6 276 0.00026 1.4� 10� 8 6.50

* Kow : octanol–water partition.

3. Composting Technology

Composting is de�ned as an aerobic process, which fundamentally requires oxygen, optimal
moisture content, and porosity to stabilize the organic waste, and its common control variables are
temperature, oxygen, and moisture [ 53]. Thus, composting bioremediation is the adaptation and
application of the composting technology for wastes and contaminant treatments.

In order to achieve optimum results within a reasonable time during any composting treatment,
process-controlling parameters have to be adjusted within the optimum values, and the process passes
through two main stages. First is the decomposition /active stage, which is characterized by extensive
microbial activity that leads to a steadily increase in the temperature, passing from the mesophilic
ranges (25–45� C) to reach the thermophilic ones (more than 45 � C). To maintain aerobic conditions for
e� ective microbial activity during this stage, a high rate of aeration is needed. Second is the curing
stage; this take place at a lower temperature, and microbial activity is relatively low, as the nutrients
pool has been depleted. Material humi�cation is an important characteristic occurring in this stage [ 54],
which gives an interesting value to the produced compost, especially for soil bioremediation, as will be
discussed later in this work.

4. Bioremediation of PAH-Contaminated Soil by Composting

Composting technology is categorized as ex situ technology, which has been used for the treatment
of contaminated soils. During the last few decades, the process received more attention, as it has
proved its high e � ciency in degrading various organic contaminants like, among others, PAHs,
pesticides, explosives, and chlorophenols [25,55–60]. Essentially, the process relies on the addition of
compost or organic co-substrates/amendments to the contaminated soil, and while the co-substrate
matures, due to the action of various microbial populations within the mixture, the target pollutants
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are degraded [57,61]. Thus, treatment of PAH-contaminated soil combined with composting of organic
waste could be an interesting option and a sustainable method with much increasing attention. It would
enable eco-friendly disposal of such waste and enhance the biodegradation rate of PAHs [ 7,60,62].
The biodegradation process e� ciency depends fundamentally on the bioavailability of the substrates,
environmental conditions (pH, moisture, temperature), the presence of oxygen, and the availability of
nutrients [ 38]. Remarkably, the bioremediation of PAH-contaminated soils through composting has
con�rmed this technique's capability to overcome most obstacles that might hinder reaching its goal,
which is the removal of contaminants [10,63–67].

As the process is based on mixing the contaminated soil with organic co-substrates, any failure
may result in producing much greater quantity of contaminated material, and this is recognized as
the main concern of using such approach. This weakness, and the general scarcity of information on
the toxicity, distribution, and bioavailability of such contaminants in compost-amended soils, may
therefore result in the drawing up of excessively stringent soil assessment measures with remediation
cost implications [68].

4.1. E� ect of PAH Characteristics and Concentrations

The physical and chemical properties of PAHs have a considerable e� ect on their biodegradation
rate. Microbial assimilation and biodegradation of these compounds basically depends on their
solubility. Nevertheless, most of compounds belonging to this group are characterized as poorly
soluble in water, especially with their increasing molecular weight and angularity (Table 1, Figure 1),
which thus increase their hydrophobicity [ 69–72]. This was obvious in many studies dealing with
the biodegradation of di � erent PAHs. For instance, Han et al. [73] investigated the application of
di � erent agricultural waste on the biodegradation of aged PAHs in soil microcosms over 90 days.
The initial concentration of total PAHs in the soil was 36.1 mg kg � 1 dry soil, where four-ring PAHs
comprised 41.7% of the total PAHs. The results demonstrated higher degradation rates of 40.7–61.2%
for PAHs with low molecular weight (LMW), compared to 18.7–33.1% for those with high molecular
weight (HMW) in all soil microcosms. Similarly, Lukić et al. [ 74] showed that LMW-PAH removal
was more favorable in the mesophilic phase, with 11% and 15% residues in the soil, than in the
thermophilic phase, with 29% and 31% residues. Additionally, more resistance to degradation was
observed for HMW PAHs, resulting in a decrease in the total removal, which was less than 50%
for both benzo[a]pyrene and benzo[k]�ouranthene, in all treatments [ 75,76]. In this regard, even
though both compounds have the same number of benzene rings (�ve) and molecular weights, the
higher octanol–water partition coe � cient (log Kow) of benzo[k]�ouranthene increased its hydrophobic
properties and consequently its degradation rate under the same conditions. Indeed, higher log Kow

leads to a higher potential of bioaccumulation, which is the main factor responsible for the lower
biodegradability of such compounds [ 77]. Obviously, and according to the obtained result in di � erent
studies, there is a consistent relationship between the persistence of PAHs in the environment and
increasing their numbers of benzene rings, which ultimately a � ects their biodegradation rate.

The concentrations of PAHs also have a substantial in�uence on the microbial activity in such
treatments, since high concentrations would lead to toxic or inhibition conditions. Meanwhile, low
concentrations could be below the rate needed to stimulate microbial cultures to degrade these
contaminants [78,79]. This was obvious in the study conducted by Sayara et al. [ 78], in which the
PAH concentrations had a crucial e� ect. Low concentrations were found to be less than the rates that
are assumed to initiate the degradation process, since microbial communities prefer the utilization of
readily available nutrients, which are consumed quickly before initiating biodegradation of the target
PAHs. The same results were obtained by Zappi et al. [ 80], where low concentrations of PAH did
not degrade, even when the system was supplanted with additional carbon sources. Wu et al. [ 66]
showed that compost addition is an e � ective approach for enhancing PAH removal from soils, but
increasing the ratio of added compost does not necessarily help to increase removal. Nevertheless,
enhanced removal by compost addition seems more e� ective for higher initial PAH concentrations. In
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this regard, Jorgensen et al. [81] demonstrated that the degradation rate of a compound is proportional
to its concentration, especially for highly soluble compounds, and argued that the degradation of
hydrocarbons is governed by �rst-order kinetics. However, this argument may be validated to some
extent, as high concentration may become detrimental to microbial activity and disturb nutrient
balance, especially when LMW PAHs are present [78].

4.2. E� ect of Temperature

Providing optimum temperature is an intrinsic factor for the successful biodegradation of PAH.
The importance of this factor stems from its in�uence on the metabolic activity, bioavailability, solubility,
and di � usion rate of the target contaminate [ 82]. It is noteworthy that the solubility of PAHs increases
with temperature, which ultimately increases the bioavailability of the PAH molecules. However,
increasing temperature is associated with decreasing oxygen solubility, which on turn reduces the
metabolic activity of aerobic microorganisms. Furthermore, and to a certain extent, the speci�ed
temperature range will determine the types of dominant microorganisms and their enzymatic activity
that will undertake the degradation [73].

The successive stages during the normal composting process (mesophilic phase, thermophilic
phase and curing phase) are expected to be accompanied by speci�c populations of bacteria, and
di � erent e� ects on contaminants are found with di � erent stages of compost product. The biodegradation
of PAHs occurs over a wide temperature range, and microorganisms have found to be adapted to
biodegrade PAHs at extreme temperature conditions. Under mesophilic and thermophilic temperatures
ranges, it has been found that the enzymatic activity of microorganisms increases, which helps in
increasing the rate of hydrocarbon degradation. However, it should be underlined that a great amount
of research has been directed to focus on the process behavior under mesophilic conditions, as it is
believed that a wide spectrum of microbial communities could be present in active roles under these
temperatures, and thus reasonable degradation rates could be achieved [78,83–86].

During in-vessel composting of pyrene-contaminated soil, composting temperature a � ected the
prevailing of some microbial groups over others, and the predominant bacterial community changed
over time. The degradation of pyrene was dominated by � -, � -, and 
 -Proteobacteria, as well as
Actinobacteria, at 38 � C during 14 days of composting, and then Streptomycesat 55 � C. Later, at 70 � C
and after 42 days of composting, Acinetobacterand Thermobi�daoccupied leading position. Finally,
Thermobi�daand Streptomyces�ourished after 60 days of composting at 38 � C [87]. Concerning the
temperature e� ect, Lukić et al. [74] claimed that degradation rates of 89% and 59% for three-ring
and four-ring PAHs, respectively, were achieved in reactors under mesophilic temperatures. In
contrast, reactors displaying a thermophilic range ended with 71% and 41% removal for the same
pollutants, respectively, during the bioremediation process. The addition of compost signi�cantly
promoted the removal of PAHs and alkanes up to 88% after 50 days of incubation under mesophilic
temperatures (28 � C), compared to the natural biodegradation of hydrocarbons in soils without
compost [67]. Additionally, the composting of PAH-contaminated soils under di � erent conditions and
di � erent organic substrates were found to perform better under mesophilic conditions [ 23,25,78,88,89].
LMW-PAH concentrations, such as naphthalene, acenaphthylene, acenaphthene, �uorene, anthracene,
and phenanthrene, were decreased by an average of 89% at 38� C, which is twice that compared to the
concentration reduction at 55 � C, which was an average of 45%. Simultaneously, no big di � erence
was observed concerning HMW PAHs, including �uoranthene, pyrene, benzo[a]anthracene, and
chrysene, where the removal rate was by an average of 67% at 38� C, compared to 69% at 55 � C.
Nevertheless, a high temperature was considered adverse to microbial activity, and volatilization was
the leading mechanism of PAH removal [ 88]. Under these conditions, it is assumed that a longer
incubation period under the mesophilic phase could facilitate PAH removal, due to the richest microbial
diversity and possible increased microbial activity [ 27]. According to these studies, and others in the
literature, mesophilic temperatures demonstrated their viability and were found to be more favorable
for degrading LMW PAHs, with great success in many cases due to the large microbial diversity;
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however, these temperatures were not found to be so e� cient in the degradation of recalcitrant
PAHs [69,75,88,90].

On the other hand, thermophilic ranges have been documented as enhancing PAH degradation.
During the composting of hydrocarbon-polluted sediments (total petroleum hydrocarbons
(TPH) = 40.3 gkg� 1 dw) with di � erent organic co-substrates, Alves et al. [91] point out that �sh
sludge achieved higher temperatures and was able to maintain thermophilic temperature longer
than other amendments, which ultimately led to greater TPH removal rates (39.5%). It was assumed
that such conditions are conducive to develop fungal communities and exert a surfactant e � ect, thus
promoting the degradation rates. Similarly, Zhu et al. [ 92] proposed that enhanced solubility under
thermophilic conditions could explain the higher removal rate (46%) of benzo[a]pyrene in composting
treatments compared to 29% under mesophilic ones. However, whether the increased solubility or
microbial community changes contribute to the high-temperature impacts needs further investigation.
Viamajala et al. [82] further demonstrated that the elevated temperature during the thermophilic phase
of composting enhanced the solubilization rates of phenanthrene, and hence its degradation. Based on
the aforementioned observations, it is clear that the impact of composting temperature is correlated to
the physiochemical properties of the targeted PAH, as the corresponding degrading microorganism
are speci�c to temperature [ 93]. Generally, and despite of the di � erent observations, mesophilic
temperatures and the dominant microorganisms under these conditions are believed to be more
preferable for the degradation of such compounds [69,78,83–86,94].

4.3. E� ect of Organic Co-Substrate Stability

Even though various organic co-substrates/amendments have demonstrated their viability in
the composting of PAH-contaminated soils, composition of these materials varies signi�cantly in the
sources and stages of decomposition [25,59,78,95,96], which as a consequence in�uences the removal
rate in di � erent ways [59,69,78,97]. The selected organic co-substrates for the bioremediation process
should contribute in improving and overcoming any de�ciencies or limitations that in�uence the
process performance and e� ciency. Accordingly, selection of the most suitable organic co-substrates
represents as a major challenge in such studies [59,95].

In the bioremediation of PAH-contaminated soils, organic matter stability is of particular
importance, as this parameter is directly correlated to the organic substrates' composition and
biological activity [ 98]. Various studies have pointed out that the fate of PAHs is dependent on the
quality and nature of the amended organic matter [ 25,69,78,93]. Bioremediation of PAH-contaminated
soils with more stable compost has proved to be more e� ective than with less stable or fresh organic
amendments [25,78,97]. In this context, the preference of these substrates related to the presence of
humic substances was found to form a considerable part of stable compost and was proportional with
its degree of stability [ 25,78]. This humic matter was documented to enhance the organic compounds'
bioavailability [ 78,97]. During the composting process, organic co-substrates provided nutrients
for microorganisms [ 99]; meanwhile, humic matter evolution is expected to facilitate the microbial
accessibility to PAHs. This behavior is established as a result of decreasing humic matter binding a � nity
and increasing of the heterogeneity of binding sites, closer to soil humic matter, which is conducive
to microbial accessibility to PAHs [ 97,100]. Additionally, stable compost contains low biodegradable
organic matter content and a higher concentration of organic macromolecules [ 101], which are believed
to enhance the biodegrading of the contaminant. The presence of easily degradable organic matter is
assumed to reduce the process e� ciency, as microbial cultures prefer to use easily degradable organic
matter and thus decrease or retard utilization of the contaminant. Another important point in this item
is represented by e� ect of the potential working surface area. In this regard, less degraded organic
matter generally has coarse fractions (>5 mm), whereas most humi�ed organic matter is generally
presented in �ne fraction [ 102]. The �nest compost size fraction ( <3 mm) with a higher surface area
ratio provides more accessibility to microorganisms and releases more nutrients compared to coarse
compost fraction [101,103].
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During the bioremediation process, an increase in the content of humic matter from 0.23% to 0.70%
was observed, and these changes resulted from the structural changes that occurred in the material
composition. Potentiometric titrations of humic acid solution showed increases in the bu � ering and
redox capacities of humic acids [104]. Plaza et al. [97] reported that the composting process caused a
structural conversion of humic acids from an organic substrate by reducing the aliphatic fraction and
increasing the polarity and aromatic polycondensation in a PAH-contaminated soil. This conversion
decreased the PAH binding a� nity of humic acids, and thus improved PAH-degrading microbial
accessibility. Similar results were observed in other studies, which supports the application of stable
organic co-substrates [24,66,73,78,105,106].

It is worth mentioning that when the same ratio of inorganic fertilizer (Nitrogen (N) .Phosphorus
(P) .Potassium (K)) was compared with organic compost on the bioremediation of diesel-polluted
agricultural soil over a two-month period, the results revealed that total petroleum hydrocarbon
removal from polluted soil was 71.40 � 5.60% and 93.31� 3.60% for N.P.K. and compost-amended
options, respectively [ 107]. Also, after 30 weeks, the removal e� ciencies of TPH in the soils were 29.3%
under natural attenuation, 82.1% when nutrients (NH 4NO3 and K2HPO4) were added, and 63.7%
when the mixture was supplemented with 20% ( w/w, dry weight basis) of aged refuse. However, a
removal e� ciency of 90.2% was recorded when nutrient and aged refuse were combined together.
Nutrients plus aged refuse made the TPH concentration decrease to below the threshold level of
commercial use required for Chinese soil quality for TPH ( <3000 mg/kg) in 30 weeks. It was also found
that dehydrogenase activity, bacterial counts, and degrader abundance in the soil were remarkably
enhanced by the addition of aged refuse (20% w/w) [108]. All these results con�rm the suitability
of stable compost over other organic and inorganic substrates. Therefore, one can conclude that
introducing an adequate organic co-substrate is usually more e � cient in enhancing the bioremediation
process, as observed in di� erent studies. This advantage presumably corresponds to the capacity of
the compost to perform simultaneously for both bioaugmentation and biostimulation.

4.4. E� ect of the Mixing Ratio

The suitability of di � erent substrates based on their physiochemical properties is recognized
as an important factor in the composting of PAH-contaminated soils. Determining the appropriate
quantity to be added to the mixture is also of great importance, since an inappropriate ratio may
hamper or inhibit microbial activity and bioavailability [ 78,93]. It has been determined that even
though microbial metabolism may be temporarily increased using a certain mixing ratio, the long-term
inhibition of functionally important organisms may result in the failure of the bioremediation of
high-molecular-weight PAHs [ 78]. The amount of various nutrients, and the ratio of nutrients like C,
N, and P in particular, are quite conceivable as being involved in the success of the bioremediation
process. Furthermore, determining the minimum quantity of the amendment that could support and
maintain the desired activity with a high degradation rate is directly related to process economics [ 78].

As reported in the study conducted by Wang et al. [ 109], a microorganism's selection of nutrients
could delay the degradation of pollutants, as normally microorganisms prefer easily degradable
materials over resistant ones. This study revealed that that treatments with amendment ratios of 1:1
and 2:1 had average TPH removal rates of 30.7% and 33.3%, respectively, but the amendment ratio of 3:1
had a slower net degradation rate of between 11.6% and 26.8%. An excess of readily degradable carbon
might overtake the TPH and act as substrate for the metabolism of microbial degraders. Therefore, the
proper amount of amendments should be taken into account in composting to balance the motivating
e� ect on microorganisms and the competing e� ect with pollutants [ 109]. Similarly, Hickman and
Reid [110] concluded that the compost additions combined with earthworms at a ratio of 1:0.5–1:1
(soil/compost, w/w) were e� cient in enhancing the removal of extractable petroleum hydrocarbons
and PAHs. However, when higher ratios of compost (1:2 and 1:4) were used, PAH losses were not
advanced, which may indicate that the activity of earthworms were restricted by a higher addition of
compost. Wu et al. [66] showed that compost addition is an e � ective approach for enhancing PAH
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removal from soils, especially for higher initial PAH concentrations, but increasing the ratio of compost
added does not necessarily help to increase removal.

Experiments with di � erent ratios of contaminated soil to green waste from 0.6:1 to 0.9:1 have
demonstrated that in general, PAH removal is signi�cantly enhanced in reactors increased with green
waste until a maximum mixing ratio of 0.7:1 [ 89]. The same observation was found in Sayara et al. [78].
These results imply that low mixing ratios were not su � cient to stimulate the microbial growth; on
the other hand, excessive amounts could eventually inhibit the targeted contaminants, as microbial
communities prefer to use more available and easily degradable nutrients. Furthermore, co-composting
of sediments (S) polluted by PAHs with urban green waste (GW) was performed using two mixing
ratios (1:1 and 3:1; S/GW). In the �rst six months of treatment, the PAH concentrations in the 1:1 and
3:1 ratio scenarios was reduced by 57% and 26%, respectively. Despite the fact that only two mixing
ratios were tested, the results again demonstrate that the low mixing ratio (3:1) was not su � cient to
enhance the degradation process [94]. When di � erent corn straw ratios (1%, 2%, 4%, or 6%w/w) were
investigated for the remediation of aged PAHs in soils, removal rates were signi�cantly ( p < 0.05)
enhanced under the 6% ratio, mainly for HMW PAHs. This indicates that the high amendment of corn
straw was a potential option for the remediation of PAH-contaminated soils [111].

4.5. Bioaugmentation

When the indigenous microbial activity is not su � cient, or does not have the potential to achieve
the set goals for bioremediation [ 112,113], it appears imperative to accelerate the process using
di � erent approaches. Among these approaches is bioaugmentation. The mechanism of this approach
fundamentally depends on introducing exogenous microorganism strains that are characterized by
their high capacity and diverse metabolic pro�les in degrading the target contaminants [ 16,25,29,31,32].
However, and as concluded in many studies, the application of this approach has not always been
e� ective in enhancing biodegradative capacity, mainly during the composting of contaminated
soils [25,88,114,115]. For instance, 84% of petroleum hydrocarbon was degraded when Candida
catenulate CM1was used as an inoculant, while a removal rate of only 48% was obtained without
inoculation, indicating a positive impact of bioaugmentation [ 29]. On the other hand, treatments
using di � erent substrates (mixing ratio = 1:1) were performed at the laboratory and �eld scales,
and incubated with /without fungal inoculum ( Phanerochaete velutina). Laboratory scale treatment
showed that HMW PAHs were degraded signi�cantly in the fungal-inoculated microcosms, such that
96% of four-ring PAHs and 39% of �ve- and six-ring PAHs were removed in three months, whereas
55% of four-ring PAHs and only 7% of �ve- and six-ring PAHs were degraded in non-inoculated
ones. However, the �eld scale achieved similar degradation rates. Importantly, the number of
gram-positive, PAH-ring, hydroxylating dioxygenase genes in the �eld scale experiment was found to
increase 1000-fold, indicating that bacterial PAH degradation played a major role [ 116]. Wu et al. [ 117]
compared bioaugmentation using Acinetobacter SZ-1strain and biostimulation using (NH 4)2SO4 and
KH 2PO4 in a petroleum-contaminated soil. It was found that the dissipation of total petroleum
hydrocarbons (TPH) and the amounts of cultivable TPH, alkane, and PAH-degrading microorganisms
were higher for biostimulation than for bioaugmentation. Similarly, Canet et al. [ 118] demonstrated that
fungal inoculation, including four well-known PAH-degrading microorganisms ( P. chrysosporiumIMI
232175,Coriolus versicolorIMI 210866,Pleurotus ostreatusIMI 341687, and Wye isolate #7) in a mixture
composed of non-sterile, coal-tar-contaminated soil and wheat straw, was unsuccessful in improving
PAH removal. Sayara et al. [25] reported that the introduction of the white-rot fungi T. versicolorATCC
42530 was not able to improve the decomposition of PAHs; on the contrary, organic substrates were
capable of achieving signi�cant degradation rates. Furthermore, inoculation with P. chrysosporiumin a
soil composting system was ine� ective at enhancing the removal of benzo[a]pyrene [119].

Actually, several biotic and abiotic barriers have been documented to be behind the failure of
bioaugemtation, mainly during �eld application of this mechanisms [ 51,120–122]. Biotic factors,
including competition between indigenous and exogenous microorganisms for nutrients and the
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biodiversity of indigenous microorganisms, could act as a barrier to the invasion of exogenous
microorganisms, in addition to antagonistic interactions and predation by protozoa and bacteriophages.
Abiotic factors include all the physicochemical properties of pollutants and soils, such as pH,
contaminant concentration, soil type, temperature, humidity aeration, nutrient content, and
redox potential.

5. Bioavailability of PAHs

In some cases, when optimal conditions for microbial degradation are provided but low or even
no degradation take place, the bioavailability of the pollutant would be the most probable reason
for disabling the process from proceeding forward. Actually, the bioavailability of PAHs is directly
linked to the intrinsic relationship between physicochemical and microbiological factors within the
composting matrix. In particular, this factor determines the fraction of the chemical compound in the
soil that can be utilized or transformed by living microorganisms [68,123–126].

Bioremediation is governed by PAH sorption onto the soil matrix in such a way that gradual
sorption diminishes the possibility of desorption, and thus the PAH overstates its persistency within the
soil organic matrix. This would explain the biphasic behavior of contaminants during bioremediation
processes, which are associated with high removal rates in the initial phase, which is primarily limited
by microbial degradation kinetics; in the second phase, though, the removal rate is low and generally
limited by slow desorption. PAHs with low bioavailability are characterized with low desorption
mainly in the second phase of bioremediation [127,128].

5.1. Factors A� ecting PAH Bioavailability

PAHs are characterized by their high hydrophobicity, consequently increasing their a � nity for
being adsorbed into soil organic matter and ultimately being less available for biological uptake.
Di � erent studies [70–72,129,130] have highlighted that the following factors have an essential role
in determining the bioavailability of PAHs. First is contamination time (ageing): the irreversible
sorption of PAH is exponentially proportional with contact time, thus decreasing the bioavailability
of pollutants to microorganisms and therefore the rate and extent of biodegradation. For instance,
the removal e� ciency of anthracene from freshly- and age-spiked agricultural soil was investigated.
The results revealed that 72% of anthracene was removed in freshly-spiked soil, while only 34%
was degraded in aged soil [131]. Nevertheless, it is worth mentioning that recently contaminated
soil would exhibit toxicity to or even inhibit indigenous microorganisms until they adapted to the
new environment [ 132,133]. The second factor for determining the bioavailability of PAHs is their
physicochemical properties: PAHs' water solubility is considered a crucial factor regarding their
bioavailability. It is inversely proportional with PAHs' molecular weight, which in turn reduces their
accessibility to microorganisms (Section 2.1). The last factor is the physicochemical properties of the
soil: organic matter, particle size, and shape have a major in�uence on PAHs' bioavailability. Mineral
surfaces (i.e., clays) and organic matter of the soil matrix are characterized by their high a � nity to
adsorb PAHs.

The addition of organic co-substrates to the composting mixture is believed to enhance
the bioavailability of PAHs, which consequently increases the biodegradation rate [ 25,50,71].
Kobayashi et al. [106] demonstrated that water-extractable organic matter (WEOM) from cow manure
compost was observed to increase the apparent solubility of phenanthrene, pyrene, and benzo[a]pyrene
to 8.4, 34, and 89 times higher than their measured water values, respectively, thus promoting their
solubility and biodegradation. Additionally, in a diesel-spiked soil, Wu et al. [ 66] showed that compost
addition initially decreased PAH removal by up to 89% because of the decreased bioavailability
resulting from strong sorption. However, as time increased, compost amendment enhanced PAH
removal by more than two-fold compared with unamended soil, to which 30% was contributed by
desorption and 70% by degradation. In coal tar- and coal ash-contaminated soils, compost addition
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was bene�cial overall for enhancing PAH removal up to 94%, and 40% of the total loss was due to the
enhanced desorption [66].

The stability of the used co-substrates plays a major role in stimulating bioavailability and
biodegradation of PAHS (as discussed in Section 4.3). This type of substrates was found to have more
humic matter [ 71]. In this context, humic matter was able to increase the microbial activities much more
than those developed in humin (aged organic matter), demonstrating that humin is able to sequester
organic contaminants in a stronger way [ 70]. An important observation is that the bioavailability
of the more readily degradable or LMW PAHs was decreased due to competitive inhibition of the
enzymes, which is associated with biodegradation when the enzymes present in a multiple-PAH
mixture. However, the bioavailability of those usually more recalcitrant PAHs (HMW PAHs) was
increased by producing inducible enzymes for catabolism [134].

5.2. Surfactant

As mentioned in the previous sections, some of PAHs are characterized by their high
hydrophobicity as well as low solubility, as they have the ability to be strongly adhere to soil
particles and be slowly released into the water phase [ 135]. Among the di � erent alternatives to
overcome the problems of low bioavailability during bioremediation of PAHs is the application of
surfactants. The functionality of these additives basically depends on reducing interfacial surface
tension, and thus increasing their solubility [ 30,33,34,136,137]. The e� ciency of these surfactants
is in�uenced by many factors, including surfactant type and concentration, PAH hydrophobicity,
temperature, pH, salinity, dissolved organic matter, and microbial community. An imperative and
crucial element for e� ective PAH remediation is the selection of the optimum ratio of mixed surfactants
to avoid the inhibition of microbial activities [ 33,34,137]. Nowadays, various groups of surfactants are
available, and each one is being used under certain conditions to be compatible with the available
environment. Furthermore, biosurfactants that are produced by microorganisms are receiving more
favor, as they considered more environmentally friendly [ 33,138]. Interestingly, Both Tween-80 and
rhamnolipid were found to improve the bioremediation �uoranthene [ 139]; however, it should be
considered that the application of surfactants may not always lead to enhanced PAH biodegradation or
removal. In fact, if the surfactant is preferentially used as an easier carbon substrate than PAHs for soil
microorganisms, it may actually inhibit PAH biodegradation. Selection of surfactant types is therefore
crucial for the e� ectiveness of surfactant-aided bioremediation of PAH-contaminated soils [140].

6. PAH Biodegradation Pathway

As illustrated in the literature, a wide spectrum of microorganisms has been classi�ed, and
these microorganisms are known for their high potential in degrading PAHs. These microorganisms
include, but not limited to, bacteria, fungus, actinomycetes, protozoa, and algae [ 69,87]. Actually, the
biodegradation of PAHs has the possibility of being undertaken either under aerobic or anaerobic
conditions. However, aerobic conditions are more preferable, due to their documented e � ciency [141].
As a result, composting as an aerobic technique has received more attention for treatment for such
types of pollution [25,78,79,123,132,141].

Fortunately, it has been documented that a wide variety of bacterial cultures have the potential to
biodegrade LMW PAHs directly, using them as the sole carbon and energy source [ 142–145]. Otherwise,
PAHs (like HMW PAHs) have to proceed through the accumulation of these compounds in the body of
microorganisms, and then be decomposed through sequential steps and multiple routes (Figure 2) into a
bioavailable form that could be metabolized by microorganisms [ 123,141,146,147]. Hydroxylation of the
aromatic ring via a di- or monooxygenase enzymes or dehydrogenase is the �rst step in the degradation
process, with the formation of a cis-dihydrodiol, which gets rearomatized to a diol intermediate by the
action of a dehydrogenase. These diol intermediates may then be cleaved by intradiol or extradiol
ring-cleaving dioxygenases through either an ortho-cleavage or meta-cleavage pathway, leading to
intermediates such as catechols and protocatechol acid that are ultimately converted to tricarboxylic
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acid cycle intermediates, which could be considered as the end of the biodegradation [ 123,144,146–149].
Bacteria can also degrade PAHs via the cytochrome P450-mediated pathway, with the production
of trans-dihydrodiols.

Figure 2. Bacterial and fungal biodegradation pathways of PAHs.

It should be noted that HMW PAH degradation pathways still need more investigation, as few
bacterial isolates were found to be capable of degrading them. Also, their biodegradation in some
cases is complicated and passes through di� erent routes, or even proceeds via co-metabolism, like that
of benzo[a]pyrene [150–152].

Fungal enzymatic activity also has a key role in the biodegradation of PAHs. Lignolytic and
non-lignolytic fungi have the capability of oxidizing PAHs utilizing cytochrome P-450 monooxygenase
and a lignin-degrading enzyme system for oxidizing aromatic rings. Usually, an oxygen atom
is incorporated into the aromatic nucleus, whereas the remaining atom is reduced to water to
yield cis-transdihydrodiols. The formed arene oxide, though non-enzymatic, can undergo some
rearrangement to form a phenol, which can be further conjugated with glucose, xylose, gluconeric
acid, and sulfate. On the other hand, ligninolytic fungi, which are usually known as white rot fungi,
have been characterized by their capability to degrade PAHs through ligninolytic and non-ligninolytic
culture conditions. Ligninolytic enzymes oxidizes the PAH ring by producing hydroxyl free radicals
by the donation of one electron; consequently, PAH–quinones and acids are formed instead of
dihydrodiols. [ 123,153–155]. Extracellular enzymes of white rot fungi, which include laccase, LiP, and
MnP, have a key role in the degradation of PAHs [153,156–159].

7. Conclusions

The main conclusion of this review is that the use of compost and composting in several strategies
signi�cantly improves the removal of PAHs in contaminated soils. However, this strategy should be well
studied and tested. For instance, future studies are required on compost stability, as it is an important
parameter for considering the removal of PAHs. Composting also needs to be optimized to improve
PAH removal. This could include, for instance, the use of some additives like surfactants, which can be of
help for the desorption and further removal of PAHs. Furthermore, more investigations are still needed
regarding the biodegradation of PAHs combined with other hydrocarbons in mixtures, biodegradation
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HMW PAHs, and the microbial interactions within PAH-degrading consortia. In summary, composting
and compost opens a wide number of strategies to improve the bioremediation of PAH-contaminated
soils. However, it is important to de�ne this strategy and to test its e � ciency before full-scale application.
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Abstract: The interaction of organic matter with the �nest soil fractions ( <20 � m) represents a good
way for its stabilization. This study investigates the e � ects of conventional (CT), minimum (MT),
and no (NT) tillage, fertilization, and non-fertilization, and soil depth (0–30, 30–60, and 60–90 cm)
on the amount of organic carbon (OC) in four soil fractions. Di � use re�ectance infrared Fourier
transform spectroscopy (DRIFT) was performed to obtain information about the OC quality and the
mineralogical composition of these fractions. The CT shows the highest amount of the �nest fraction
while the fertilization enhances the microbial community with the increase of soil micro-aggregates
(250–53� m). The coarse fraction (>250� m) is highest in the upper soil layer, while the �nest fraction
is in the deepest one. The greatest OC content is observed in the topsoil layer and in the �nest soil
fraction. DRIFT analysis suggests that organic components are more present in the �nest fraction,
calcite is mainly localized in the coarse fraction, quartz is in micro-aggregates and 53–20 � m fraction,
and clay minerals are in the �nest fraction.

Keywords: tillage; fertilization; soil depth; organic carbon; clay minerals; di � use re�ectance; infrared
Fourier transform spectroscopy

1. Introduction

Previous studies have used the particle size fractionation for obtaining information about the
in�uence of land use and depth on the distribution of soil organic carbon (SOC) [ 1,2]. The various soil
fractions can di � erently immobilize organic carbon (OC) through the formation of organo-mineral
complexes [3,4]. In particular, quartz particles exhibit only weak bonding a � nities to organic matter
(OM), while clay size particles (i.e., sesquioxides and phyllosilicates) have a large surface area and
numerous sorption sites [ 3,4]. The physical protection of OM through its occlusion within clay minerals
limits its microbial decomposition, which reduces the C mineralization [ 5]. Therefore, the sand related
OM represents the active pool of soil organic matter (SOM), the OM linked to the silt size fraction is
the intermediate pool, and the clay related OM represents the passive and the older SOM pool [ 4].
The microaggregates, composed mainly of clay minerals, represents the most e� cient way to stabilize
the SOM [6,7] by forming bridges between the exchangeable cations of layer silicates and functional
groups of organic compounds [ 8]. The formation of macroaggregates is favored by the decomposition of
fresh plant residues and fungal hyphae [ 9]. The SOM in the macroaggregates is available for microbial
utilization while the protected microaggregates form a long-term reserve of mineral-associated C that
is not “humi�ed” and can be attacked by microorganisms once exposed [9].
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It is known that chemical fertilizers can modify soil physic al, chemical, and biological properties
with clear consequences on soil aggregates [10]. A different development of the root system, stimulated
by fertilization, influences the production and release of root exudates, directly involved in the formation
of aggregates [11]. In addition, a greater growth of the root system following the fertilization increases
the SOM [11]. Several previous studies have demonstrated that tillage practices influence the content
and the dynamic of SOM [ 7,12–14]. Soil tillage increases the turnover of macroaggregates by inhibiting
the formation of microaggregates within macroaggregates a nd, thus, reducing the sites where the OM is
stabilized [5].

In order to identify the minerals and their changes among the di � erent soil fractions, the di � use
re�ectance infrared Fourier transform (DRIFT) spectroscopy has been utilized. This technique can be
considered rapid, inexpensive, and precise, and can be applied to estimate the water-bearing minerals,
such as clay minerals together to other sheet silicates as muscovite, illite, smectite, kaolinite, and
chlorite [ 15], and the presence of organic matter [16]. DRIFT spectroscopy allows us to analyze the
matrices without pressing them by avoiding the error due to scattering [ 17], and to have a band
intensity four times greater than that of IR spectroscopy due to the non-mixing of the soil sample with
KBr [18].

The objective of this study was to investigate the e � ects of di� erent soil managements on the
quantity of SOC associated with several soil-size fractions. In addition, with DRIFT analysis, we tried
to better understand the OM interaction with the mineral parts of the di � erent soil fractions.

2. Materials and Methods

2.1. Study Area and Experimental Design

The trial was conducted in the experimental station of the University of Bari (Italy) located at
Policoro (40� 10020” N; 16� 39004” E; altitude: 15 m above sea level). The soil texture was classi�ed as
silt loam (sand 8%, silt 68%, clay 24%), according to the USDA [19]. Since 2005, a two-year rotation of
durum wheat with faba bean in a split-block design with three �eld replications has been introduced.
Treatments were as follows: i) no tillage and no fertilization (NT), ii) NT and crop fertilization (30 kg
P2O5 ha� 1: NTF), iii) minimum tillage (20 cm deep subsoiling in late August and 15 cm deep disk
harrowing in November) and no fertilization (MT), iv) MT and crop fertilization (MTF), v) conventional
tillage (35 cm deep moldboard plowing in late August and 15 cm deep disk harrowing in November)
and no fertilization (CT), and vi) CT and crop fertilization (CTF). More details about treatments and
soil properties are reported elsewhere [20,21].

After more than a decade of trial, each faba bean plot (30 � 30 m) was sampled in July 2017 at
three di � erent depths (0–30, 30–60, and 60–90 cm) using an auger, after the harvest, and the removal of
aboveground crop residues. Due to the soil homogeneity, nine sub-samples have been collected from
each plot using a grid sampling scheme.

2.2. Particle-Size Physical Fractionation and Determination of Organic Carbon in Fractions

Fraction-size separation was obtained by ultrasonic dispersion, according to Amelung and
Zech [22], and wet sieving, according to Bornemann et al. [23] (Figure 1).

About 150 mL of milli-Q ® ultrapure water were added to 30 g of air-dried soil and the suspension
was gently sonicated by placing the probe tip 15 mm below the water surface and using a probe-type
sonicator Sigma Aldrich, 500-Watt model (60 J mL � 1). This weak sonication was used for preserving
micro-aggregates from disruption [ 24]. The �rst fraction (macro-aggregates fraction, A: 2000–250 � m)
was separated from the suspension by wet sieving (250 � m), and the �ltered remnant was sonicated a
second time at 440 J mL� 1 and separated by wet sieving using sieves with di � erent meshes (53� m and
20 � m). After this step, the obtained fractions were: fraction B (microaggregates fraction, 250–53 � m),
fraction C (coarse silt-sized fraction 53–20� m), and fraction D (free �ne silt plus clay fraction, <20 � m).
All fractions were dried at 35 � C before elemental analysis. The water-soluble organic fraction was
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isolated and discharged from each D fraction, according to Zsolnay [ 25], to avoid any interference.
Brie�y, an aliquot of each air-dried D fraction was suspended in water (1:10, w /v), and mechanically
shaken for 15 min. The suspensions were then centrifuged at 6000 rpm for 15 min and the supernatant
was removed.

�º

�•
�•

�º �•
�•

�• �•
�•

Figure 1. Fractionation scheme of soil.

The OC content of all soil fractions was determined in triplicate using a Flash 2000 CHNS-O
Elemental Analyser (Thermo Scienti�c) calibrated by an organic analytical standard consisting of a
low organic content soil with 1.55% (w /w) of carbon. About 6–7 mg of each soil fraction were dried at
40 � C and pre-treated with hydrochloric acid (HCl 1%) to dissolve carbonates. The OC stocks were
calculated by multiplying the C concentrations and the corresponding particle-size weights.

2.3. Spectroscopic Analysis of Particle-Size Fractions

Di � use Re�ectance Fourier Transform (DRIFT) spectra were recorded for each fraction in triplicate
and in transmittance mode using a Thermo Nicolet Nexus FT-IR spectrophotometer, which was
equipped with a Nicolet Omnic 6.0 software. Before DRIFT analysis, air-dried samples were thoroughly
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mixed to obtain a representative sample and then �nely ground in a mill. About 200 mg of the mixture
was �lled in a cup and the surface was smoothed with a plastic slide. Spectra were recorded in the
range of 4000 to 400 cm� 1, with 4 cm � 1 resolution and 16 scans min� 1 for each acquisition.

2.4. Statistical Analysis

All analyses performed on soil fractions were conducted in triplicate. The analysis of variance
(four-way ANOVA) and the Tukey's test (R software, version 3.2.3) were used to measure the e � ect of
fertilization, tillage, and depth on the OC content for each soil fraction.

3. Results and Discussion

3.1. E� ects of Treatments on the Amount of Each Soil Fraction and on their Organic Carbon Content

The physical fractionation recovered 98% of the mass and 99% of the OC from all samples. Such
percentages were comparable to those previously reported by other authors [ 26–28], which indicates
that the loss of material was very low and con�rms the e � ciency of the fractionation method adopted.

Table 1 shows the amounts of soil dry matter obtained from each fraction (g kg � 1 soil), while
Table 2 reports the corresponding statistical analyses, as in�uenced by treatments (soil depth, tillage,
and fertilization).

Table 1. Amount of soil dry matter in the size fractions (g kg � 1 soil) (mean � standard deviation).

Sample Dry Matter (g kg � 1)

CT A ( >250� m) B (250–53� m) C (53–20� m) D ( <20 � m)

0–30 cm 6.8� 0.2 89.5� 12.0 220.2� 26.2 689.0� 0.9
30–60 cm 3.8� 0.2 46.0� 0.9 199.0� 3.8 763.7� 0.9
60–90 cm 2.0� 0.0 15.2� 0.7 134.7� 3.8 867.0� 1.9

CTF
0–30 cm 8.3� 0.5 174.7� 17.9 202.5� 11.1 604.5� 12.0
30–60 cm 4.8� 0.2 174.3� 21.2 203.7� 17.9 617.8� 6.8
60–90 cm 1.8� 0.7 39.7� 2.4 135.8� 4.0 835.2� 3.5

MT
0–30 cm 10.3� 2.8 123.2� 28.5 311.7� 36.3 557.3� 43.4
30–60 cm 5.3� 0.0 95.2� 10.1 197.5� 2.6 722.5� 7.3
60–90 cm 1.3� 0.0 28.8� 0.2 179.2� 9.7 826.8� 10.6

MTF
0–30 cm 17.7� 2.4 285.5� 14.4 203.3� 1.4 500.7� 9.4
30–60 cm 9.0� 2.8 251.5� 7.8 223.7� 9.9 534.0� 3.8
60–90 cm 3.8� 0.7 153.5� 2.1 190.0� 0.9 716.3� 1.4

NT
0–30 cm 5.3� 0.0 70.7� 3.3 232.7� 0.5 695.3� 4.2
30–60 cm 4.2� 0.2 45.7� 2.4 199.2� 0.2 764.7� 10.4
60–90 cm 1.7� 0.0 19.0� 3.8 172.0� 10.8 826.0� 7.1

NTF
0–30 cm 8.7� 0.9 192.3� 2.8 239.0� 2.4 563.5� 4.5
30–60 cm 4.2� 0.2 171.8� 8.2 260.0� 2.4 559.3� 21.7
60–90 cm 6.7� 0.5 269.5� 4.0 174.0� 4.7 575.3� 10.4

CT: Conventional tillage. CTF: Conventional tillage ferti lized. MT: Minimum tillage. MTF: Minimum tillage fertilize d.
NT: No tillage. NTF: No tillage fertilized.

On average, 70% to 75% of the soil fractions consisted of �ne silt and clay ( <20 � m). The A, B, and
C fractions decreased with depth (Table 1), while the D fraction showed an inverse trend with the only
exception being the deepest layer of NTF treatment. The quantity of the smallest fraction ( <20 � m)
increased with depth and ranged from 500 to 867 mg kg � 1.
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The fertilized plots resulted in the highest amount of B frac tion and the lowest amount of D fraction
with respect to the unfertilized ones. Since microaggregat es are the result of microbial decomposition of
SOM from the macroaggregates [9,29], the highest amount of B fraction in fertilized soils could derive
from the higher microbial activity promoted by the same fert ilization. For example, Liao et al. [30] found
the higher fungal abundance in microaggregates (250–53� m) regardless of the type of fertilization.

Table 2. Analysis of variance and mean values of the amount of each soil fraction subdivided by soil
depth, tillage, and fertilization treatment. The standard deviation is in parentheses.

Dry Matter (g kg � 1)

Size Fractions A ( >250 um) B (250–53 um) C (53–20 um) D (<20 um)

Depth *** ** ** ***
Tillage ** ** n.s. **

Fertilization ** *** n.s. ***
Depth
0–30 0.28 b (0.12) 4.67 b (2.30) 7.04 b (2.01) 18.05 a (2.54)
30–60 0.15 a (0.06) 3.92 ab (2.37) 6.41 b (0.80) 19.81 b (2.96)
60–90 0.08 a (0.05) 2.62 a (2.94) 4.92 a (0.68) 23.23 c (3.15)
Tillage

NT 0.15 a (0.06) 3.84 ab (2.80) 6.38 a (1.05) 19.92 a (3.03)
MT 0.23 b (0.17) 4.68 b (2.79) 6.52 a (2.12) 19.28 a (3.93)
CT 0.13 a (0.07) 2.69 a (2.03) 5.47 a (1.20) 21.88 b (3.16)

Fertilization
No 0.13 a (0.08) 1.77 a (1.14) 6.15 a (1.93) 22.37 b (2.90)
Yes 0.21 b (0.14) 5.70 b (2.18) 6.10 a (1.12) 18.35 a (3.02)

CT: Conventional tillage. MT: Minimum tillage. NT: No tillage. The values in each column followed by a di � erent
letter are signi�cantly di � erent according to Tukey's test. n.s.: not signi�cant. *** signi�cant at the P � 0.001.

With regard to the tillage, the highest amount of D fraction and the lowest amount of B fractions
were obtained from CT soils, which is likely due to the major physical disturbance and microbiological
activity induced by the conventional tillage that increased macro-aggregates and micro-aggregates
turnover [5].

Table 3 shows the analysis of variance and mean values of OC content of soil fractions, as a� ected
by soil depth, tillage, fertilization, and size fraction. The interactions among these parameters were not
signi�cant (data not shown) except the one between the OC content of each soil fraction and soil depth
(P � 0.001) since, as expected, the OC content of all fractions decreased with depth.

The signi�cant decrease of the OC content of all fractions from the upper layer (on average,
125.9 mg OC kg� 1 fraction) to the deepest one (54.5 mg OC kg� 1 fraction) resembles the common
strati�cation of SOC along the pro�les. The highest value of OC was found in the D fraction due to the
entrapment of organic components in the �nest fractions of soil, as reported by Gregorich et al. [ 31].
This highlighted the role of clay particles in the OM stabilization due to their high speci�c surface
area and charge. In fact, clay minerals are considered the most active constituents in the formation of
organo-mineral complexes [32] and are responsible for long-term preservation of soil OM, even over
millennia [33].

No kind of tillage signi�cantly a � ected the OC content of each fraction likely due to the balance in
the soil achieved because of the long-term experiment, as reported by Rita et al. [34] who found no
signi�cant di � erence in OC fraction content among several 30-year-old land-use trials. In addition, the
main OM input, which is the above-ground crop residues, has been removed from the �eld at the end
of the crop cycles in all treatments. With regard to the latter topic, it has been demonstrated that the
aboveground crop residues are important for building up soil fertility not only as input of OM, but
also because they cover the soil during the hot weather, which conserves SOM [35].
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Table 3. Analysis of variance and mean values of the OC in soil fractions, subdivided by soil depth,
tillage, fertilization treatment, and size of fractions. The standard deviation is in parentheses.

Organic Carbon (mg kg � 1)

Depth ***
Tillage n.s.

Fertilization n.s.
Size ***

Depth (cm)
0–30 125.9 c (10.9)
30–60 89.8 b (7.8)
60–90 54.5 a (4.7)
Tillage

NT 94.9 a (8.2)
MT 81.8 a (7.1)
CT 93.5 a (8.1)

Fertilization
No 92.8 a (6.6)
Yes 87.3 a (6.2)
Size
A 7.7 a (0.8)
B 22.0 ab (2.2)
C 54.8 b (5.5)
D 275.7 c (27.6)

CT: Conventional tillage. MT: Minimum tillage. NT: No tilla ge. A (>250� m). B (250–53� m). C (53–20� m). D (<20� m).
The values in each column followed by a di � erent letter are signi�cantly di � erent according to Tukey's test. n.s.: not
signi�cant. *** Signi�cant at the P � 0.001.

Lastly, the fractional OC content did not di � er between fertilized and not fertilized plots since the
adopted fertilization was only inorganic and rather low.

3.2. E� ects of Treatments on the Spectroscopic Properties of Each Soil Fraction

Figure 2 shows the DRIFT spectra of di� erent soil fractions under various tillage.
The peak at about 3623 cm� 1 can be ascribed to the O-H vibration in the octahedral layers of

2:1 and/or 1:1 silicates [36]. The same peak can be highlighted by removing the SOM through an
appropriate procedure [ 37]. This peak was observed in B, C, and D fractions regardless of the type
of tillage, with a slight increase of the relative intensity as the fraction size decreased. This was in
line with other papers [ 38–41] showing that phyllosilicates (kaolinite, chlorite, smectite, illite) are
the main components of the clay fraction of soils. The peak at 2927 cm� 1, ascribed to the stretching
of the aliphatic C-H group, was evident only in the A fraction, and could be due to the signal of
organic matter consisting of labile plant residues [ 42]. Additionally, in this case, this peak can be
highlighted by removing minerals through HF treatment [ 43]. The peak at about 2517 cm� 1 can be
attributed to the CO 3 stretching and calcite bending, as indicated by peaks at about 1450, 867, and
698 cm� 1 [15,44]. These peaks, especially those at 1450 and 867 cm� 1, were more pronounced in the
spectrum of the A fraction. High percentage of calcite in the sand-sized fraction of a Mediterranean
soil was also found in a previous work [ 3] and was ascribed to its lithogenic origin. The peaks at
about 1991, 1868, 1793, and 698 cm� 1 were related to Si-O bending of quartz minerals [ 15,43,44] as
well as the peaks at about 791 cm� 1 related to the Si-O stretching of quartz minerals [ 15,43]. Overall,
these peaks were slightly more pronounced in all fractions B and C possibly because of the physical
breakup of sand size quartz into silt dimension. In contrast, the reduced intensity of the same peaks
in D fractions suggested a limited physical alteration of quartz minerals in the �nest particles and,
therefore, an intermediate stage of soil evolution [ 45]. The peak at about 1630 cm� 1 was ascribed to
aromatic C=C skeletal vibrations, C=O stretching of quinone and amide groups, C =O of H-bonded
conjugated ketones, and it was typical of the organic components [ 46]. As expected, this peak was
absent in the A fraction, appeared in the B fraction, and became more pronounced from fraction C to D.
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The presence of the peak linked to aromatic structures in the fraction D could be due to the presence
of organic matter involved in the formation of organo-mineral associations and in the coating of the
mineral surface by sorption or precipitation processes [ 47–49]. The broad band at about 1030 cm� 1

can be ascribed to the stretching of the carbohydrate and polysaccharides-like substances [50]. It was
found mainly in the silt-clay and free �ne silt plus clay fractions (fraction C and D). Many previous
studies have reported high proportions of these compounds in the mineral-associated organic matter
fraction [ 5,51–54]. Polysaccharides of microbial origin mainly bind clay particles by promoting the
formation of microaggregates of <50 � m [55]. Glicoproteins of fungal origin, such as glomalin, contain
about 85% of sugars and are decomposed very slowly in soil [ 56]. In contrast, the lower relative
intensity of the previously mentioned peak in fraction A suggested the presence of polysaccharides
of plant origin responsible for the formation of easily degradable macro-aggregates [ 56]. The bands
at about 529 and 478 cm� 1 can be ascribed to Si-O-Al and Si-O-Si vibrations, respectively, and are
distinctive of phyllosilicates [ 41]. The relative intensity of the second band decreased in proportion
to the size of the fractions. Ndzana et al. [41] reported similar results suggesting that the crystalline
structure of phyllosilicates weakened in the �nest soil fraction.

DRIFT spectra recorded from NT, MT, and CT samples were similar. Therefore, Figure 3 shows
only the DRIFT spectra of each soil-size fraction isolated from the NT treatment along the soil pro�le.
The only slight di � erence evident in all the soil-size fractions was the peak among 1493 and 1450 cm� 1,
which increased its relative intensity with depth. This suggests a slight increase of calcite along the soil
pro�le due to dissolution /precipitation phenomena typical of aridic climates and high soil pH [ 45]. In
addition, a slight reduction of the relative intensity of the peak at 1628 cm � 1 was observed only in the
D fraction, according to the reduction of organic matter content with depth.

Figure 4 reports the DRIFT spectra of each soil fraction isolated from the 0–30 layer of the NT
treatment fertilized and unfertilized. The spectra of fractions A, B, and C were very similar between the
two levels of fertilization. The fraction D of NTF treatment showed a greater relative intensity of the
peak at 1027 cm� 1 compared to NT treatment, possibly due to the greater quantity of polysaccharides
coming from microorganisms whose activity is certainly favored by fertilization, as reported by De
Mastro et al. a [20].

Figure 5 shows the DRIFT spectra of each soil fraction isolated from the 0–30 layer under NT, MT,
and CT practices. Even in this case, the spectra of fractions A, B, and C were more similar regardless of
the kind of tillage. The peak at 1027 cm� 1 showed a greater relative intensity in fraction D of MT and
CT treatments compared to NT since the higher aeration of the formers enhanced the microbial activity.
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Figure 2. Di � use re�ectance infrared Fourier transform spectra of all soil fractions isolated from di � erent tillage treatments at 0–30 cm of depth.
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Figure 3. Di � use re�ectance infrared Fourier transform spectra of all soil fractions (A, B, C, and D) isolated from no tillage (NT) treatment at di � erent soil depths.
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Figure 4. Di � use re�ectance infrared Fourier transform spectra of the di � erent soil fractions (A, B, C, and D) isolated from no tillage (NT) treatment (0–30 cm) fertilized
and not fertilized.
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Figure 5. Di � use re�ectance infrared Fourier transform spectra of all soil fractions (A, B, C, and D) isolated from di � erent tillage treatments at 0–30 cm of depth.
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4. Conclusions

The soil management in�uenced the quantity of soil fractions since the CT enhanced the �nest
ones, whereas the fertilization increased the B fractions, which possibly fuels the development of a
microbial community that fosters microaggregate formation. In general, soil depth in�uenced the
amount of each fraction, with higher amounts of fraction A in the upper soil layer and higher amounts
of the �nest one is more evident in the deepest. The OC content was primarily in�uenced by fraction
size and soil depth since higher OC content was found in the topsoil layer (0–30 cm) and in the �nest
soil fraction (fraction D), as con�rmed by the DRIFT analysis. The di � erent tillage may increase the
mass of the soil fractions but not their OC content. However, MT and CT a � ected positively the
quality of the OM stimulating a relative major production of polysaccharides of microbial origin
that possibly stabilize the �nest size fractions due to their major recalcitrance. The same result is
obtained with fertilization. The DRIFT analysis can provide information about the quality of the
main minerals present in the di � erent soil-size fractions, since fraction A appeared mostly rich in
calcite, fractions B and C appeared mostly rich in quartz, and the �nest fraction showed the highest
content of phyllosilicates. The di � erent quality of minerals among the soil fractions suggested an
early-intermediate stage of weathering and did not change with tillage and fertilization, except for
calcite whose relative intensity increased with depth.
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Abstract: This study presents the results of the soil hydraulic characterization performed under three
land covers, namely pasture, 9-year-old restored forest, and remnant forest, in the Brazilian Atlantic
Forest. Two types of in�ltration tests were performed, namely tension (Mini-Disk In�ltrometer,
MDI) and ponding (Beerkan) tests. MDI and Beerkan tests provided complementary information,
highlighting a clear increase of the hydraulic conductivity, especially at the remnant forest plots, when
moving from near-saturated to saturated conditions. In addition, measuring the unsaturated soil
hydraulic conductivity with di � erent water pressure heads allowed the estimation of the macroscopic
capillary length in the �eld. This approach, in conjunction with Beerkan measurements, allowed the
design better estimates of the saturated soil hydraulic conductivity under challenging �eld conditions,
such as soil water repellency (SWR). This research also reports, for the �rst time, evidence of SWR in
the Atlantic Forest, which a � ected the early stage of the in�ltration process with more frequency in
the remnant forest.

Keywords: Beerkan method; in�ltration; forest restoration; soil water repellency

1. Introduction

The United Nations has declared the period 2021–2030 the decade of restoration to scale up
existing initiatives, such as the Bonn Challenge, to restore degraded ecosystems [1]. It is expected
that restoration will not only help to slow climate change through carbon sequestration, provide
food, and increase biodiversity [ 2], but will also have hydrological bene�ts because of the perceived
association between forest cover and soil hydrological ecosystem services [3,4]. In this context, it is
necessary to better understand the consequences of forest regrowth on soil hydrological processes,
such as water in�ltration, which is fundamental to maintain productive soil-water-plant interactions,
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and also to control soil erosion and runo � , soil moisture content, and groundwater recharge in the
ecosystems [5–7].

Estimating saturated and unsaturated soil hydraulic conductivities is crucial for interpreting
and modeling soil hydrological processes. In addition, knowledge of these properties may provide
information on the impact of land use on soils characteristics [ 8], which are rarely considered in
studies of forest restoration [ 9]. During the last years, many in�ltration methods and devices have
been developed to determine soil hydraulic properties [ 10]. Among them, the Beerkan method [ 11]
is becoming very popular in soil science because it constitutes a simple and an inexpensive way
to determine the saturated soil hydraulic conductivity, Ks, in the �eld [ 12,13]. On the other hand,
the mini-disk in�ltrometer (MDI) is a routinely used method for measuring in�ltration rates under
negative pressure head in the �eld. The MDI is easily transportable and easy to use on hillslopes, thus,
it substantially facilitates the replicability of the measurements [10].

Our previous study in the Atlantic Forest of Brazil [ 14] used the Beerkan protocol at three land
covers, namely pasture, 9-year-old restored forest, and remnant forest. Our results showed that
water repellency impacted water in�ltration, yielding convex shaped cumulative in�ltration curves.
However, this observation was not carefully assessed. Similarly, many studies on tropical soils have
reported some indirect e � ects of water repellency on water in�ltration, such phenomenon is still poorly
documented, especially in comparison with temperate regions [ 5,15–17]. Soil water repellency (SWR)
or hydrophobicity is a transient soil property with which soils increase the resistance to wetting and
in�ltration. It is spatially and temporally very variable [18,19]. This is caused mainly by amphiphilic
molecules produced by plants and organism, and generally occurs after forest �res or dry periods.
Other factors that can be related to water repellency are the soil texture, soil temperature, pH, water
content, soil organic carbon, land use, and plant cover [ 18–21]. In addition, recent research highlighted
that climate change could increase the water repellency of soils, due to the increasing occurrence of
extreme events such as droughts, which create the soil conditions (i.e., high temperatures and low soil
water content) that promote the water repellency [22].

Currently SWR is receiving increased attention in the scienti�c literature, due to the important
hydrological e � ects. For example, SWR reduces in�ltration capacity, increases runo� rates as well as
leaching of agrochemicals and soil erosion, also it can a� ect negatively the crop production, nutrients,
and plant-available water [ 17,23,24]. On the other hand, SWR has positive impacts on soil aggregate
stability and organic carbon sequestration [ 22]. Müller and Deurer [ 17] reported the bene�t of SWR for
the arid and semi-arid climates, considering that this soil property reduces the loss of soil water by
evaporation and allows the rainwater to reach deeper depths. Despite these e� orts, our understanding
of SWR is still limited [18], especially when subcritical phenomena occur.

This investigation aims to broaden our previous work [ 14], using the same location in the
Brazilian Atlantic Forest. In particular, the speci�c objective was to compare both unsaturated and
saturated soil hydraulic conductivity determined with simple and low-cost �eld in�ltration methods
(MDI and Beerkan), for three land covers, namely pasture, 9-year-old restored forest, and remnant
forest. This paper includes the �rst measurements of SWR in the Brazilian Atlantic Forest and its
relevance regarding soil hydraulic properties, which had never been investigated so far, to the best of
our knowledge.

2. Materials and Methods

2.1. Field Sites and Soil Sampling

The study area (22� 530S, 46� 540W) is located in the county of Campinas, S¢o Paulo State, Southeast
Brazil. The area is located inside the sub-basin of Atibaia River (2800 km2), which belongs to the
Piracicaba River basin. The vegetation is classi�ed as seasonal semideciduous forest. The zone is
characterized by a complex geology located at the transition between the Atlantic Plateau and the
Peripheral Depression geomorphological provinces, with Ultisols and Entisols as main soils [ 25].
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were considered to apply the SSBI method. The �rst scenario considered the MDI experiments, carried
out with pressure heads of h� 20 = � 20 mm and h0 = 0, to estimate � c by the following equation [38]:

� c =
h� 20 � h0

ln
�
Qs,h� 20

/ Qs,h0

� (3)

where Qs,h� 20
and Qs,h0

(mm3 h� 1) are the steady �ow rates corresponding to h� 20 and h0, respectively,
and they were estimated as follows:

Qs = is� rd
2 (4)

For this scenario, we �rstly averaged for each plot the individual is values, then plot-dependent
� c values were estimated by Equation (3) (Table S1).

The secondKsS dataset was obtained considering � c = 83 mm, since it represents the suggested
�rst approximation value for most soils types [37,39].

The Beerkan Estimation of Soil Transfer parameters (BEST) method [11] was also applied to estimate
the saturated soil hydraulic conductivity, KsB (mm h � 1) (the subscript B is used to indicate BEST).
More speci�cally, among the three existing BEST algorithms, we used the BEST-steady algorithm [ 40],
that estimates KsB, by the following equation [41]:

KsB =
C is

A bs + C
(5)

where bs (mm) is the intercept of the regression line �tted to the last data points of the I versus t plot.
The A (mm � 1) and C constants are de�ned for the speci�c case of the Brooks and Corey [ 42] relation
and taking into account soil moisture initial conditions as follows [36]:

A =



rd (� s � � i )
(6)

C =
1

2
h
1 �

�
� i
� s

� � i
(1 � � )

ln

 
1
�

!

(7)

where � is a coe� cient commonly set at 0.6, and � is a shape parameter that is estimated from the
analysis of the particle size data with the pedotransfer function included in the BEST procedure [11].

Following Bagarello et al. [ 32], the BEST-steady algorithm was chosen to check the SSBI method,
compering KsS and KsB in terms of factors of di � erence, FoD, calculated as the highest value between
KsB and KsS divided by the lowest value between KsB and KsS. Di � erences betweenKsS and KsB not
exceeding a factor of two were considered indicative of satisfactory Ks predictions [33].

2.4. Soil Water Repellency Carachterization

Some of the Beerkan runs provided cumulative in�ltration curves with convex shapes, signaling
the occurrence of SWR phenomena [43,44].Then, the water repellency secession time, WRCT (s), was
estimated from the intersection point of two straight lines, representing the initial and the late stages of
I vs. t0.5 relationship [ 45,46] (Figure 2b). The persistence of water repellency was measured using the
water drop penetration time (WDPT) test. This test is widely used to determine the persistence of water
repellency, it is easy to perform in �eld and presents the hydrological implications of hydrophobicity,
because the amount of surface runo� is a� ected by the time required for the in�ltration of droplets [ 47].
At each plot, we selected �ve sampling points. The WDPT was carry out by placing 10 drops (0.05 mL)
of distilled water on to the soil surface and recording the time for their complete in�ltration. Following
other investigations [ 48,49] the in�ltration recording was stopped after 3600 s. Moreover, if the drop
did not in�ltrate after this time interval, the value of 3600 s was assigned for the WDPT [47].
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suggested that maintaining a small water head on the soil surface helped to prevent excessive positive
pressure from overcoming SWR [62], and allowed the detection of water repellency.

Table 1. Values of the intercept, bs (mm) of regression line �tted to the last data points describing the
steady-state conditions on the I vs. t plot, total duration, tend (s), total in�ltrated depth, Iend (mm),
in�ltrated depth at the equilibration time, I(ts) (mm), equilibration time, ts (s), and water repellency
cessation time, WRCT (s), for the eighteen Beerkan in�ltration runs a � ected by hydrophobicity.

ID bs (mm) tend (s) Iend (mm) I (ts) (mm) ts (s) WRCT (s)

P1M6 � 13.2 5053 52.7 30.1 3290 93
P1M7 � 8.1 4601 45.2 22.5 2678 89
R3U2 � 4.7 457 52.7 30.1 277 25
R3D7 � 2.1 327 52.7 22.5 145 20
F5U1 � 8.4 363 82.9 45.2 210 23
F5U2 � 2.7 329 82.9 7.5 39 21
F5U3 � 6.4 325 75.3 22.5 115 22
F5U4 � 10.4 682 75.3 45.2 439 33
F5M2 � 3.3 219 75.3 22.5 72 17
F5M3 � 3.3 160 60.2 37.6 103 15
F5M4 � 10.7 245 97.9 22.5 74 19
F6U1 � 2.3 474 67.8 22.5 166 26
F6U2 � 3.2 207 67.8 37.6 121 17
F6U5 � 13.3 188 75.3 52.7 140 18
F6M5 � 10.4 495 82.9 37.6 253 27
F6M6 � 4.3 208 82.9 22.5 64 17
F6D2 � 10.1 148 82.9 60.2 112 14
F6D4 � 1.3 325 75.3 52.7 229 20

Lower SWR was detected in wetter soils. The correlation between � i and ln(WDPT) was signi�cant
(r = � 0.67,p = 0.002) (Table 2). This result was in line with the reasoning that the soil water content
governs the interaction between soil particles and amphiphilic organic molecules, resulting from
degradation of tree tissues, that coat soil particles and may be responsible for SWR [45]. The transition
from wettable to hydrophobic status (and vice versa) is generally associated to a critical range of soil
moisture [ 63]. The lower water content of this range de�nes the condition below which the medium
is water repellent, the higher identi�es the condition above which the medium is wettable. Ks data
were positively correlated to ln(WDPT). This is logical, since both macropore �ow (which a � ects
the magnitude of Ks) and water repellency phenomena were relevant at the remnant forest plots.
In brief, the correlation between these two variables is not the result of a causal connection but the
concomitancy of two processes: hydrophobia and macropore �ow, which also lead to mainly subcritical
water repellency. In addition, we conclude that hydrophobia had no e � ect on the estimation of the
saturated hydraulic conductivity. Indeed, in opposite case, KsS and ln(WDPT) would have a negative
correlation. Consequently, we assumed that the SSBI method proved e� cient for detecting SWR and
estimating properly the soil saturated hydraulic conductivity, at the same time. Lastly, KsB and KsS

had a positive correlation with a value close to unity. The two estimators provide close estimates, as
discussed above with the FoD. We then can conclude that soil hydrophobicity only a � ected the failure
rate of the BEST-steady algorithm (Figure 5), without a � ecting the quality of its estimate when the
method worked.

Table 2. Spearman's rank correlation coe� cients of the hydraulic measured properties.

Variables � i ln(WDPT) ln( KsS)

ln(WDPT) � 0.67
p-Value 0.002
ln(KsS) � 0.59 0.74
p-Value 0.009 <0.001
ln(KsB) � 0.61 0.73 0.97
p-Value 0.007 0.001 <0.001
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(MDI) and ponding (Beerkan) in�ltration tests provided a complementary information, highlighting
a clear increase of the hydraulic conductivity, especially at the remnant forest plots, when moving
from near-saturated to saturated conditions. This information is relevant to assess the in�ltration
recovery after forest restoration, as it signals soil structure heterogeneity and higher soil macroporosity.
In addition, measuring the unsaturated soil hydraulic conductivity with di � erent water pressure heads
also allowed to estimate � c in the �eld. This approach, in conjunction with Beerkan measurements,
allowed to generate better Ks estimates based on �eld measurements, and also avoided any subjectivity
caused by assuming a constant� c value, which is often selected based on general descriptions of soil
textural and structural characteristics when estimating Ks from ponding in�ltration experiments [ 34].
Nonetheless, developing alternative methods for estimating � c is desirable for alleviating the amount
of work necessary to accurately estimate Ks.

In this investigation we used the water repellency secession time (WRCT) and water drop
penetration time (WDPT) to assess SWR. The SWR was observed in pasture and forest soils with higher
sand content. As expected, SWR phenomena were less severe for increasing soil moisture conditions
and more common on remnant forest soils. SWR has important hydrological e � ects, including water
supply in forest ecosystems. Thus, SWR cannot be neglected in forest soil hydraulic studies and it must
be accounted when developing hydrological models. Future research will focus on understanding the
interactions between vegetation, soil biology and soil properties (i.e., including physical, chemical, and
mineralogical properties) that are promoting SWR in Atlantic forest soils. Details on the e � ects of forest
restoration on water repellency are severely lacking. It is also important to consider the temporal and
spatial dynamic of the soil in�ltration and water repellency. For example, future studies could quantify
the spatial extent at the larger scale, upscaling the measurement from point to catchment scale.

Supplementary Materials: The following are available online at http: //www.mdpi.com /2076-3417/10/6/1950/s1,
Figure S1: Comparison between the mean soil organic carbon content (OC in g KgPress release� 1), dry soil
bulk density ( � b in g cm � 3), initial volumetric soil water content ( � i in cm3 cm� 3), and saturated volumetric soil
water content ( � s in cm3 cm� 3), values for the 18 sampled plots. Bars indicate standard deviation. For a given
variable and plot, means that do not share a letter are signi�cantly di � erent according to the Tukey honestly
signi�cant di � erence test (P < 0.05). The subscript letter refers to the landscape position (Upslope, Middleslope
and Downslope) in each site, Table S1: Mean values for each sampled plot (P1, P2, R3, R4, F5 and F6) of the
steady-state in�ltration rates, is,h0

and is,h� 20
(mm h � 1), �ow rates, Qs,h0

and Qs,h� 20
(mm3 h� 1), obtained from the

MDI experiments carried out with a pressure head h0 = 0 and h� 20 = � 20 mm, and macroscopic capillary length,
� c (mm), estimated by Equation (3).
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Abstract: Biochar is generally considered as an e� ective soil amendment, which can improve soil
organic matter and nutrients content and enhance crop productivity. In this study, biochar derived
from brewers' spent grain (BSG) was used in a pot and �eld experiment to assess whether its addition
to soil could a � ect hop plant growth. The experiment was conducted in Central Italy during the
period March–August 2017. Three di � erent German cultivars of hop plant (Hallertau Magnum, Perle,
Spalter spalt) were considered. Biochar was added to the pot soil at 20% level. Its e� ect on the
roots was evaluated using multivariate image analysis (MIA) and the statistical technique of general
linear models (GLM), whereas the shoots, bines length and yield using GLM. Results showed that
biochar signi�cantly improved root growth ( p < 0.0001). Regarding shoots, no variability for the
genotypes was observed during the vegetative period, whereas slight di � erences resulted before
plant dormancy, especially for the Hallertau Magnum cultivar. No di � erences in the number of leaves
or bines length were observed between the two treatments for all cultivars. The addition of biochar to
the soil signi�cantly improved yield (number of cones). These results highlighted that BSG-derived
biochar can be useful to improve hop plant growth and cones production.

Keywords: amendment; biochar; brewers' spent grain; hop; image analysis; plant growth

1. Introduction

Beer is one of most consumed beverages in the world, and plays an important role in the global
economy. In 2018, the overall beer production amounted to about 1.94 billion hectolitres. However,
beer processing produces a huge amount of waste: for every hectolitre of beer produced, about 20 kg
of spent grain, 0.2–0.4 kg of spent yeast and 0.3 kg of spent hops/hot trub are generated. In particular,
the 85% of total solid waste is represented by brewers' spent grain (BSG), the residue left after barley
malting and separation of the wort during the brewing process, and it contains the husk and the outer
layer of barley kernel [ 1]. BSG is mainly composed of protein (more than 20%) and �bers, represented
by a lignino-cellulosic material, whose main constituents are hemicellulose (28–35%), cellulose (17–25%)
and lignin (7–27%) [1–3].

Appropriate management of these waste streams has become a challenging issue. The solid
by-products from the brewing process are mainly disposed of as waste or sold as animal feed, due
to their considerable amount of valuable compounds (proteins, lipids, carbohydrates, polyphenols,
and minerals) and nitrogen-containing nutrients. However, brewing industries are interested in new
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solutions to reduce the amount of waste produced and transform by-products in added value products.
Therefore, in a perspective of a zero waste approach and in order to reduce waste storage and logistics
costs, alternatives to valorize these residues and to recover and reuse them in a sustainable and
pro�table way are continuously proposed and developed. Moreover, by-products can be transformed
in combustible gas, to be reused in the beer production cycle, or in soil amendments for agricultural
applications [4,5].

A valid alternative can be the transformation of BSG into biochar, which can be used as an e � ective
soil amendment for the production of vegetables. Biochar is a carbon-rich, �ne-grained and porous
material with stable physical and chemical properties, produced from waste biomass through pyrolysis,
e.g., a thermal decomposition of lignocellulose biomass by heating at elevated temperatures (generally
between 350 and 700� C) under limited oxygen conditions [ 6–8]. It has stable aromatic C structures, low
O and H to C ratios, low bulk density, moderate cation exchange capacity (CEC), and high ash content,
pH and surface area [9,10]. Due to these properties, it is recognized as a multifunctional material which
can be applied for long-term C sequestration and climate change mitigation [ 11,12]. It can be used
successfully in agriculture to increase the organic C content of soil and reduce the leaching of nutrients;
it could have positive e � ects on soils contaminated with heavy metals and organic pollutants [ 6,12–15].
Furthermore, biochar can be useful as soil amendment, due to its high porosity and sorption capacity
and large surface area, reducing soil bulk density, improving soil structure, and increasing soil water
holding capacity [ 7]. Biochar application can increase plant root growth, root penetration, and nutrient
and water uptake [ 16]. In fact, N concentration in soil is increased by biochar during critical stages of
plant growth, and N uptake and fertilizer recovery from roots are mostly guaranteed [ 7,17]. Biochar
amendment also signi�cantly enhances microbial activity and abundance, probably due to a greater
adsorption of various nutrients [ 18,19]. Such positive in�uence could have e � ects on soil structure and
indirectly on plant growth and rooting patterns [20].

Numerous studies have been conducted in controlled environments to evaluate the impact of
biochar on soil properties and plant growth. However, the e � ects are not always positive: bene�ts
on soil and plant growth strongly depend on the feedstock sources used to produce the biochar,
production conditions (pyrolysis temperature, heating rate and residence time), di � erences in soil
properties and specie-speci�c root growth patterns [ 15,21–23]. Therefore, this study aims to assess the
potential ability of BSG-derived biochar for soil amendment and its in�uence on hop plant growth.

2. Materials and Methods

2.1. Biochar Production and Characterization

A �fty kilograms sample of wet BSG was chosen randomly from a big container at a craft brewery.
Subsequently, three replicates of about 1 kg each were selected randomly from this sample, oven-dried
at 105� 1 � C for 78 h and successively subjected to elemental analysis for the determination of the
CHN content, according to UNI EN 15104: 2011. Ash content was analyzed by heating ground dried
BSG samples (maximum grain size 2 mm) at 550� C � 1 � C for 8 h in a mu � e furnace, according to
UNI EN 14775: 2010. Three analytical replicates were performed for all parameters analyzed and for
each sample.

Biochar was prepared from BSG using the pyrolytic reactor Elsa D17 (pat. BLUECOMB) and
through a thermochemical process that can reach carbonization temperatures of 400–500� C [24,25].

Biochar was chemically characterized by Fourier transformed infrared spectroscopy analysis
(FT-IR), according to the methodology described by Amoriello et al. [ 26]. Spectra were collected at room
temperature with a FT-IR spectrometer (iS 50 FT-IR Nicolet Thermo Fisher Scienti�c Inc., Waltham,
MA, USA) equipped with a single-re�ection horizontal ATR cell with a diamond crystal [26].
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2.2. Botanical and Agronomic Characteristics of Hop Plant

Hop ( Humulus lupulusL.) is a dioecious perennial plant, belonging to the Cannabaceaefamily. It
reaches maturity after the �rst three years and remains productive for over 20–25 years [ 27]. The
hop plant consists of a perennial rootstock (“crown”) of rhizomes below ground, annual climbing
bines above ground, which provide the canopy and photosynthetic capacity to support �owering, and
�owers that develop at the terminal buds of lateral branches and are harvested as green cones. The
perennial root system can grow more than 4 m deep and up to 5 m laterally. Rhizomes feed the growth
of the productive canopy and ensure the survival of the plant from successive seasons. The growing
season spans from March to August–September in the northern hemisphere. Hops emerge in early
spring and grow up to a height of 5–7 m on poles or under a trellis system. Flowering starts in late
June or early July in the northern hemisphere. The cones mature for picking between August and
September, depending on climate conditions and genotype. The female strobiles (cones) represent the
most interesting parts of the plant from a technological point of view, as they are one of the essential
ingredients of the brewing industry, providing aroma, bitterness, �avor, and antimicrobial properties
to beer [28].

2.3. Experimental Site and Design

The study was carried out in Rieti, Italy (latitude 42 � 24029”52 N, longitude 12 � 51036”36 E) during
the period March–August 2017. The sampling site is characterized by relatively cold and rainy winters
and hot and dry summers. The long-term average annual temperature recorded between 1980 and
2009 was 12.1� C; the mean temperature during the growing season was 16.0 � C; the average maximum
temperature for the summer months was 30.1 � C; the average minimum temperature for the coldest
months was � 1.6 � C. In summer, maximum temperatures were often over 30 � C. The annual mean
precipitation was equal to 1021 mm and it fell mainly from October to December. Summer rainfall
was irregularly distributed and the total mean amount over June–August was 136 mm. In 2017, the
annual average temperature was 12.7� C; the average temperature in the growing season was 17.4� C;
the average maximum temperature for the hottest months (July to August) was 33.2 � C. The annual
precipitation, precipitation for the growing season, and precipitation over the hottest months was
721 mm, 186 mm, and 27 mm, respectively. The annual relative humidity was 68%.

A completely randomized experimental design was conducted during the hop growing season
in a climate uncontrolled greenhouse environment from March to 5 May and outside from 6 May to
28 August. Three di � erent cultivars of German hop plant (Hallertau Magnum, Perle, Spalter spalt)
were considered for the study due to their economic importance and their sensitivity to environmental
conditions [ 27]. These three varieties grow well in most climates, but best in warm, dry and sunny
regions. Hallertau Magnum produces very good yields (1700–2300 kg ha � 1); the cone's structure is
very large and longish size. Perle also produces good yields (1600–2100 kg ha� 1); cone size is small to
medium. Spalter spalt yield amounts 1750–2000 kg ha� 1; the cone size is small to medium.

In March, hop rhizomes were placed in plastic pots (15 cm � 14 cm) with soil containing acid
peat, expanded perlite and clay. Each pot contained 8 L of soil. The packed pot soil had a pH of 6.0,
a dry bulk density of 1.1 g cm � 3, an electric conductivity of 0.45 dS m � 1 and a porosity of 90% v/v.
Hop rhizomes for each variety were randomly assigned between pots with soil added with 20% of
biochar (1.6 L of biochar and 6.4 L of soil containing acid peat, expanded perlite and clay) and pots
without biochar (control). Trials with biochar were replicated seven times, whereas controls (without
biochar) were run in triplicate. We chose an unbalanced sampling to better evaluate the variability of
the biochar e� ect on hop plants. Young plants were transferred from pots to the �eld at the beginning
of May, corresponding to the moment of bines elongation. No biochar was added in �eld. Until June,
the plants were irrigated with 0.5 L of water every two days; in the two warmest months (July and
August), the same amount of water was given every day.

Plant development was monitored through the percentage of roots in pot (as described in the
Section 2.4) and the number of leaves at the beginning of May; shoot diameter was measured by caliper
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at �ve di � erent times (T1: 30 June, T2: 18 July, T3: 27 July, T4: 3 November, T5: 21 November), i.e.,
before �owering, near cones maturity, before plant dormancy; measurement of climbing bines length
and number of cones at maturity.

2.4. Statistical Analysis and Multivariate Image Analysis

In order to quantify the e � ect of biochar on root growth for each genotype, a non-destructive
technique, e.g., a multivariate image analysis, was carried out according to Fongaro et al. [ 29]. At the
beginning of May, plants were extracted from pots and the images of roots and soil for each plant
were acquired twice using a digital camera Nikon D750 at a high resolution and a color depth of
16 bits, saving the captured images in uncompressed RAW format. The images were acquired by
photographing the basis and four external opposite sides. To create the �nal data set, a region of
interest (ROI) of 472 � 472 pixels, representative of the whole sample surface, was extracted from each
image using the Lightroom Classic CC 2018.

The images were processed by PLS Toolbox 8.5 (Eigenvectors Research, Inc., Manson, WA, USA)
for MATLAB R2016b (The MathWorks Inc., Natick, MA, USA). Red (R), green (G), blue (B) values,
measures in the RGB space color, were calculated. A principal component analysis (PCA) on the
RGB values was carried out, providing the pixel distribution in the score space (score plot). The �rst
principal component (PC1) contained most of the original information, with a decreasing amount in
the remaining score images. PC1 score image. PC1 score image was converted from the RGB space
color into the HSI (hue, saturation, intensity) space color. Then, the Hue channel was extracted to
obtain the hue image. A pixel segmentation in di � erent intensity ranges, corresponding on di � erent
material (soil and root), was carried out to select roots. In this way, it was possible to quantify the
percentage of roots present in each pot and for each cultivar.

The in�uence of genotype, treatment and the two-way interaction on roots percentage or number
of leaves or bines length or number of cones was tested using the technique of General Linear Models
(GLM). The statistical model was:

Yi j = � 0 + � 1�� i + � 2�� j + � 3 � i �� j + " i j (1)

where Yij = roots percentage or number of leaves or bines length or number of cones, � 0 = mean e� ect
common to all observations; � 1,2,3 = unknown regression parameters; � i = treatment (i = 1, 2; 1= with
biochar, 2 = without biochar); � j = cultivar ( j = 1, 2, 3; 1= Hallertau Magnum, 2 = Perle, 3= Spalter
spalt); " ij = error term.

GLM was also applied to monitor the plant development in time. The statistical model was:

Yi jk = � 0 + � 1 � i + � 2 � j + � 3 
 k + � 4 � i �� j + � 5� i �
 k + � 6 � j �
 k + � 7 � i �� j �
 k + " i jk (2)

where Yijk = diameter of shoots, � 0 = mean e� ect common to all observations; � 1–7 = unknown
regression parameters;� i = treatment (i = 1, 2; 1= with biochar, 2 = without biochar); � j = cultivar
(j = 1, 2, 3; 1= Hallertau Magnum, 2 = Perle, 3= Spalter spalt); 
 k = time (k = 1, : : : ,5; 1= 30 June,
2 = 18 July, 3= 27 July, 4= 3 November, 5 = 21 November); " ijk = error term.

Post hoc Tamhane test (p < 0.05) was carried out in order to evaluate di � erences between groups
(with or without biochar) for each considered variable. Statistical analysis was performed with SPSS
20.0 software (SPSS, Inc., Chicago, IL, USA).

3. Results

3.1. Brewers' Spent Grain and Biochar Characterization

BSG analysis showed an average moisture content of 8.8%, and a content of ashes, C, H, N contents
of 5.3%, 45.7%, 9.0% and 4.2%, respectively, on the dry weight basis.

Brewers' spent grain (BSG) and biochar were characterized by FT-IR spectra (Figure 1).
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Figure 1. FT-IR spectra of brewers' spent grain (BSG) and biochar.

The two spectra showed di � erent pro�les and changes of functional groups, demonstrating the
in�uence of the pyrolytic treatment on the chemical structure of the raw material. In fact, the organic
matter pyrolysis caused water loss and variation in concentration of mineral components due to the
heat-induced mass loss [30]. BSG pro�le showed a peak at 3274 cm� 1 corresponding to a vibrational
band consistent with hydroxyl groups (O-H); two peaks at 2926 and 2853 cm � 1, corresponding to
aliphatic C-H stretch; a peak at 1742 cm� 1, associated with the presence of aldehydes, ketones and
carboxyl groups (C=O); a band with a peak at 1633 cm� 1, assigned to aromatic lignin components
(C=C); a peak at 1030 cm� 1, corresponding to C-O-C stretch. The thermal decomposition strongly
in�uenced the intensity of biochar bands from 4000 to 1600 cm � 1 (carboxylic bonds, amides and
aliphatic hydrocarbon) [ 30]. In particular, the disappearance of the peaks at 2926 and 2853 cm� 1 may be
due to the fact that methyl groups, which are the weakest functional groups, as well as the OH groups,
break during pyrolysis. The CH peaks shift from being more aliphatic to more aromatic (and eventually
disappear altogether) [31]. The cleavage of these groups contributes to mass loss during thermal
decomposition and to the production of “non-condensable” gas. Moderate di � erences between BSG
and biochar pro�les from 1600 to 1500 cm � 1 may be attributed to the formation of carbonate-carboxyl
group during pyrolysis. At last, biochar showed similar functional groups, between 600 and 1500 cm � 1.
These results were in accordance with previous studies on BSG-derived biochar [32,33]. The FT-IR
analysis highlighted the presence of functional groups such as hydroxyl and carboxyl groups, necessary
to consider biochar a soil amendment for improving of the cation exchange capacity and as a potential
adsorbent [34].

3.2. Multivariate Image Analysis

Multivariate image analysis was applied to extract roots region and to quantify di � erences in
percentage for the two treatments, with and without biochar. Representative images from roots and
soil samples for each cultivar and treatment after RGB processing and PCA score images are shown in
Figure 2.
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Figure 2. RGB and PCA score images of roots and soil samples representative of di� erent cultivars
and treatments, obtained from image analysis process. (a) RGB image of Hallertau Magnum without
biochar; (b) RGB image of Hallertau Magnum with biochar; ( c) RGB image of Perle without biochar;
(d) RGB image of Perle with biochar; (e) RGB image of Spalter Spalt without biochar; ( f ) RGB image of
Spalter Spalt with biochar; ( g) PCA score image of Hallertau Magnum without biochar; ( h) PCA score
image of Hallertau Magnum with biochar; ( i ) PCA score image of Perle without biochar; ( j ) PCA score
image of Perle with biochar; ( k) PCA score image of Spalter Spalt without biochar; ( l ) PCA score image
of Spalter Spalt with biochar.

For all the images, the PC1 score image explained all the variance, being related to pixels of both
the root and soil. Comparing the PC1 score images and the relative RGB images, it was possible to
distinguish areas with di � erent color intensity, indicated with blue (soil) and yellow (root). Thus, the
same false color was assigned to the pixels having the same characteristics, well distinguishing the
two regions in the PC1 score images. The pixel segmentation allowed the extraction of the root areas
(in black) and the quanti�cation of the roots percentages. Results obtained were plotted in Figure 3.
Box plots showed a strong in�uence on root growth present in the pots with biochar in comparison to
those without biochar.

Figure 3. Box plots of root percentages of three di� erent hop cultivars (Hallertau Magnum, Perle and
Spalter spalt) and two treatments (presence or absence of biochar). Outliers are displayed as �lled stars.
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3.3. Assessment of Hop Plant Response to Biochar Amendment

The evaluation of e� ect of BSG-derived biochar was carried out using the technique of General
Linear Models (GLM). The GLM analysis of roots percentage showed that the two single factors
(genotype and treatment) were statistically signi�cant, unlike the two-way interactions between cultivar
and treatment. The treatment was the main contributing factor to the percentage of roots ( p < 0.0001),
followed by cultivar ( p = 0.0330). In fact, as clearly shown in Figure 3, the addition of biochar in the
soil produces a greater development of the roots. This phenomenon is even more evident for the
Perle cultivar.

Regarding shoot development, speci�cally the shoot diameter, no variability ascribable to the
genotypes was observed for the �rst three times (Table 1).

Table 1. Measurements of diameter of shoots (mean � standard deviation) at �ve di � erent times (T1:
30 June, T2: 18 July, T3: 27 July, T4: 3 November, T5: 21 November). Diameters within columns of each
cultivar and treatment followed by di � erent letters (a or b) are signi�cantly di � erent.

Time
Hallertau Magnum Perle Spalter Spalt

No Biochar Biochar No Biochar Biochar No Biochar Biochar

T1 7 � 2 a 8� 2 a 8� 3 a 6� 1 a 8� 3 a 5� 1 a
T2 8 � 3 a 9� 2 a 9� 1 a 7� 1 a 8� 3 a 7� 2 a
T3 9 � 2 a 10� 2 a 10� 1 a 8� 1 a 9� 2 a 8� 2 a
T4 15� 3 b 15� 3 b 11� 1 a 12� 2 b 11� 1 a 12� 3 ab
T5 16� 2 b 16� 4 b 11� 1 a 13� 4 b 11� 1 a 13� 3 b

On the contrary, signi�cant but slight di � erences resulted among diameters measured before plant
dormancy, especially for the Hallertau Magnum cultivar. It is interesting to note that the Perle and
Spalter Spalt cultivars tended to be more a� ected by the presence of biochar during the last phase of
plant development, although these di � erences are not statistically signi�cant. This trend was con�rmed
by the GLM analysis: only the single genotype and time factors were highly signi�cant ( p < 0.0001),
whereas the single treatment factor, all the two-way interactions and the three-way interaction were
not statistically signi�cant.

The GLM analysis on number of leaves at the beginning of May and climbing bines length at
harvest highlighted no signi�cant di � erences between cultivar and treatment and their two-way
interaction, as shown in Table 2.

Table 2. Measurements of number of leaves (mean � standard deviation) at the beginning of May, and
climbing bines length and number of cones at maturity. Statistical di � erences between treatments (with
biochar or without biochar) for each cultivar and parameter are displayed with di � erent letters (a or b).

Hallertau Magnum Perle Spalter Spalt

No Biochar Biochar No Biochar Biochar No Biochar Biochar

Number of leaves 20 � 8 a 18� 6 a 19� 4 a 15� 3 a 26� 14 a 25� 14 a
Bines length (cm) 547� 55 a 570� 30 a 552� 27 a 532� 61 a 555� 94 a 550� 75 a
Number of cones 97 � 17 a 144� 20 b 84� 14 a 123� 18 b 75� 12 a 106� 16 b

As regards the number of harvested cones, statistical di� erences (p < 0.0001) were observed
between treatments for each cultivar: the cones of the plants treated with biochar resulted more
numerous compared to those of plants without biochar (Table 2). Instead, the genotype factor and the
two-way cultivar-treatment interaction resulted not signi�cant by the GLM analysis.

4. Discussion

Despite the high adaptability to di � erent environmental conditions, hop cultivars of European
origin are more susceptible to changes in pedo-climatic conditions compared to the American
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genotypes [27]. Hops require a large amount of water during the growing seasons to optimize yield
and quality. Furthermore, soil has to be nutrient-rich, light, well drained, well supplied with moisture,
but free from waterlogging, with an optimal pH range between 6.0 and 6.5., although hops also grow
on soils with pH from 4.8 to 8.0 [27].

Our study wanted to verify if biochar can positively a � ect hop growth. As mentioned above,
biochar can improve soil water retention, cation exchange capacity, the content of di � erent nutrients,
and reduce soil bulk density and N leaching [7]. Moreover, biochar can enhance the uptake of N and
other nutrients by improving the root development and the whole plant physiological status [ 17].
Then, biochar may reduce plant uptake of potentially toxic elements (such as Pb, Cd and As) from
soils, due to the adsorption of metals to the negative charges on the surface of biochar particles [35].
However, the e� cacy of biochar application depends on various factors concerning both soil and plant.
Understanding these factors is essential for maximizing soil productivity and minimizing potential
deleterious environmental e � ects. For example, the positive e� ect of biochar amendment is more
remarkable in a coarse-textured than in a �ne-textured soil, and sandy soils are more responsive than
clay-rich soils; this positive e � ect could be also maximized reducing biochar particle sizes in the range
of 0.5–1.0 mm [19]. The biomass feedstock could in�uence the hydraulic properties of biochar: biochar
with high porosity and surface area can improve water adsorption [36].

Previous studies have shown discordant experimental evidences about the supposed bene�cial
e� ects of biochar on root growth. Numerous papers reported positive responses on root growth
parameters [37–41]. On the contrary, other authors [ 39,42,43] showed negligible bene�ts on root
growth. These discrepancies could depend on di � erent factors: plant species, growing environment,
soil properties, feedstock, biochar properties, pyrolysis conditions [ 15,21–23]. Furthermore, improved
concentrations of dissolved organic C after biochar addition and the adsorption of phenolic compounds
by biochar may positively a � ect root growth [ 38,43]. Moreover, biochar may stimulate a faster root
turnover and changes in root morphology [ 43]. Although there are few detailed studies on the in�uence
of biochar on the root system, it is generally recognized that plants with a longer root length, a larger
surface area and more root tips may be able to get more nutrients and grow better [ 44–46]. In the
present study, the addition of biochar amendment positively a � ected hop root growth, increasing
root length and mass density, as well represented in Figure 2. Moreover, a higher presence of roots
could be positively correlated with nutrient uptake, and induce potential bene�ts in plant growth and
development, including aboveground biomass. Bene�ts and limitations of biochar on plant growth
could depend on the types of biochar and the incorporation rates [ 47–49]. In our study, no statistical
di � erences were observed between number of leaves at the moment of bines elongation and climbing
bines length at harvest.

Regarding hop yield, biochar seemed to have positively a � ected cones production. This production
varies greatly during the �rst years of the plant vegetation. In fact, the hop plant reaches productive
and qualitative stability only after the third year. Nevertheless, biochar could have helped the plant
when the water requirement was greater. In fact, the summer period, characterized by dry weather
conditions, caused long periods of water stress, compensated only by emergency irrigation. Hops
require a high water availability for successful plant growth and cones production [ 27], and changes
in soil moisture retention may have been one of the most important factor in explaining positive
biochar e� ects on crop yield. Due to its high porosity and speci�c surface area, biochar increases soil
porosity, and, consequently, the soil hydraulic properties, such as the water storage capacity and the
absorption capacity [ 42]. Furthermore, the induced macro-porosity due to the larger particle size of
biochar positively a � ects soil water permeability [50].

Based on our �ndings, the application of biochar could be a promising strategy to enhance hop
plant growth and cones production. However, further investigation on plant physiological mechanisms
and hop cones quality is required to identify optimal levels of biochar application and to better
understand the e� ect of biochar on hop plant growth.
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5. Conclusions

The present study was conducted to assess the e� ect of BSG-derived biochar on the hop plant
development. The results reinforce the hypothesis that biochar can be a promising and e � ective soil
amendment for hop crops, supplying key nutrients for the plant growth and improving soil properties.

The recovery and reuse of the brewing industry by-products is a good approach of circularity
in this industrial sector from the environment protection and waste management standpoint. In fact,
the reuse of brewers' spent grain, as feedstock to obtain biochar, will contribute to the adoption of
environmentally sustainable practices and a more e� cient use of resources, also reducing the use of
chemical input. Moreover, it can contribute to decrease the negative economic and environmental
impact of the disposal of by-products, decreasing the CO 2 production, and increasing the sustainability
of the farming sector.
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Abstract: In the last decade, there has been an increasing interest in sustainable agricultural techniques
and the environmental evaluation of the e � ects of agricultural practices. In the present study, we
evaluated both the production capacity of organic horticultural systems, and the ex-post sustainability
through a new multi-attribute decision model named “ DEXi-met”. This qualitative model is able to
estimate the environmental sustainability of cropping systems managed with di � erent agro-ecological
approaches. In particular, we compared the following three horticultural systems: (i) ECO, an organic
system with full implementation of agro-ecological strategies (agro-ecological services crops (ASC),
strip cultivation, and organic amendment); (ii) GM, an organic system with the introduction of the
ASC; (iii) NO ASC, an organic system without ASC. The treatments with ASC presence (ECO and GM)
showed similar total energy outputs (substantially higher than the NO ASC), indicating the positive
e� ect of this agro-ecological practice. The �ndings pointed out that the ECO system, which followed
the principles of natural ecosystems, can contribute to building up more complex agro-ecosystems,
increasing both resilience and biodiversity. This management strategy reached a good compromise
between the production of vegetable cropping systems and environmental sustainability achievement.
Then, it is possible to optimize the use of natural resources, support climate adaptation, and reduce
greenhouse gas emissions.

Keywords: qualitative multi-attribute model; total energy output; agro-ecological service crops;
ex-post sustainability; organic systems

1. Introduction

Sustainable development and environmental sustainability are broadly recognized as global and
collective goals because of key issues such as limited resources, environmental pollution, and global
warming [ 1]. These increasing challenges, also considering the local and the global legislative changes,
have inevitably involved the agricultural sector. Therefore, agronomists, farmers, and researchers
should research, design, and experiment with new agricultural systems that are environmentally
friendly, economically viable, socially supportive, and e � ciently adapted to a climate change context.
In di � erent farming systems, a wide range of cultivation techniques and agro-ecological management
strategies that enhance biodiversity in crop �elds and support the sustainability of the agro-ecosystems
are already practiced and should be further promoted [ 2,3]. Among them, crop rotations, introduction
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of agro-ecological service crops (ASC; [4]), utilization of soil amendments [ 5], and crop/livestock mixing
can increase agro-ecosystem diversity and complexity both over space and time [6].

A prerequisite to the systems sustainability implementation is the development, improvement,
and/or choice of the best possible assessment methods. In fact, there is a need to determine the
reliability of innovative management practices with respect to the conventional ones, and to clarify the
bene�ts and the drawbacks of the full or partial application of an agro-ecological approach. To this
end, several approaches to measure, analyze, and assess sustainability have been developed [7].
The di� erent methodologies can be classi�ed on the basis of: (i) the typology of indicators used,
from qualitative appraisals to quantitative analytical evaluations [ 8]; (ii) the scale of analysis, from the
single plot to the whole farm or regional scales [ 9]; (iii) the systems typology, from orchards [ 10] to
arable or horticultural crops [11]; and the timing of analysis, as ex-ante or ex-post evaluation [12].

Within this large number of methodologies, a growing interest focuses on multi-method
approaches, which aim at accounting for the complexity of sustainability issues [ 13]. In this framework,
the multi-criteria analysis (MCA) decision-making methods can handle a typical decision-making
problem related to sustainability assessment. The MCA are increasingly gaining importance in
agriculture, since they can consider multiple and con�icting criteria and, at the same time, they are able
to tackle complex decisional problems breaking them down in easily understandable elements [ 14–16].
In recent years, the scienti�c community has developed several qualitative MCA tools for the
sustainability assessment of di� erent agricultural systems [ 17,18], based on a computer program for
multi-attribute decision-making, de�ned as “DEXi” by Bohanec et al. [ 19]. Among them, the DEXi-met
tool was recently developed, speci�cally for the ex-post evaluation in organic horticulture, and it
was applied to compare di � erent crop rotations in Mediterranean conditions [ 20]. In this model,
a cropping system was considered instead of a single cash crop, in order to have a broader idea of the
environmental sustainability of the system.

There is still a lack of knowledge on the sustainability assessment when di � erent levels of
the agro-ecological approach are applied, especially in organic horticultural production in the
Mediterranean environment. In light of these considerations, the aim of the present research was to
evaluate the performance of di � erent cultivation systems managed with agro-ecological practices.
To accomplish this aim we evaluated both the production capacity of the systems and the ex-post
environmental sustainability by using the DEXi-met qualitative multi-attribute model.

2. Materials and Methods

2.1. Study Site

The study was performed in the research farm `Azienda Sperimentale Metaponto' of the Consiglio
per la Ricerca in Agricoltura e l'analisi dell'economia Agraria. The farm is located at Metaponto (MT),
in southern Italy (lat. 40 � 240 N; long. 16� 480 E, 8 m above sea level).

The soil, classi�ed as a Typic Epiaquert, has the following properties: low N (1.0 g kg � 1) and
organic matter (19.0 g kg� 1) contents, 759 mg kg� 1 of exchangeable potassium (K), 31.1 mg kg� 1 of
available phosphorus (P), pH value of 8.4, clay and silt contents of 60 and 36%, respectively, electrical
conductivity of 0.48 mS cm � 1 (at 0 to 30 cm depth), increasing with depth, average bulk density of
1350 kg m� 3, cation exchange capacity of 27.1 meq 100 g� 1 of dry soil and the soil water content
(a percentage of soil-dry weight) of 34.5% and 20.1% at �eld capacity ( � 0.03 MPa) and permanent
wilting point ( � 1.5 MPa), respectively.

The climate is classi�ed as “accentuated thermo-Mediterranean”, considering the UNESCO-FAO
classi�cation [ 21], with mean monthly temperatures of 8.8 � C in the winter, and 24.4 � C in the summer.
Winter temperatures can fall below 0 � C, whereas summer temperatures can rise above 40� C. The total
rainfall (on average 490 mm year� 1) is concentrated mainly during the winter months and the mean
annual potential evaporation rate is 1549 mm.
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2.2. Experimental Field Trials, Treatments, and Measurements

The research was carried out during the 2016–2017 cropping season in two di� erent experimental
�elds. The �rst one consists in a long-term �eld trial in organic horticulture, which had been planned
to adapt horticultural systems to unfavorable climatic conditions (in particular, extreme rainfall
events during autumn and winter periods). In this experimental �eld, integrated strategies are
combined, i.e., soil surface shaping, crop rotations, introduction of agro-ecological services crops
(ASC), ASC termination techniques, and fertilization with organic products [ 4]. The base layer is the
soil surface shaping in a “ridge system”. Cash crops are planted both on the top of each raised bed
2.5 m wide (ridges) and in the 2.5 m �at areas (strips) between them. The crop rotation is designed to
cultivate the cash crop on the ridges and the ASC in the strips during the winter-rainy period of the
year. Cover crops are used to prevent soil erosion and provide N to the system via biological �xation,
since on the top of the ridges, a leguminous cover crop is intercropped (as living mulch) in the winter
as a vegetable crop and maintained as a ground cover. During the winter-rainy period, in the �at soil
strips, mixtures of ASC species of di � erent botanical families are cultivated between two consecutive
spring–summer cash crops. The used ASC termination methods (before the subsequent cash crops
transplant) are green manure (in which the cover crop is chopped and plowed at the end of �owering)
vs. cover crop biomass �attening by an in-line roller-crimper, in which the mulch covers the soil surface
until the vegetable crop harvest [ 4]. Finally, the last layer consists of organic fertilization, which is
implemented into further horizontal strips, by using commercial and experimental amendments.

The second experimental �eld was conceived to verify the hypothesis that the use of the in-line
roller crimping technology for ASC termination will improve the agronomical performances of the
organically managed vegetable cropping systems. A two-year �eld experiment was carried out to
evaluate the e� ect of ASC termination on tomato, by comparing green manure vs. roller-crimper,
NO ASC (control) and plastic mulch (positive control) treatments. Another variability factor consists
of three di � erent fertilization treatments (i. on-farm organic fertilizer, ii. commercial organic fertilizer,
and iii. unfertilized control).

The experimental design of each �eld trial was a strip plot with three replications, allowing the
ability to calculate the standard deviation of the variables.

In the present research, the following three management systems adopting di � erent agro-ecological
approach levels are considered, which have been extrapolated from the two above-de�ned experimental
�eld trials (Table 1):

1. ECO, an organic system with the full implementation of the described agro-ecological strategies,
from the �rst experimental �eld. The cultivation area (1 ha) was divided into two parts (0.5 ha
ridge furrow and 0.5 ha �at strip) and crops were cultivated both on the ridges and in the
strips. On the ridges, with the clover as a living mulch, cauli�ower during the winter period
(transplanted on 20 October 2016 and harvested on 21 March 2017) and tomato crop during
the spring–summer (transplanted on 24 April 2017 and harvested during August 2017) were
cultivated. In the strips, the ASC (80% vetch-20% oats) were sown in November 2016 and
incorporated as break crops during the following spring. Zucchini, during the spring–summer
(transplanted on 27 April 2017 and harvested during July 2017), and lettuce, during the late
summer–autumn (transplanted on 31 August 2017 and harvested on 26 October 2017), were then
cultivated. A composted anaerobic digestate from cattle manure was used as fertilizer (i.e., on-farm
organic fertilizer). The phytosanitary management followed the organic farming rules. The ECO
cultivation system is under study in an experimental �eld in which the adaptation of horticultural
systems to extreme climatic events are being tested, since these phenomena are increasing in the
Mediterranean area. Consequently, we choose this experimental system to verify the hypothesis
that the above-described practices may be used by the farmers as potential adaptation strategies
for organic agro-ecosystems.
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2. GM, an organic system with the introduction of the ASC, from the second experimental �eld.
The ASC (80% vetch-20% oats) were sown in November 2016 and chopped and plowed into the
soil in April 2017. The tomato plants were transplanted in May and harvested during July 2017.
The fertilizer, a composted anaerobic digestate from cattle manure (i.e., on-farm organic fertilizer),
was spread two times, before ASC sowing (70% of the total amount) and the remaining part (30%)
before tomato transplanting. The phytosanitary management followed the organic farming rules.
The above-described cultivation technique is becoming more utilized in organic farms, even if it
needs further investigation, particularly in horticultural systems.

3. NO ASC, an organic system without ASC, from the second experimental �eld. The tomato
crop was cultivated in the spring–summer period (transplanted on 5 May 2017 and harvested
during July–August 2017). The phytosanitary approach followed the organic farming rules and
a commercial organic fertilizer (NPK 4-8-12) was spread before transplanting. This cultivation
system is still the most commonly used by organic horticultural farmers, even if it does not follow
the agro-ecology approach.

Table 1. Description of the three di � erent systems analyzed. ECO= organic system with the full
implementation of the agro-ecological strategies; GM = organic system with the introduction of the
agro-ecological service crops (ASC); NO ASC= organic system without ASC.

ECO GM NO ASC

Year 2016/2017 2016/2017 2016/2017
Total area 1 ha 1 ha 1 ha

Soil texture Clay soil Clay soil Clay soil
Strip cultivation for

agroecological function
Yes (on ridge-�at strips

system)
No No

Cash crop

Ridges:
cauli�ower /tomato

0.5 ha
Strips: zucchini /lettuce

0.5 ha

Tomato 1 ha Tomato 1 ha

ASC as break crops
Vetch/oats 0.5 ha in

strips
Vetch/oats 1 ha No

ASC as living mulch Clover 0.5 ha on ridges No No

Phytosanitary management
Organic (pyrethrum,

Cu, S)
Organic (pyrethrum,

Cu, S)
Organic (pyrethrum,

Cu, S)

Fertilization management
On-farm organic

fertilizers
On-farm organic

fertilizers
Commercial organic

fertilizers
Amount of N distributed

with the fertilization
215 kg ha� 1 150 kg ha� 1 150 kg ha� 1

Soil tillage Minimum tillage Minimum tillage Minimum tillage
Irrigation system and water

consumption
Drip irrigation-7320 m 3 Drip irrigation-3300 m 3 Drip irrigation-3300 m 3

In ECO, at the cauli�ower, zucchini, and lettuce commercial maturity, �ve randomly selected plants
in each plot were collected to determine both “production quantity” attribute and the most important
quality parameters for the calculation of “production quality” attribute. Conversely, at harvest, in GM
and NO ASC the tomato fruits were collected from two randomly selected plants (center of the 2 rows
in each plot) and both marketable and total yields and quality parameters were recorded to calculate
production attributes.

2.3. Sustainability Evaluation

2.3.1.DEXi-met Model Application

To assess the sustainability of the agro-ecological practices implemented in the experimental �eld
trials, crops yield and energy outputs were measured. The marketable yields were multiplied by their
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own coe� cient of equivalent energy taken by the literature, to estimate the energy outputs [ 22]. The data
of each agricultural operation were collected in a standardized procedure. All �eld practices were
recorded (human labor as h ha� 1, fuels consumption as kg ha� 1), during the cover crop management
and the cash crop cycles. Moreover, to better understand the systems environmental impact and
sustainability, the DEXi-met model was used, aiming at assessing the level of sustainability of each
considered system [20]. DEXi-met was developed for the ex-post assessment in organic horticulture
by implementing the original DEXi software, which is utilized in multi-criteria decision analysis [23].
The ex-post assessment carried out with this model includes the basic attributes derived from the
�eld experiment (e.g., productions, organic matter, etc.). In more details, DEXi-met is based on a
hierarchical decision tree structure that breaks down the sustainability into smaller modules, which can
be explained and calculated. Both qualitative and quantitative basic attributes are categorized into a
linguistic scale, that is from a three-value scale (“low”, “medium”, “high”), used for the basic attribute,
to a seven-value scale (“very-low”, “low”, “medium-low”, “medium”, “medium-high”, “high”,
“very-high”) for the “overall sustainability”. The evaluation procedure begins with the calculation
of the basic attributes, that could be also calculated using a satellite tree [24]. Their homogenization
into the rank-ordered qualitative scale and the pyramidal aggregation of attributes contributed to
the calculation of the aggregated �nal sustainability. The aggregation procedure is based on decision
rules and relative weightings, that were given to each attribute, according to their alleged signi�cance
and contribution to sustainability. The weightings were de�ned involving both decision analysts and
experts (i.e., researchers, agronomists, and farmers) and considering the literature, as indicated in
Montemurro et al. [ 20]. The DEXi-met model tree structure is reported in Figure 1. All the attributes
(basic and aggregate) from the bottom to the top, their aggregation weights and the corresponding
scales are presented, to understand the calculation of the �nal “overall environmental sustainability”.

2.3.2.DEXi-met Sensitivity Analysis

In order to identify the most signi�cant variables that a � ected the sustainability of the
systems, a sensitivity analysis (SA) of the DEXi-met model was also performed. According to
the suggestions of Iocola et al. [17], the SA was performed utilizing the IZIEval tool (http:
//wiki.inra.fr /wiki /deximasc/Interface+IZI-EVAL /Accueil). The IZIEval is an interface shaped to facilitate
the multi-criteria sustainability assessment of cropping systems based on models developed with the
DEXi software, supplementing the existing features of DEXi. The Algdesign and XML packages, of the
open-source R software [25], were used for the SA.

Through the IZIEval interface, both the sensitivity indexes (SI) and Monte Carlo (MC) analyses
were performed, to gain the SA. In particular, according to Carpani et al. [ 15] we used the same basic
attributes utilized for the “overall environmental sustainability” in the sensitivity indexes computation.
The software automatically attributed an equal weight or probability of occurrence to all possible
values of each variable. The SI highest values corresponded to the most important e� ect for a speci�c
variable within the “overall environmental sustainability”. The SI used the hierarchical model tree
structure to obtain the results. Aggregation weights and number of the basic variables at the same
level, aggregation weights of the aggregated variables, and depth levels in�uenced the �ndings.

To model the probability of di � erent outcomes when random variables are involved, the Monte
Carlo simulations are a possible tool. They allow obtaining the relative frequency distribution of the
output values of an aggregated variable. In our study, according to Iocola et al. [ 17] this analysis
was carried out by using IZIeval, randomly sampling and simulating a large number of values (5000)
of each variable, to obtain the frequency distribution of the overall sustainability values and their
main components.
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Table 4 reports the frequency distributions of the 5000 simulated outputs of the Monte Carlo (MC)
analysis for the overall sustainability and for the main model components (nodal attributes). The “overall
environmental sustainability” showed the qualitative value “medium” more frequently (MC = 0.543)
than the other values. Among the nodal attributes, the “production capacity” recorded the value
“medium” (MC = 0.496) that occurred more frequently than the other modalities. The “medium-low”
and “medium” values were the most frequent for the “soil and water preservation” (MC = 0.571 and
MC = 0.275, respectively), while the “resources preservation” principally scored the “medium” and
“medium-high” values (MC = 0.475 and MC= 0.399, respectively). In the nodal attribute “biodiversity
conservation”, the “medium-low” and “medium-high” were the most frequent values.

Table 4. Relative frequency distributions of the results of 5000 Monte Carlo simulations among the
seven di� erent qualitative values (“very low”, “low”, “medium-low”, “medium”, “medium-high”,
“high”, “very high”) for the overall sustainability and among the �ve di � erent qualitative values (low”,
“medium-low”, “medium”, “medium-high”, “high”) for the main aggregate attributes (“production
capacity”, “soil and water preservation”, “resources preservation”, and “biodiversity conservation”)
obtained with DEXi-met.

Very Low Low Medium-Low Medium Medium-High High Very High

Overall sustainability 0.000 0.003 0.257 0.543 0.190 0.005 0.000
Production capacity - 0.014 0.237 0.496 0.237 0.016 -

Soil and water
preservation

- 0.020 0.571 0.265 0.136 0.008 -

Resources preservation - 0.004 0.034 0.475 0.399 0.089 -
Biodiversity
conservation

- 0.246 0.309 0.000 0.338 0.107 -

4. Discussion

4.1. Yield Performances and Energetic Output

The values of the tomato marketable yields in GM were higher by 70 and 123% compared with NO
ASC and ECO treatments, respectively. This result was probably due to higher availability of readily
available N, which derives from decomposition of the aboveground biomass of the ASC plowed into
the soil [4,11]. Conversely, in the ECO plots, in which the clover was used as living mulch [ 26,27],
and in the NO ASC, the tomato yield did not reach the standard level of organic production [ 28].
Moreover, in the ECO system, the cauli�ower marketable yield was very low, likely because adverse
climatic conditions occurred. In fact, during the growing season there was an extreme adverse event,
unusual in the experimental area, showing low mean month temperature (4.5 � C) and several days of
values below � 4 � C on January 2017, associated with high rainfall intensity (117 mm). The zucchini
and lettuce marketable yields, which bene�ted from the residual fertility of the ASC, were comparable
with other experimental results on organic crops production [29–31].

The total energy output per hectare was higher in GM by 14% and 70% than ECO and NO ASC,
respectively (Table 3). In particular, the treatments with the presence of ASC showed similar total
energy output productions (about 20,000 MJ ha� 1), which were substantially di � erent in comparison
with the management without cover crops, thus indicating the positive e � ect of such agro-ecological
practice [32]. This result was probably due to the large di � erence generated in the total tomato output
for GM and NO ASC treatments. Conversely, the ECO treatment showed a slightly reduced energy
output in comparison with GM, because of the very low productions in the cauli�ower cropping
cycle [33], even if the four di � erent crops contributed to the overall production by half a hectare.
According to the USDA indications [ 22], the coe� cient of equivalent energy of the cauli�ower was the
highest (value equal to 1), therefore, the low production of this crop in�uenced the total energy output
of the ECO treatment. In any case, we must take into account that the di � erences among treatments
showed a high standard deviation, which was generated by the huge variability of the data.
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4.2. Environmental Sustainability Evaluation by DEXi-met

The “overall environmental sustainability” of the cropping systems varied among the three
evaluated management systems, passing from “medium-low” showed in NO ASC to the “high” in
ECO. This response can be explained by the scores both of the aggregate nodal attributes (Figure 3)
and the basic attributes (Figure 4), and it was a consequence of the intensi�cation of the agro-ecological
strategies adopted. In particular, the DEXi-met output showed that the ECO strategy was the most
sustainable one, mainly due to the di � erences detected in the nodal attribute “biodiversity conservation”.
In fact, the study of Depalo et al. [ 34] pointed out a general positive in�uence of the living mulch
techniques on arthropods in plant /soil systems, as shown by a high level of soil biodiversity and a
lack of negative impacts on the density of canopy insects. Also, the presence of ASC in the rotation as
break crops enhances the “biodiversity conservation” and, at the same time, it may have impact on
occurrence of weeds, diseases, and pests [4,35]. Our results con�rmed these �ndings, being the ECO
system characterized by ASC presence both as break crops and living mulch, compared with the other
two treatments (Table 1).

For the “production capacity”, di � erently from the yield performance and the energetic output,
the DEXi-met model considered not only the crop productions, but also the physico-chemical fertility
and the systems control on pests and disease. The di� erences between ECO and GM were not
perceivable by the model and scored “medium” value in both systems (Figure 3). Conversely, the NO
ASC scored “medium-low”, due to the “low” value of pests and disease control (Figure 4).

The systems with the introduction of the agro-ecological service crops (ECO and GM) scored high
soil erosion control, in agreement with the study of De Benedetto et al. [ 36]. This result was generated
by a better soil cover, in particular during the winter /heavy rainy period. Therefore, the nodal attribute
“soil and water preservation” was the highest in ECO, followed by the GM system. The di � erences
in “resources preservation” was mainly due to the di � erent fertilizers used. In fact, the composted
anaerobic digestate, which was utilized in the ECO and GM plots, is a renewable, more sustainable
fertilizer than the commercial organic one, and its application did not compromise the systems
production capacity, thus con�rming the �ndings of previous studies [11,37].

Finally, the DEXi-met output showed substantial di � erences in the aggregate nodal attribute
“biodiversity conservation” among the systems, as explained above. In particular, the introduction of
the ASC increased the score both in ECO and GM (“high” and “medium-high”, respectively), compared
to the NO ASC management strategy. Similarly, other studies indicated that the presence of ASC
enhances the insect and arthropods communities [38], as well as the soil microbial activities [39].

Even if the DEXi-met presents some aspects that should be improved, it showed some strengths
and, therefore, its application gave us the possibility to analyze in detail the general structure of the
overall sustainability, as well as the components and the single variables of the systems considered.
We should also take into account that DEXi-met model is one of the new ex-post tools, which considers
some attributes derived from the �eld experiment. However, to better understand how the model
tree structure a� ects the results and to �nd the most signi�cant variables that contributed most to
the output variability, a sensitivity analysis was necessary. The sensitivity index results were a � ected
by the level of complexity of each component and by the number of variables. Carpani et al. [ 15]
indicated that a simpler component structure has a greater in�uence on the overall sustainability,
whereas a higher number of variables, that individually could have no signi�cant impact, become more
sensitive if they are considered together. In our study, the DEXi-met produced both the “microorganism
preservation” and the “macrofauna preservation” attributes as the most in�uential variables of our
sensitivity analysis. This last result was due to the di � erence in the systems analyzed. In particular,
it is a consequence of using agro-ecological practices, especially in the ECO system. Except for
“strip cultivation with agro-ecological functions”, all the other basic attributes in the nodal aggregate
“biodiversity conservation” showed the SI higher than 0.2, indicating the positive in�uence of the
systems on the environmental sustainability [ 40]. The basic attributes “fertilizer C /N” (within the
“resources preservation” nodal attribute), the “insects and pests diseases”, “weeds”, and “production
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quantity” (within the “production capacity”), and “soil erosion control” (within the “soil and water
preservation”) reached the highest values. According to Carpani et al. [ 15], when the SI is high,
the e� ect of each variable on the overall sustainability is more relevant.

The detailed analysis of the Dexi-metmodel structure through the distribution of frequencies in
the overall sustainability and the nodal attributes (showed by the Monte Carlo analysis) revealed
that the model adequately represents the diversity of the systems evaluated. In fact, the frequencies
obtained in the “overall sustainability” showed the highest value for the “medium” modality, following
a normal Gaussian pattern. This behavior is due to the use of till to seven qualitative classes at the
“overall sustainability” level, allowing to distinguish the di � erent scenarios. However, the number
of the qualitative classes (from “very low” to “very high”) was not so large to generate unnecessary
complications in the use of the model, and to reduce its ability to distinguish di � erences between
systems. Besides, to avoid further complications, in agreement with Craheix et al. [24], the aggregate
attributes were composed by �ve qualitative classes (from “low” to “high”) and the basic attributes
were composed by only three classes (“high”, “medium”, and “low”).

5. Conclusions

Sustainability in agriculture is a complex concept and there are no common viewpoints
among scientists about its dimension. Nonetheless, various parameters for measuring agricultural
sustainability have been proposed, since the measure of the mere production capacity of an agro-system
is not enough to evaluate it. This study clearly highlighted the relevance of considering di � erent
criteria, when we assess the advances in sustainability achievement that could be obtained introducing
agro-ecological management practices and innovations. The �ndings also demonstrated that applying
principles and practices which tend to follow the natural ecosystems can contribute to building up
more complex agro-ecosystems, increasing resilience, and optimizing and maintaining biodiversity.
In particular, the agro-ecological approach (ECO) both reduces the use of and dependency on
external synthetic inputs by enabling to control pests, weeds, and improving fertility with ecological
management. This management strategy could optimize and close resource loops (nutrients, biomass,
etc.), by recycling nutrients and biomass in the farm. It may also support climate adaptation and
resilience and contribute to greenhouse gas emissions mitigation, through lower use of fossil fuels and
higher carbon sequestration in soils.

As revealed by our results, the introduction of the agro-ecological management practices such
as ASC, use of on-farm produced fertilizers (composts), intercropping, etc., is an interesting way
to improve the sustainability of the system. In any case, the results found here could not be fully
generalized, since theDexi-metmodel did not take into account some other aspects (e.g., the economic
sustainability, the length of the study period, etc.). Moreover, when these strategies are applied,
agronomic and productions di � culties should be kept in mind, at least in the short transition period
between conventional and agro-ecological systems.

The proposed modeling approach provides a simple method of decisional support to farmers to
e� ciently select di � erent crop management strategies, by assessing the environmental sustainability
of the cultivation systems. An interesting topic of further research could be testing the considered
agro-ecological management practices in di� erent environmental conditions.
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Abstract: In this study, maize plant was cultured in soil contaminated with di � erent levels of
crude oil. The purpose was to investigate the change of soil properties, leaf physiological and
chemical parameters, and phenanthrene content in the leaf. Results showed that soil water content
signi�cantly increased when the levels of total petroleum hydrocarbons were 3700–17,800 mg /kg in
soil, and soil electrical conductivity signi�cantly increased compared with the control. In maize leaf,
stomatal length and density, as well as K and Na contents decreased in contaminated treatments
compared with the control. Stomatal length has a signi�cant positive correlation with K content
in leaf (r = 0.92,p < 0.01), while stomatal density was negatively correlated to the crude oil level
in soil (r = � 0.91,p < 0.05). Accumulation of phenanthrene in maize leaf was mainly through the
foliar uptake pathway. Phenanthrene concentrations of maize leaf in oil-treated soil were less than
that of the control, which exhibited a signi�cant positive relationship with stomatal length (r = 0.98,
p < 0.01). This study demonstrated that the stomata structure of maize could be in�uenced by crude
oil and thus possibly controlling the accumulation of polycyclic aromatic hydrocarbons in aerial
tissues. Based on these results, controlling stomata movement will be bene�cial to phytoremediation
of contaminated soil.

Keywords: maize; stomata; soil; phenanthrene; remediation

1. Introduction

Petroleum oil is the main energy source and plays an important role in modern society.
Soil contaminated with petroleum hydrocarbons is an increasing environmental concern as oil
consumption increases dramatically around the world [ 1]. Among the numerous components of
petroleum hydrocarbons, polycyclic aromatic hydrocarbons (PAHs) are persistent and carcinogenic in
the environment, and thus threaten human health through contaminated food chain [ 2]. In general,
compared with inhalation or skin contact, ingestion of contaminated food is the primary pathway for
human to exposure to PAHs [3,4].

Oil residuals can cause some major changes in the soil chemical properties, such as decreased
total nitrogen content, and increased pH value to some extent [ 5], which in�uences the growth of
plants in soil. The toxic e � ects of crude oil contamination prevent germination from occurring and
provide unsatisfactory soil conditions [ 6,7]. Such poor soil conditions may result from insu � cient
aeration caused by decreased air-�lled pore space, low water content, as well as a reduction of available
nutrients [ 8]. Therefore, it is necessary to fully understand the changed properties of petroleum
hydrocarbon contaminated soils that are closely related to plant growth.
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Plants adapt to environmental stress by adjusting their external morphology, internal structure,
and physiological and ecological characteristics [9]. Crude oil is likely to directly a � ect plants after
contact and provide a resulting intake of contaminants [ 10,11]. Plants take in PAHs mainly through
soil-to-plant and air-to-plant, i.e., root uptake and atmospheric deposition from gaseous or particulate
forms [12,13]. In the former pathway, PAHs can be taken in the aerial plant tissues from the root through
the transpiration stream within the xylem, while in the latter one, they can be di � used into plant leaves
via the cuticle or the stomata [ 14]. Since stomatal closure or opening is vital to the transpiration and
gas exchange, it should be considered in the study of PAHs uptake by plants.

In botany, a stoma is a pore found in the epidermis of leaves, stems, and other organs controlling gas
exchange between the atmosphere and plants [15]. Stomatal density and aperture (length of stomata)
vary under many environmental factors such as atmospheric CO 2 concentration, light intensity,
air temperature [ 16,17], potassium and sodium concentration [ 18], air pollution, and environmental
stress [19]. For example, stomatal size obviously decreases with water de�cit, and stomatal density is
positively correlated with stomatal conductance, net CO 2 assimilation rate, and water use e� ciency [20].
Thus, the stomata can adapt to local and global changes on all time scales from minutes to millennia [ 15].

The edible plants grown in contaminated soils are of great concern to human health for its
potential risk. For instance, maize plant has been reported to be a candidate for phytoremediation
of hydrocarbon-contaminated soil [ 21,22]. In our previous work, maize plant was also applied for
phytoremediation of crude oil contaminated soil, in which several PAHs had been detected in maize
plants, and phenanthrene (PHE) had the highest level [ 23,24]. Stomata play an important role in the
air-to-plant uptake pathway of PAHs. However, the information about the changes in leaf stomata of
maize plants grown in crude oil contaminated soils is scarce. Therefore, it is necessary to investigate
the changes of leaf stomata of plants grown in contaminated soil and the in�uence factors. The main
objectives of this study were (1) to understand the changes of stomata structure and the concentrations
of potassium (K) and sodium (Na) in maize leaf in response to crude oil contaminated soil; (2) to
evaluate the relationships between the PHE (a representative of PAHs) leaf concentration and leaf
parameters/soil properties.

2. Materials and Methods

2.1. Chemicals, Seed of Maize and Soil

Crude oil without re�ning was obtained from Guangzhou Department, Sinopec Corporation,
China. All other agents used in this study were analytical grade. Seed of CT 38 was purchased from
Research Institution of Crop, Guangdong Academy of Agricultural Sciences, China.

The soil in the experiment was collected from the upper layer (0–20 cm) of an abandoned farm in
Guangzhou Higher Education Mega Center, Guangzhou, China. After stones and roots were removed,
the soil was air-dried, smashed, and passed through a 4 mm sieve. The organic matter content and
pH of the soil were 1.3% and 6.54, respectively. Nutrient levels were 24.5 g/kg ammoniac nitrogen,
4.32 g/kg total phosphorus (P), and 0.40 g/kg total K.

2.2. Experimental Design and Management

The soil (1.5 kg) was placed in a plastic crate, spiked with di � erent amounts of crude oil, and
stirred for homogeneity with a wood spoon. The soil was then put into plastic pots and placed
outdoors for 4 months to adequately evaporate the volatile fractions of crude oil. And then the total
petroleum hydrocarbon (TPH) levels were measured to be 0, 2600, 3700, 6500, 17,800, and 48,800 mg/kg,
respectively, using the method of our previous work [ 23]. Each treatment was replicated three times.
Three maize seeds were placed into soils at 2 cm depth in each pot. After the maize seedlings grow
out of the soils with three expanded leaves, one seedling was left in each pot. The pots were placed
outdoors at the top of our laboratory building. The experiment was started in September. The average
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temperature was 23.2 � C during the experiment. Water was added into potholders for soil moisture.
After two months, soil properties and maize leaf parameters were determined.

2.3. Analytical Methods

2.3.1. Soil Water Content and Soil Electrical Conductivity

To understand the water content of soil contaminated with di � erent levels of crude oil, soil
samples were collected in pots with a core sampler when water su � ciently in�ltrated into the soil
from a potholder. Soil water content was determined gravimetrically by weighing, after drying in an
oven at 105 � C for 12 h according to the method described by Liu et al. [ 25]. Soil electrical conductivity
was measured by a portable electrical conductivity meter (Hanna HI-993310D).

2.3.2. Determination of Stomatal Traits

Stomatal traits in maize leaf were determined according to the method described by Zheng et al. [ 26].
The �rst leaf fully expanded on the main stem was sampled for each plant. Colorless nail polish was
carefully smeared on leaf samples for about half an hour. Then the thin �lm was immediately covered
with a cover slip and pressured lightly with a �ne-point tweezer. Leaf stomatal length and density
were measured from the base, middle, and tip sections on leaves of maize. Three slides were prepared
for each taxon. Stomatal length was determined by micro-morphological observations carried out on
1 cm2 portion per leaf (excised from similar areas) with a microscope (Carl Zeiss Micro-imaging, GER)
equipped with a spot insight color camera (Diagnostic Instruments, Sterling Heights, Sterling Heights,
MI, USA). Stomatal density (NO /cm2) was calculated on 10 representative �elds of leaves according to
the method described by Orsini et al. [27].

The gravimetric measurement of water loss after leaf excision is a rapid method to evaluate
the transpiration rate. The initial fresh weight (FW) and the weight after 5 min (W) were recorded.
Water loss in 5 min was the di � erence between FW and W, which were used to calculate the transpiration
rate [28]. The leaf water content was also determined gravimetrically by the method of soil water
content mentioned above. The leaves were cut into pieces and dried in an oven at 105 � C until they
reached a constant weight.

2.3.3. Determination of K and Na Concentration in Maize Leaves

To determine the concentration of K and Na in maize leaves, samples were collected and dried,
followed by digestion with HNO 3 and oxidation by H 2O2 with a heating plate. The residual was
dissolved in 5% (V/V) HNO 3 solution, the concentrations were measured by atomic absorption
spectrophotometry (AAS, Z-2000, Hitachi, Tokyo, Japan) as previously described by Cicek and
Cakirlar [29].

2.3.4. Determination of PHE in Maize Leaves

Concentration determination of PHE in maize leaf was conducted according to the previous
method described by Tao et al. [30] with some modi�cation. Maize samples (1.00 g) homogenized with
about 1 g of anhydrous sodium sulfate were put in glass tubes. The samples were extracted with 10 mL
hexane/dichloromethane (1:1) under ultrasonic conditions for 30 min. Then the extract was collected
in a beaker. This process was replicated three times. The collected extract was puri�ed by passage
through a silica gel column and vacuum concentrated with a rotary evaporator at 40 � C. The samples
were re-suspended in n-hexane to a �nal volume of 1 mL for further analysis by gas chromatography
mass spectrometry (GC-MS).

Analysis of plant samples was conducted using a GC–MS with Thermo Trace GC Ultra instrument
coupled to a Thermo DSQ II mass spectrometer (Thermo Electron Corporation, Waltham, MA, USA).
Compounds were separated in a 30 m 0.25 mm id capillary column coated with 0.25 � m �lm (HP-5MS,
Agilent, USA). GC temperature was programmed from an initial 80 � C before commencing at 10� C/min
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up to 290 � C, with a �nal holding time of 10 min. Helium was used as carrier gas. A 1.0 � L aliquot of
the extract was injected while the injector port was held at 280 � C and operated in a splitless mode at
a �ow rate of 1.0 mL /min. The head column pressure was 30 kPa. The mass spectrometer was operated
in scan mode with an electron impact ionization of 70 eV and an ion source temperature of 230 � C.
Solvent delay was set at 4 min. Selective ion monitoring model was used. The target ions and retention
time was 178 and 14.84 min for PHE, respectively [31].

2.4. Statistical Analysis

Statistical Product and Service Solutions statistic software 17.0 (SPSS company, Chicago, IL, USA)
was used for the statistical evaluation of the results designed as completely randomized with
three replicates of each parameter. Mean values followed by the same letter were not signi�cantly
di � erent, as determined by an analysis of variance (ANOVA). The di � erences were compared by
Duncan's range at a signi�cance level of p < 0.05. The relationships between parameters were evaluated
by Pearson correlation analysis.

3. Results

3.1. Changes in Soil Properties

The changes in soil water content and soil electrical conductivity in di � erent treatments were
shown in Figure 1. Soil water content was signi�cantly increased when the TPH levels rose from 3700
to 17,800 mg/kg, but dramatically decreased at the extremely high level of 48,800 mg /kg, compared to
the control soil (Figure 1A). At the low-level contaminated soil (2600 mg /kg), water content was similar
to that of the control. The values of soil electrical conductivity in the contaminated treatments were
signi�cantly higher than that of the control (Figure 1B), but it exhibited no regular tendency.
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Figure 1. E� ect of soil contamination with crude oil on soil water content ( A) and soil electrical
conductivity ( B). (p < 0.05). Di� erent letters on top of the bar indicate they are signi�cantly di � erent at
p < 0.05.

3.2. Leaf Growth and Stomatal Density and Length

Stomatal length of maize leaf in contaminated treatments signi�cantly decreased in comparison
with that in the control (Figure 2A), but there were no signi�cant di � erences among 3700–48,800 mg/kg
treatments. Stomatal density decreased with increasing TPH levels in soil (Figure 2B). In the highest-level
contaminated soil, stomatal density was decreased by 46% compared with the control. In comparison,
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the downtrend showed that stomatal length was more sensitive than stomatal density to
contaminated soil.
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Figure 2. E� ect of soil contamination with crude oil on stomatal length ( A) and stomatal density ( B)
of maize leaf. (p < 0.05). Di� erent letters on top of the bar indicate they are signi�cantly di � erent
at p < 0.05.

3.3. Water Content and Transpiration Rate

Water content and transpiration rate are important physiological functions of plants, which may
be in�uenced by soil conditions. As shown in Figure 3A, leaf water contents in all samples grown in
contaminated soil were similar, suggesting the crude oil contaminated soil with di � erent concentration
did not have a remarkable e� ect on the water transport from soil to plant tissues, but did change the
water content in the maize leaf. As shown in Figure 3B, transpiration rates of maize leaf in contaminated
soil did not exhibit a signi�cant di � erence, but were slightly higher than the control. This indicated the
transpiration rate of maize plant could be a � ected by crude oil contaminated soil to some extent.
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Figure 3. E� ect of soil contamination with crude oil on water content ( A) transpiration rate ( B) of maize
leaf (p < 0.05). Di� erent letters on top of the bar indicate they are signi�cantly di � erent at p < 0.05.
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3.4. Concentrations of K and Na in Maize Leaf

As the major mineral elements in plant tissues, K and Na play important roles in maintaining the
physiological functions, especially in regulating the opening and closure of stomata. It is necessary to
investigate the e� ect of crude oil contaminated soil on the K and Na assimilation of maize. As shown
in Figure 4, both K and Na concentrations in maize leaf signi�cantly decreased with increasing TPH
levels of soils, indicating the crude oil contaminated soil had a signi�cant e � ect on the assimilation
of K and Na in maize plant. Additionally, K and Na concentrations in maize leaf at high levels of
contaminated soil (above 6500 mg/kg) were much lower than those of the control.
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Figure 4. E� ect of soil contamination with crude oil on K and Na concentrations in maize leaf. ( p < 0.05).
Di � erent letters on top of the bar indicate they are signi�cantly di � erent at p < 0.05.

3.5. Phenanthrene Concentration in Maize Leaf

As shown in Figure 5, PHE concentrations of maize leaf in contaminated treatments were lower
than that in the control group, and there were signi�cant di � erences when TPH levels reached
3700 mg/kg. Furthermore, in the soil treatments with TPH levels ranging from 3700 to 48,800 mg /kg,
PHE concentrations in maize did not exhibit signi�cant changes.
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Figure 5. Phenanthrene concentration of maize leaf in di � erent treatments. (p < 0.05). Di� erent letters
on top of the bar indicate they are signi�cantly di � erent at p < 0.05.
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3.6. Relationship

The relationships between di � erent parameters were presented in Table 1. TPH level in soil was
negatively correlated to soil water content, leaf water content, stomatal length and density, K, Na and
PHE contents in maize leaf, but positively correlated to soil electrical conductivity and transpiration
rate of maize leaf. Especially, signi�cant negative correlations were observed between soil TPH level
and soil water content (r = � 0.82,p < 0.05), as well as stomatal density (r= � 0.91,p < 0.05). In this study,
correlation analysis also covered the stomata structure, ion contents, and PHE concentration in maize
leaf. Stomatal length was signi�cantly positively correlated to leaf K content (r = 0.92,p < 0.01). Besides,
PHE concentration had a signi�cantly positive correlation with stomatal length (r = 0.98,p < 0.01).

Table 1. Simple correlation coe� cient (r) between parameters.

TPH SW EC LW TR SL SD K Na PHE

TPH 1.00
SW � 0.82 * 1.00
EC 0.55 � 0.22 1.00
LW � 0.10 � 0.25 0.23 1.00
TR 0.27 0.10 0.65 � 0.28 1.00
SL � 0.59 0.10 � 0.83 * 0.05 � 0.55 1.00
SD � 0.91 * 0.65 � 0.78 � 0.10 � 0.46 0.81 1.00
K � 0.62 0.11 � 0.66 0.30 � 0.67 0.92 ** 0.79 1.00

Na � 0.71 0.27 � 0.54 0.44 � 0.72 0.75 0.78 0.94 ** 1.00
PHE � 0.59 0.09 � 0.71 0.11 � 0.40 0.98 ** 0.76 0.89 * 0.72 1.00

TPH: total petroleum hydrocarbon in soil; SW: soil water content; EC: soil electrical conductivity; LW: leaf water
content; TR: transpiration rate; SL: stomatal length; SD: stomatal density; K: leaf K content; Na: leaf Na content;
PHE: phenanthrene concentration in leaf. * indicate the r values are signi�cant at p < 0.05. ** indicate the r values
are signi�cant at p < 0.01.

4. Discussion

4.1. Soil Properties in Crude Oil Contaminated Soil

Soil properties play an important role in soil microorganism activity and plant growth. According
to previous work, plants exposed to soils contaminated with petroleum hydrocarbons were subjected
to growth limitations, due to low water uptake and reduced nutrient availability [ 8]. Mineral nutrient
availability can be re�ected by soil electrical conductivity. Therefore, soil water content and soil
electrical conductivity need to be well understood in phytoremediation of soil contaminated with
petroleum hydrocarbons. In this study, water contents increased in soil contaminated with certain
TPH levels (3700–17,800 mg/kg) but decreased signi�cantly when TPH levels reached 48,800 mg /kg.
Water-stable aggregates in soil are related to the content of soil organic matter [32]. The addition of
crude oil to soil increased the soil organic matter content, possibly resulting in enhanced water holding
capacity at a certain limited range, as soil organic matter was an important determinant of the available
water capacity [ 33]. However, the high concentration of crude oil in soil might prevent water from
entering the pores of soil, which decreases water holding capacity.

Soil electrical conductivity increased in crude oil contaminated soils compared to the control soil in
this study. This result was in agreement with previous work, which showed that the value of electrical
conductivity in contaminated soil was higher than that of the control site [ 5]. Soil electrical conductivity
represents soil salinity, which is mainly composed of cation ions such as Na + , K+ , and Ca2+ . The result
of this study illustrated that availability of these ions in soil was not the limiting factors for plant
uptake. The addition of crude oil in soil leads to higher soil electrical conductivity, possibly resulting
from the production of metabolites from crude oil biodegradation [34].
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4.2. Stomata and Other Leaf Parameters

Stomata are the pores in the epidermis of botany leaf controlling gas exchange, mainly CO 2 and
water vapor, between the atmosphere and plants [ 15]. In the present work, stomatal length and density
of maize leaf in contaminated soil treatments decreased compared with those in the control, indicating
that crude oil contaminated soil harmed stomatal structures. And the downtrend showed stomatal
length to be more sensitive than stomatal density to contaminated soil. Previous work showed stomata
in plants were not only in�uenced by air pollution of automobile emissions [ 35], but also by soil or
water contamination of environmental stress [ 19,36]. It is interesting to observe the changes in maize
stomata induced by the contamination of air or soil in the present work.

Plasticity of stomatal development may be determined by many exogenous and environmental
cues, of which abscisic acid (ABA) is considered as a vital regulator of environmentally determined
stomatal development [ 37]. According to previous work, ABA can increase progressively in the root
with responses to abiotic environmental stress [ 38,39]. In particular, the level of endogenous ABA
signi�cantly increased in pea ( Pisum sativumL.) plant with increasing �uoranthene concentrations [ 40].
Therefore, crude oil contaminated soil might stimulate the synthesis of ABA in maize root and then
increase the amount of ABA, thus decreased stomatal length and density.

In addition, the changed stomata might a � ect other leaf parameters. Stomatal length has an
extremely positive correlation with leaf K content (r = 0.92,p < 0.01), and positive correlation with
leaf Na content (r = 0.75,p < 0.01). It seems that K and Na content in leaf may be in�uenced by
the stomata structure. But on the other hand, K + is considered to involve in controlling stomatal
movements, in which guard cell K + uptake from the apoplast is mediated by a proton-extruding
adenosine triphosphatase on the plasmalemma [41]. Moreover, tonoplast-localized NHX proteins as
Na+ , K+ /H+ antiporters are essential for active K+ uptake at the tonoplast for stomatal function [ 42],
so that K+ and Na+ in plant are considered as twins [ 43]. The contents of K and Na in maize leaf
might also a� ect the length and density of stomata. The relation between those ions and stomata
structure still needs further study. Additionally, leaf water content and transpiration rate did not
signi�cantly change in di � erent treatments, indicating that the response of water balance in maize
plant was di � erent from nutrient ions in contaminated soil.

4.3. PHE Uptake and Stomata

Accumulation of PAHs in aerial plant tissues may be from root through transpiration stream
and from di � usion via leaf stomata [14]. In the present work, transpiration rates in all plants were
similar (Figure 3B). Besides, PHE concentrations of maize leaf in contaminated treatments were lower
than that of the control. PHE could volatilize from contaminated soil. These results indicated PHE
accumulation in maize aerial tissues might be from foliar uptake pathway which was controlled by
stomata. This suggestion was also con�rmed by the fact that PHE concentration in maize leaf was
signi�cantly positively correlated with stomatal length (r = 0.98,p < 0.01). Besides, previous studies
also con�rmed that foliar uptake was the dominant pathway of PHE accumulation by plant [44–46].

Since stomata play an important role in uptaking pollutants by plants grown in contaminated soils,
measurements in�uencing stomatal movement can be applied in phytoremediation of contaminated soil
for di � erent purposes. For example, ABA can be used on maize husk for inhibition of PAH accumulation
by grain due to being able to induce stomatal closure and inhibit a light-induced stomatal opening [ 47],
when maize plant is considered for phytoremediation of PAHs-contaminated soil. Thus, safe food
will be produced. In contrast, since fusicoccin can prevent dark-induced stomatal closure [ 48], it can
be used on hyperaccumulators for extracting more pollutants in remediation of soil contaminated
with heavy metals, which are taken up by plant root and transferred to aboveground tissues with
a transpiration stream that closely relates to a stomatal opening. Therefore, phytoremediation of soils
contaminated with organic pollutants or heavy metals can bene�t from the controlling of stomatal
movement. However, the data for the e � ect of phytohormone on maize plant was not provided in this
study, which needs to be investigated in future work.
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5. Conclusions

Stomatal response and the change of related parameters of the maize plant (Zea maysL.) to crude
oil contaminated soil were investigated in this study. Soil water content and electrical conductivity
increased to a certain extent in contaminated soil, whereas the TPH level exhibited a negative
relationship with soil water content (r = � 0.82,p < 0.05). Stomatal length and density, leaf K, and Na
contents decreased in contaminated soil compared with that of the control group. Stomatal length is
positively correlated to leaf K content (r = 0.92,p < 0.01), while stomatal density is negatively correlated
to soil TPH level (r = � 0.91,p < 0.05). Moreover, it is found that the accumulation of PAHs in maize
mainly occurred through the foliar uptake pathway. And PHE concentration exhibits a signi�cantly
positive relationship with stomatal length (r = 0.98,p < 0.01). Based on this study, measurements
should be applied to control stoma closure or opening for di � erent purposes in phytoremediation of
contaminated soils.
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Featured Application: Soil bacteria are of paramount importance for determining soil quality
and fertility but evaluating the microbiological status of the soils in a simple and reliable way is
not easy. For doing this, speci�c plates are commercially available but, in order to have uniform
results, a common procedure should be followed by everyone. We tried to �ll this gap. In addition
to agricultural production, our results are useful for mitigating soil pollution and climate change,
where bacteria play a key role.

Abstract: Biolog® EcoPlates— (Biolog Inc., Hayward, CA, USA) were developed to analyse the
functional diversity of bacterial communities by means of measuring their ability to oxidize carbon
substrates. This technique has been successfully adopted for studying bacterial soil communities
from di � erent soil environments, polluted soils and soils subjected to various agronomic treatments.
Unfortunately, Biolog ® EcoPlates— assay, especially working on soil, can be di� cult to reproduce
and hard to standardize due to the lack of detailed procedures and protocols. The main problems of
this technique mainly regard soil preparation, bacterial inoculum densities and a correct de�nition
of blank during the calculation of the diversity indices. On the basis of our previous research on
agricultural soils, we here propose a standardized and accurate step-by-step method for estimating the
functional diversity of a soil bacterial community by Biolog ® EcoPlatesTM assay. A case study of soils
sampled in a Mediterranean olive orchard managed accordingly to sustainable /conservation practices
was reported for justifying the standardized method here used. The results of this methodological
paper could be important for correctly evaluating and comparing the microbiological fertility of soils
managed by sustainable/conservation or conventional /non-conservation systems.

Keywords: Biolog® ; community-level physiological pro�ling (CLPP); functional diversity indices;
metabolic bacterial diversity; olive; soil fertility; soil quality

1. Introduction

Microorganisms are present in all ecosystems and due to their rapid responses to physical and
chemical changes, they can be used as bioindicators of environmental quality. The Community-Level
Physiological Pro�ling (CLPP) is a rapid and relatively inexpensive technique to relate microbial
functional diversity over space and time to changes in the environment [1–4].
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Biolog® EcoPlates— (Biolog Inc., Hayward, CA, USA) were developed to analyse the functional
diversity of bacterial communities by means of measuring their ability to oxidize carbon substrates.
An EcoPlate is a 96-well microplate that contains 31 common carbon sources from altogether
�ve compound groups—that is, carbohydrates, carboxylic and ketonic acids, amines and amides,
amino acids and polymers—plus a blank well as a control, all these replicated thrice to control
variation in inoculum densities. Each EcoPlate is �lled with a dilution of one soil suspension,
thus representing one soil sample. The utilization rates of carbon compounds in the wells are quanti�ed
spectrophotometrically by following the reduction of water-soluble colourless triphenyl tetrazolium
chloride to purple triphenyl formazan. For the measurements of optical density (OD), two �lters are
used: (a) 590 nm (absorbance peak of tetrazolium) to evaluate colour development plus turbidity
values and (b) 750 nm to measure turbidity values only. The turbidity of dilutions is due to clay and
humic particles in soil colloidal suspension.

Every bacterial community has a characteristic reaction pattern with di � erent OD values for
di � erent carbon compounds, called a `metabolic �ngerprint' [ 2,5]. While the inoculated bacterial
density signi�cantly a � ects the rate of colour development in the wells, on the other side the choice of
a wrong inoculum can compromise the results of this techniques [ 5,6]. For this reason, it should be
necessary to accurately choose the inoculum densities for di� erent soil samples using a plate count
culture-based method. Moreover, a correct de�nition of blank is essential for calculating the related
diversity indices. Biolog ® EcoPlates— have been successfully adopted in our laboratories for studying
bacterial soil communities from di � erent soil environments, polluted soils and soils subjected to
various agronomic treatments [ 6–9]. Unfortunately, the studies regarding soil as a matrix for bacterial
communities often include a Biolog ® analysis but the reagents and apparatus for soil preparation,
dilution and incubation time used, standard deviations and number of replicates and precise formulas
for calculations are often not reported, so it becomes di � cult for other researchers to understand how
to correctly use this method.

On this basis and taking into account our previous research on soils, we here propose for the
�rst time a standardized and accurate step-by-step method for estimating the functional diversity
of a soil bacterial community by Biolog ® EcoPlatesTM assay. We tried to adopt a clear terminology
and parameters, explaining them in detail, in order to facilitate the calculation of the most relevant
and used Biolog® -related indices of microbial functional diversity. Even with its limitations [ 10],
the Biolog® EcoPlatesTM method remains a quick and relatively simple and inexpensive technique
for comparing microbial communities. The standardization of this technique could be essential for
indicating di � erences in CLPPs between samples within a single experiment, for comparing di � erent
experiments, soil types and management systems or simply soils sampled at di � erent times. The aim of
this report is not describing the limitations of the method itself but proposing a detailed methodological
procedure, easy to be followed and reproduced and based on previous data and experiments. A case
study of soils of a Mediterranean olive orchard was reported for comparing the methods and justify
the methodological protocol here proposed.

2. Materials and Methods

2.1. Methodology

2.1.1. Culture-Based Plate Count Method

Plate count must be conducted under sterile conditions in a laminar-�ow hood using single-use
sterile plastic material and autoclaved solutions and glassware. The following materials are used:
sterile �asks and tubes, sterile spatula, sterile pipettes, P1000 and P100 micropipettes with sterile tips,
Petri dishes (size 90 mm, polystyrene, 
 -irradiated), sterile hockey stick (disposable cell spreaders).
The apparatus includes laminar �ow hood, autoclave, incubator, water bath, magnetic stirrer, ultrasonic
bath. The reagents are: Tryptic Soy Agar (TSA), cycloheximide (to inhibit fungal growth), 25% sterile
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Ringer solution (NaCl 2.25 g L � 1, KCl 0.105 g L� 1, CaCl2 0.045 g L� 1 and NaHCO 3 0.05 g L� 1), 1.8% (w/v)
sterile sodium pyrophosphate (Na 4P2O7 � 10 H2O) solution.

For making and plating, 3 g of TSA powder were added to 1 L of distilled water in a 2-L glass
bottle. This solution was sterilized (autoclaved) at 121 � C for 20 min, cooled at 50 � C and then 100� g
cycloheximide mL � 1 were added mixing thoroughly. Finally, 20 mL of the solution were poured in
each Petri dish.

For plate counting, in order to obtain a 0.18% ( w/v) Na4P2O7 � 10 H2O �nal concentration, 4.5 mL
of 1.8% sodium pyrophosphate and 40.5 mL of 25% Ringer solution were added to 5 g (dry weight
equivalent) of fresh soil. The suspension was sonicated for 2 min and soil particles were allowed to
settle at 4 � C for 15 min. Then, ten-fold serial dilutions of the supernatant up to 10 � 7 in sterile Ringer
solution were done, spreading a 100 � L-aliquot of each dilution onto a TSA plate (3-5 replicates for
each dilution) and incubating at 28 � C for 72 h. For each sample the suited dilution to enumerate
colony forming units (CFUs) for g of dried weight soil was chosen. Then, for microplate incubations,
the dilution leading to ~10 4 CFUs mL� 1 solution was selected for microplate incubation.

2.1.2. Microplate Incubation

The following materials are used: multichannel pipet and sterile tips, sterile plastic multichannel
reservoir, Biolog® EcoPlates— (Biolog Inc., Hayward, CA, USA). The apparatus includes laminar �ow
hood, incubator, agitator and Biolog ® Microplate ReaderTM equipped with 750-nm and 590-nm �lters.

For preparing the microplate, 10 mL of the dilution that was chosen in plate counting was poured
into a sterile reservoir of an 8-channel pipet (be careful there are no bubbles in the dilution) and 120 � L
of the dilution were inoculated into each well of a microplate. Not the same dilutions of the counting
assay were used but new fresh dilutions were prepared. Then, the microplate was placed in its bag to
avoid desiccation and incubated at 25 � C in dark, continuously shaking at 50 rpm on an agitator with
tilting platform to obtain a uniform distribution of triphenyl formazan. Finally, spectrophotometric
readings at both 590 nm (OD590) and 750 nm (OD750) were taken at time 0 and at 12-h increments
(� 12Xh) up to a 144-h incubation.

In order to select the optimal incubation time for microplate analyses (as explained later in the
Results and Discussion Section), it is recommended to follow this pattern for each incubation time (as
an example, measuring times at 0 h and X h are given here):

� calculate a colour value for each substrate well i and the blank (water) well b for each incubation
time by subtracting the OD 750 value from the OD 590 value:

0 h: i0h = OD590 � OD750 and b0h = OD590 � OD750

X h: iXh = OD590 � OD750 and bXh= OD590 � OD750

� subtract the blank well OD reading from the OD value of each substrate well to obtain
a blank-corrected value (ibc) for each well:

0 h: ibc0h = i0h � b0h

X h: ibcXh = iXh � bXh

� subtract the blank-corrected OD reading at time 0 from subsequent blank-corrected readings at
� 12Xh to obtain colour development values ( ci) for each well for each incubation time: for example,
ciXh = ibcXh � ibc0hand set negative values to 0

� calculate the average well colour development ( AWCD) for all incubation times separately using
the equation:

AWCD =
X ci

93
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2.1.3. Utilizing the AWCD and ci Values

The AWCD calculated above is an estimate of the total capacity of a bacterial community to use
di � erent carbon compounds. Using the ci values of the chosen incubation time, it is possible to further
calculate indices of bacterial functional diversity [2,11], such as:

(a) Richness (S), which is the number of utilized carbon substrates, using an OD value of 0.250 as
threshold for positive response

(b) Shannon's diversity index (H'), which is related to the number of carbon substrates the bacterial
community is able to degrade

H0 = �
X

pi ( ln pi )

where pi is ci divided by the sum of all the ci values.

(c) and Shannon's evenness index (E), which particularly focuses on the evenness of ci values across
all utilized substrates

E =
H0

ln S

For a more detailed analysis, the carbon substrates can eventually be divided into eight classes of
compounds (polysaccharides and complex compounds, cellulose, hemicellulose, chitin, phosphorylated
compounds, organic acids, amino acids and biogenic amines) and the AWCD and diversity indices
calculated for each group separately (see examples in References [4,5] and in Figure 1).

Figure 1. Mean values (n = 5) of average well colour development ( AWCD) measured after a 96-h
incubation in dilutions (~10 4 CFUs mL� 1) of soils from the experimental olive orchard. The values
were calculated subtracting from the raw data (OD 590 – OD750) the blank well optical density (OD)
reading from the OD value of each substrate well ( ibc) for each well and successively subtracting
the blank-corrected OD reading at time 0 from subsequent blank-corrected readings at � 12Xh (ci) (in
purple). The same methodology was carried out without subtracting the blank well OD reading (in
green), without subtracting the blank-corrected OD reading at time 0 (in blue) or without subtracting
both (raw data in red).
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2.2. Case Study and Methods Comparison

Experimental Field and Soil Sampling

The trial was done in a 1-ha olive orchard ( Olea europaeaL., cv. `Maiatica'; 70-year-old plants with
a distance of 8 � 8 m; NE orientation) located in Ferrandina (Southern Italy, Basilicata region; N 40 � 290;
E 16� 280). The area has a semi-arid climate, with an annual rainfall of 560 mm (mean 1995–2018),
concentrated mostly in the winter and a mean annual temperature of 16.3 � C (mean 1995–2018). The soil
is a sandy loam, a Haplic Calcisol, according to the World Reference Base for Soil Resources, with
a mean bulk density of 1.30 g cm� 3 and sediment as parental material.

The orchard was managed accordingly to sustainable/conservation agricultural practices, namely:
(a) minimum tillage and cover crop application (30 kg ha � 1 of Trifolium subterraneumseeds and
spontaneous grass); (b) guided fertilization based on plant nutrient demand evaluated by leaf mineral
analyses and on soil measured nitrogen levels; (c) compost amendment (15 t ha� 1 fresh weight);
(d) incorporation of cover crop and pruning residues into the soil (light harrowing at a depth of 10 cm
carried out in Autumn); (e) guided drip irrigation based on crop evapotranspiration (3 drip emitters per
plant along the tree lines with a capacity of 4 L h � 1 each); (f) pruning aimed to vegetative-productive
equilibrium of plants (winter pruning based on the selection of shoots with a high number of �oral
buds and on a better light interception in the canopy).

In October 2018, soil sampling was done in the undisturbed inter-row area. Soil sub-samples
were picked in 10 points over a 1-m radius area around each olive tree from the topsoil layer (0–10 cm)
for bacterial communities' analysis by Biolog ® assay. The 10 sub-samples were pooled on site to
constitute a composite soil sample of about 1 kg. Five composite samples (n = 5), each composed of 10
di � erent sub-samples, were prepared, in order minimize spatial variability. After removing visible
crop residues, roots and pebbles with sterile tweezers and slightly mixing and homogenizing with
a sterile spatula, the soil composite samples were immediately stored in sterilized plastic bags at 4 � C
and subsequently analysed within 5 days using the procedure described in the previous paragraph.

3. Results and Discussion

3.1. In�uence of Bacterial Inoculum Densities

For the best discrimination of bacterial communities, it is of fundamental importance to choose
the shortest incubation time at which AWCD reaches a peak value before the following constant phase.
Figure 2A shows the AWCD values measured every 12 h during a 144-h incubation from di � erent
soil dilutions. In our case the dilutions examined were 10 � 5, corresponding to ~104 colony forming
units (CFUs) mL � 1 measured by plate counting, 10� 4 and 10� 6. It appears that the dilution with 10 � 6

dilution contained a relatively low number of bacteria (~10 3 CFUs mL� 1) causing an increasing AWCD
trend over time, without reaching a constant phase before 144 h and high variability among replicates,
as showed by the high values of standard deviation (Figure 2A). On the other side, the 10 � 4 dilution
likely had too many bacteria (10 5 CFUs mL� 1) and AWCD reached a peak after only 48 h, followed by
a slight decline likely due to substrates or triphenyl formazan degradation, without a clear constant
phase (Figure 2A). Instead, the dilution of 10 � 5 (~104 CFUs mL� 1) reached a constant phase at 96 h and
so it was chosen as the time for measuring AWCD values (Figure 2A). Similar trends were observed
both for H' (Figure 2B) and E values (Figure 2C), that had a constant phase starting from 96 h in
the dilution of 10 � 5 (~104 CFUs mL� 1), with low values of standard deviation from 96 to 120 h of
incubation (Figure 2B,C). The common pattern of the graphs of Figure 2 likely depends on the fact that
the calculation of AWCD, H' and E are all based on the values ofci , as previously explained.
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Figure 2. Mean values (n = 5) � SD of (A) AWCD, (B) H' and (C) E measured every 12 h during a 144-h
incubation in di � erent dilutions (~10 5 CFUs mL� 1, dashed line; ~104 CFUs mL� 1, continuous line; ~103

CFUs mL� 1, dotted line) of soils from the experimental olive orchard. Na 4P2O7 � 10 H2O concentration
was 1.8% (w/v). The R2 values and the respective trend lines (dotted lines in grey) were calculated on
the basis of a polynomial function of degree three.

Comparing our results with those of other studies [ 10–16] using our protocol, we managed to
obtain more stable growth curves for AWCD, particularly in the constant phase and relatively low
values of SD (Figure 2A). Another important remark is that the inoculum could be relativized simply
resuspending soil mass, in order to not to arti�cially homogenize di � erences that are intended to
be detected among the di� erent soil samples of the same experiment [17–20]. In order to avoid this
possible artefact, in our case, the same dilution (leading to ~104 CFUs mL� 1) was chosen for all the
samples analysed in the same experiment.

3.2. Correct Calculation of Blank

The AWCD values measured on the 10� 5 dilutions at 96 h were calculated subtracting from
the raw data (OD 590 – OD750) the blank well OD reading from the OD value of each substrate
well ( ibc) for each well and successively subtracting the blank-corrected OD reading at time 0 from
subsequent blank-corrected readings at � 12Xh (ci) for both 0-h and 96-h incubation times. The same
methodology was carried out (a) without subtracting the blank well OD reading, (b) without subtracting
the blank-corrected OD reading at time 0 or (c) without subtracting both. The results, depicted in
Figure 1, were quite di � erent on the basis of the type of calculation done, particularly for some classes
of carbon substrates (e.g., phosphorylated compounds), showing that it is necessary to apply the
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sequential subtractions and that non-speci�c OD values must be taken into account for obtaining
reliable AWCD data.

3.3. In�uence of Soil Preparation

On the same soil samples (10� 5 dilution, reading at 96 h, subtraction of both blank well and
blank-corrected OD readings) and on the basis of previous experiments [ 7,9], eight concentrations of
Na4P2O7 � 10 H2O ranging from 0.0% to 3.0% (w/v) (0, 0.6, 1.0, 1.4, 1.8, 2.2, 2.6 and 3.0%) were used
for �nding the optimal concentration to be used. Due to its high number of electric charges once
in solution, it is known that this compound has the ability to disperse charged soil colloids. This is
particularly important for soil microbiological assays, as bacteria are not only present on the surface of
soil aggregates but also inside the aggregates, that is, on the micropore and macropore walls and in
their internal spaces [6]. Figure 3 shows that with more than 1.8% ( w/v) Na4P2O7 soils did not show
an increase in AWCD, H' and E, probably because the maximum possible number of bacteria was
extracted from soil. Of course, this value could vary for di � erent soil types but we can suggest that
a concentration of around 2.0% (w/v) is necessary for not underestimating AWCD values. The use
of the appropriate concentration of Na 4P2O7 allows to overcome the technical problem in extracting
the highest number of microorganisms from soil samples, that was one of the main remarks of this
technique highlighted by Preston-Mafham et al. [10].

Figure 3. Mean values (n = 5) � SD of (A) AWCD, (B) H' and (C) E measured a 96-h incubation in
dilutions (~10 4 CFUs mL� 1) of soils from the experimental olive orchard. The dilutions were obtained
using di � erent Na4P2O7 � 10 H2O concentrations.
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4. Conclusions

A detailed and step-by-step description in the materials and methods sections of the scienti�c
articles dealing with Biolog ® is often lacking, making this method hardly reproducible. For this reason,
we hope that the description of this method can help to solve the main issues related to the Biolog ®

EcoPlates—assay: (1) soil preparation, dispersion and dilution (importance of using composite samples
and Na4P2O7); (2) the optimal bacterial density of the inoculum (~10 4 CFUs mL� 1); (3) a correct
de�nition for blank ( ciXh = ibcXh � ibc0h); and (4) the use of unequivocal terminology and parameters
in the calculation of diversity indices, as reported in the formulas. The previously-cited problems
make this technique apparently di � cult to reproduce and hard to standardize. This notwithstanding,
we tried to demonstrate that, if rigorously executed, Biolog ® EcoPlates— assay can be a relatively
simple and powerful technique, extremely useful for evaluating soil bacterial functional and
metabolic diversity. The results of this methodological paper could be important for correctly
evaluating and comparing the microbiological fertility of soils managed by sustainable /conservation or
conventional /non-conservation systems.
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Featured Application: This work can contribute to the knowledge on the behavior of tungsten in
the soil in relation to its potential transfer into the food chain through plant uptake. The results
are aimed to bring the attention of the legislator to this element, which is completely neglected
in environmental legislation.

Abstract: Tungsten is largely used in high-tech and military industries. Soils are increasingly enriched
in this element, and its transfer in the food chain is an issue of great interest. This study evaluated
the in�uence of soil characteristics on tungsten uptake by Zea maysgrown on three soils, spiked
with increasing tungsten concentrations. The soils, classi�ed as Histosol, Vertisol, and Fluvisol,
are characteristic of the Mediterranean area. The uptake of the element by Zea mayswas strictly
dependent on the soil characteristics. As the pH of soils increases, tungsten concentrations in the roots
and shoots of the plants increased. Also, humic substances showed a great in�uence on tungsten
uptake, which decreased with increasing organic matter of soils. Tungsten uptake by Zea mayscan be
described by a Freundlich-like equation. This soil-to-plant transfer model may be useful in promoting
environmental regulations on the hazards of this element in the environment.

Keywords: Tungsten; corn uptake; soil characteristics; Freundlich model

1. Introduction

Tungsten (W) is a metal characterized by a very low abundance in the Earth's crust, and thus
occurs in soils in small concentrations of less than 3 mg kg � 1 [1]. Tungsten occurs naturally in several
minerals such as wolframite (Fe,Mn)WO 4, hübnerite MnWO 4, ferberite FeWO4, and scheelite (CaWO4).
It is used in a variety of industrial activities for the production of high-tech components [ 2] due to its
high melting point and resistance to corrosion.

Tungsten has also been used in several military applications as a substitute for the dangerous
depleted uranium [ 1,3]. The most important use of tungsten is in the production of tungsten /nylon
bullets as alternatives to lead-based munitions [ 4]. Soils are an important sink and source of tungsten
in the environment as a result of the transport of dust deriving from erosion processes. These last
have been recognized as one of the most important contributions to the dispersion of tungsten into the
environment [1].

In soil, tungstate is the most stable form of the element. This oxyanion is chemically similar
to molybdate, however, while molybdenum is an essential element [ 5], tungsten is not an essential
micronutrient, and it has been historically regarded as inert in the soil environment and classi�ed as
nontoxic for human health [6].
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However, several ecotoxicological studies have discovered that under certain environmental
conditions, tungsten compounds can be solubilized and enter the biogeochemical cycles [7,8].
Occupational studies on workers' exposure in industry where tungsten is used have revealed several
adverse health e� ects [9]. The presence of tungsten in the atmosphere has been particularly studied
in Nevada, due to the possible link between tungsten in the atmosphere and cases of childhood
leukemia [10,11].

Knowledge regarding the e � ects of tungsten in the soil, on its transfer in the food chain, and thus
on human health is still incomplete [ 1]. In some cases, tungsten has been found to be nontoxic and
substantially inert in the soil [ 12], whereas in other studies, very negative hypotheses have been
put forward on the possible action of tungsten in the formation of neoplasms in animal cells [ 7].
The growing interest in this element is further highlighted by several studies on the impact of W on soil
microorganisms. Several works have shown that under certain conditions, the presence of tungsten
increases the microbial biomass [13]. Conversely, in other cases, negative impacts on microbial activity
have been veri�ed [14].

The increase in the industrial and military use of tungsten has become of interest due to its
potential entry into the food chain following uptake by agricultural crops. Moreover, in agricultural
soils tungsten is also added to fertilizers [ 15], and may be present in sewage sludge due to its presence
in many household products [ 16]. Many plants such as oats, radishes, and lettuce are able to grow in
soil with high tungsten concentrations [ 17] and can accumulate signi�cant quantities of the metal also
due to its similarity with molybdenum [ 14]. At high concentrations, tungsten has been reported to
decrease root elongation in Pisum sativumand Gossypium hirsutum[18–20]. High concentrations of
tungsten in plants have been reported for species growing on the soils of abandoned mine [ 21–23].
Near tungsten mines, its transfer from soil to rice has been reported as a possible health risk via the
food chain [ 24]. In general, the tungsten content in roots is higher than that in the aerial parts of
plants [25,26].

Studies on tungsten are very lacking in Italy where the potential problems arising from this element
are completely neglected. This element is not taken into consideration in any environmental legislation,
nor in the regulations that de�ne the quality of fertilizers to be used in agriculture. It therefore seems
no longer unpostponable to study the behavior of this element in Italian soils with a view to protecting
the environment and human health.

The aim of this study was to investigate the in�uence of di � erent soil characteristics pH, organic
matter (O.M.), and texture on tungsten uptake by Zea mays, and to provide a simple model to evaluate
the uptake of increasing tungsten concentration in soil. Zea mayswas selected due to its relevant
production in the Mediterranean area, which highlights the growing interest in this crop. In Italy,
the average production for over a decade has been ~9.5 t ha� 1, which is higher than the mean European
production. The experiment was carried out at a greenhouse scale by growing the plants on three
agricultural soils characteristic of Mediterranean areas spiked with increasing concentrations of sodium
tungstate. The concentrations were chosen to be close to natural soil values conditions and to take into
account potential anthropogenic contamination, which can reach 2000 mg /kg in particular areas [ 24].
The chosen range of concentrations can be considered environmentally signi�cant due to the increase
in electronic waste, which is a feature of all industrialized countries [ 14]. Obtained results show that
soil properties regulate tungsten plants uptake, which increases with increasing pH and decreasing
organic matter content.

2. Materials and Methods

2.1. Soils

Samples were collected from three Italian soils, classi�ed as Histosol (soil A), Vertisol (soil B),
and Fluvisol (soil C), according to FAO classi�cation. The soil samples were air-dried, sieved at 2 mm,
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and analyzed for pH [ 27], organic matter [ 28], and texture [ 29]. The studied soils characteristics are
reported in Table 1.

Table 1. Characteristics of the soils A, B, and C.

Soil pH OM (%) Clay (%) Silt (%) Sand (%) Total W (mg kg � 1)

A 4.50 5.81 7.10 24.8 67.6 0.38
B 5.80 2.10 12.5 28.8 59.3 0.44
C 7.40 1.43 7.65 14.0 78.3 0.29

2.2. Experimental Soils

Increasing amounts of Na2WO4�H2O solutions were added to each soil to obtain �nal
concentrations of 10, 30, 40, 50, and 100 mg kg� 1 of tungsten.

To promote the interactions between soil and the added tungsten salt and to simulate the
ageing e� ects, the soils were incubated at 50% maximum water holding capacity for 12 months at
room temperature.

During this period, the spiked soils were maintained in loosely covered polypropylene containers.
To obtain the greatest homogeneity, once a week soils were gently mixed by a shovel, and watered
with deionized water once a month as necessary [30].

At the end of this period, before starting the microcosm experiments the pH of each spiked soils
was determined [ 27] to check if there were any changes in the values of this parameter. No changes
were detected.

To determine tungsten in the soil solution, deionized water was added to each spiked soil samples
(1:0.5 soil/water), and after 24h of incubation, tungsten in soil solution was evaluated by centrifugation
at 21,000 g for 15 min [30]. Three replicates for each concentration were carried out.

2.3. Microcosm Experiment

The experiment was carried out at a greenhouse scale with a 12h photoperiod (320 � mol m � 2 s� 1

photosynthetic active radiation). Microcosms were �lled with 400 g of soil. Six Zea maysseeds per
pot were sown. Three replicates for each concentration were carried out with controls (CT) running
simultaneously. During the growing period, plants were watered daily. The whole experiment lasted
60 days. At plant harvest, the aerial parts were separated from the roots and pooled to a composite
sample representative of each pot. All samples were washed with deionized water. The roots were
further washed in an ultrasound bath (Branson Soni�er 250 ultrasonic processor, Branson Ultrasonics
Corporation, USA) for 10 min, to eliminate any soil particles remaining on root surfaces. The dry
biomass of vegetal samples was then gravimetrically determined after the samples had been dried in a
ventilated oven at 60� C until a constant weight was achieved.

2.4. Tungsten Analysis in Plants and Soil

The dry plant samples were ground, homogenized, and digeste d with an acid mixture
(HNO 3 + H2O2) for tungsten determination, according to the procedure de scribed by Poykio et al. [31]
and Oburger et al. [30].

Concentrations of tungsten in spiked soils and soil solution were determined by inductively
coupled plasma optical emission spectroscopy (ICPOES Varian AX Liberty, Milano, Italy). Due to the
speci�c tungsten properties in soils that can lead to the formation of insoluble species, the procedure
based on the addition of phosphoric acid to nitric acid developed by Dermatas et al. (2004) [ 32] and
reported by Bednar et al. [33] was used. All chemicals used were of reagent grade.

Quality assurance and quality control were carried out by testing a standard solution every
10 samples. Because no reference plant material for tungsten is available, for quality control the
procedure developed and described in detail by Oburger et al. [ 30] was strictly followed using Oriental
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Basma Tobacco Leaves, INCT-OBTL-5, as reference material. As a certi�ed reference soil material,
NIST SRM 2710 was used to control the quality of the analytical system. The detection limit for
tungsten was 0.05 mg L� 1. The recovery of spiked samples ranged from 95 to 101%, with an RSD of
1.84 of the mean.

2.5. Statistical Analysis

Statistical analysis was performed using STATISTICA version 6.0 (Statsoft, Inc., Tulsa, OK, USA).
Treatment e� ects were analyzed using one-way analysis of variance (ANOVA). Di � erences among
means were compared and a post hoc analysis of variance was performed using the Tukey Honestly
Signi�cant Di � erence test (p < 0.05).

3. Results and Discussion

3.1. Biomass Production

The biomass of plants grown in the three soils with di � erent tungsten concentrations is reported
in Table 2. Shoot and root productions are considered separately.

Table 2. Biomass production (mg dry weight) of shoot and root grown in the soils with increasing
tungsten concentrations. CT is the original soil. Values are the mean � standard deviation.

W in soil (mg kg � 1)
Shoot Root

Soil A Soil B Soil C Soil A Soil B Soil C

CT 283� 13.2a 279� 10.4a 285� 13.8a 118� 7.2a 116� 12.4a 126� 9.0a
10 281� 14.6a 275� 14.7a 295� 19.3a 115� 9.1a 114� 10.1a 124� 8.3a
30 276� 15.1a 257� 14.1a 278� 15.4a 123� 4.3a 117� 7.1a 118� 7.6a
40 263� 11.2a 263� 12.9a 251� 16.1a 129� 8.6a 121� 8.6a 122� 8.1a
50 284� 18.6a 259� 10.1a 245� 18.5a 110� 9.6a 125� 5.9a 119� 7.4a
100 251� 16.3a 269� 16.5a 269� 13.6a 119� 5.1a 116� 4.9a 115� 5.9a

Note: At each tungsten soil concentration, values with di � erent letter in the same rows separately for shoots and
roots are statistically di � erent at p < 0.05.

Despite the di � erent characteristics, such as pH and organic matter content, no signi�cant
di � erences in biomass were observed among the three soils. At the tungsten concentrations used in this
experiment, no di � erences in biomass production were found between the control and tungsten enriched
soils. The results are in agreement with previous �ndings for another species, Triticum aestivum, which
reported that biomass was not in�uenced by low tungsten concentrations in soil [ 34,35]. A reduction
in biomass production was discovered in soils only with very high tungsten concentrations of up to
5000 mg kg� 1 for Glycine max[30] and 2600 mg kg� 1 for Helianthus annuus[26]. Under the experimental
conditions adopted, tungsten did not show any visual toxicity e � ects on plants.

3.2. Tungsten Uptake by Plants

The concentration of tungsten in plants grown in the control soils (CT) was always under the
limit of detection, thus the data are not reported. Considering the plants grown in the spiked soils,
the uptake of tungsten was lowest in soil A and highest in soil C, with intermediate values in soil B.
Data are reported in Table 3.

Considering the mean of the five concentrations (from 10 to 1 00 mg kg� 1), the tungsten concentration
in the root portions increased with respect to soil A by an average factor of 2 in soil B and of 9 in soil
C, respectively.

A similar trend was found in the aerial part of the plants with an increase with respect to plants
grown in soil A by an average factor of 3 and 15 in plants grown in soils B and C, respectively.
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is described more accurately by a trend that can be modeled using a Freundlich-like equation.
The absorption is higher when the concentration in the soil is lower, whereas it is reduced when the
concentration of an element in the soil increases.

In recent years, models of plant uptake have been proposed for organic [ 52,53] and inorganic [ 54,55]
contaminants at contaminated sites to de�ne the risk to human health.

In agricultural soils, where the concentration of potentially toxic elements is much lower, simpler
models can be successfully used to provide useful information on the soil to plant transfer process.
One of the models is based on the use of a Freundlich-like equation to evaluate plant uptake in the
presence of increasing quantities of an element. This approach has been successfully used also in the
case of contaminated soils [56].

The Freundlich-like equation (1):

q = K C
1
n (1)

where q is the tungsten concentration in plants (mg kg � 1) and C is the tungsten concentration in the
soil or soil solution (mg kg � 1).

It is important to underline that no thermodynamic value can be attributed to the parameters
of the Freundlich-like equation, which can be used exclusively as an operational tool to relate plant
uptake and tungsten soil concentration. In broad terms, similarly to the Freundlich equation, K can be
considered as the uptake capacity (a larger K indicates a greater uptake).

The Freundlich parameters (Table 4) can be estimated from the linearized form of the equation (2):

log q = logKf +
1
n

log C (2)

Table 4. Relationship between tungsten concentration in shoots and roots and tungsten concentration
in soil. Parameters of the Freundlich-like model.

Soil
Shoots Roots

Log K 1/n R2 Log K 1/n R2

A � 2.17 1.26 0.922 � 0.718 0.791 0.896
B � 1.48 1.15 0.932 � 0.5357 0.933 0.937
C � 0.522 0.936 0.942 � 0.4886 1.24 0.944

By operationally using the Freundlich model parameters, we can infer that the uptake capacity
increased when the value of K was increased. As expected, the results from this model con�rm that
the uptake always increased with increasing soil pH due to the alkaline pH of soil in�uencing the
desorption of tungsten from soil surfaces, and its release in soil solution. The coe � cient 1/n has been
interpreted as an index of a plant's ability to control metal accumulation [ 47]. A value of less than 1
of the coe� cient 1/n is considered an index of active tungsten uptake, whereas higher values of this
index suggest the reduced ability of the plant to control the tungsten uptake. The obtained data show
a di� erent behavior of this index among soils and between the roots and shoot uptake of the plants.

The correlation between the concentrations calculated by the model and measured in the shoots
was high, with R 2 values ranging from 0.922 (soil A) to 0.942 (soil C). Similar results were obtained for
the root portion with R 2 values ranging from 0.896 (soil A) to 0.944 (soil C).

The same Freundlich-like model was also applied by correlating the amount absorbed by the
plants with tungsten concentration in soil solution. This amount is determined by the retention /release
processes, which in�uence the distribution of tungsten between the solid and liquid phases, and
thus regulate the amount of tungsten in the soil solution from which the plants absorb the element.
The results are reported in Table 5 for shoots and roots, respectively.

Also in this case, a Freundlich-like equation can be used to describe the pattern of plant uptake
from soil solution with correlation coe � cients higher than those of uptake vs. total content (see Table 4)
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with R 2 values ranging from 0.961 (soil B) to 0.973 (soil C); whereas, for the root portion, R2 values
range from 0.959 (soil B) to 0.988 (soil A).

Table 5. Relationship between tungsten concentration in shoots and roots and tungsten concentration
in soil solution. Parameters of the Freundlich-like model.

Soil
Shoots Roots

Log K 1/n R2 Log K 1/n R2

A � 0.066 0.863 0.970 0.619 0.553 0.988
B 0.260 0.670 0.961 0.874 0.528 0.959
C 0.6992 0.534 0.973 1.14 0.685 0.968

The K and 1/n coe� cients changed, but the trend was similar to the uptake vs. total concentration,
with the highest K value in soil C, and the lowest in soil A. We have to consider that soil pH exerts
a great in�uence on W solubility due to increased sorption under acidic conditions [ 57], and this
parameter appears to mainly determine plant uptake.

Although speciation of tungsten in soil is of great importan ce [9,58], especially for the polymerization
phenomena [59,60], we decided to evaluate the trend of the tungsten uptake using a model as simple
as possible. This approach of course can only be considered as a preliminary step in developing
mechanistic models. More experiments need to be performed by varying plant species and using soils
with di � erent characteristics to improve the modeling of tungsten uptake by plants, or to develop
more complex models. Clearly, the plant uptake model and the model parameters applied in this
study are not necessarily valid for di � erent plant species and soils. For example, in the case of soils
subject to seasonal variations in the oxidation–reduction conditions, it will be essential to take into
consideration also the redox potential [ 61], which may in�uence the mobility of the element and
therefore its transferability to plants. However, this approach is very simple and can be easily adjusted
in di � erent environmental contexts where the tungsten uptake by plants needs to be monitored.

4. Conclusions

There is still a limited understanding of the behavior of tungsten in the environment [ 62],
both because it is a not essential element and because until recently it was considered completely inert.
However, tungsten has placed among the possible emerging pollutants by EPA [ 63]. The present work,
to our knowledge, is the only one dealing with the problem of tungsten in Italian soils. The study of this
element in di � erent types of Mediterranean soils and the potential passage in the food chain, following
the transfer from the soil to the plant, is very important to focus attention on an environmental
problem that is currently very undervalued. Our results highlight the importance of soil properties
in determining the transfer of tungsten from the soil to plants. The obtained data show that with
decreasing pH and increasing organic matter content the plant uptake decreases, due to lower tungsten
concentrations in soil solution in bioavailable forms.

In this work, we have taken into consideration those characteristics of the soil that are generally
considered in environmental regulations. However, knowledge of the behavior of this element
in the soil requires further investigation, so as to better understand the processes that regulate its
bioavailability. Among these, a role of primary importance can be played by the redox potential
because the oxidizing and reducing conditions determine the behavior of trace elements in soil. Redox
variations in soil and the in�uence of these variations on the mineralogy [ 61,64] is an essential aspect for
future research on the geochemical behavior of tungsten, which is strictly linked to plant bioavailability.

In the last few years, several studies on tungsten in plants have revealed several toxic e� ects related
to the Mo-enzyme inhibitor and gene expression [ 30,36]. However, in our experiment, the addition
of increasing amounts of tungsten to the soil did not cause a biomass reduction or toxicity e � ects in
plants. It is possible that considerable amounts of tungsten accumulate in plants, especially in alkaline
conditions. Under the worst conditions, plants may be insensitive to tungsten at levels that are already
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toxic to animals. This phenomenon has also been detected for molybdenum in the case of forage for
ruminants [65].

The low phytotoxicity of tungsten highlights the need to �nd appropriate models aimed at
predicting the passage of tungsten from the soil to plants. We applied a Freundlich-like model for
Zea maysuptake at increasing tungsten concentrations in three di � erent Italian soils. The aim of this
approach is to respond as simply as possible to the need to assess the potential e� ects derived from
the transfer of W into the food chain, and also to enable the regulatory authorities to better de�ne the
hazards of this element in the environment. The transfer mechanism of tungsten from the soil to roots
and shoots is of great interest and should be further investigated to understand how the environmental
source of this element may impact on human health, which is an urgent issue that must be addressed
in the near future.
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