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Preface

In the face of mounting challenges to global food security and environmental stewardship,

sustainable agriculture has emerged as a beacon of hope, illuminating a path towards a more

harmonious relationship between humanity and the natural world. At the heart of this transformative

shift lies soil health, the very foundation upon which crop productivity and ecological resilience are

built. The Special Issue “Advancements in Soil and Sustainable Agriculture” delves into this crucial

realm, presenting a collection of groundbreaking research dedicated to safeguarding soil health and

charting a course towards a more environmentally conscious agricultural future.

This reprint encapsulates a compendium of cutting-edge research, providing a panoramic

view of new and innovative approaches aimed at rendering modern agriculture more attuned to

the needs of our planet. At the epicenter of these advancements lies a profound focus on soil

health—the linchpin connecting crop productivity, ecological resilience, and the long-term viability

of our agricultural practices.

The diverse collection of articles within this Special Issue delves into strategies for fostering

soil-friendly agriculture, ranging from novel nutrient management techniques to sophisticated soil

productivity enhancement strategies. The authors featured herein are trailblazers in their respective

fields, offering insights that transcend disciplinary boundaries and contribute to the collective

knowledge base essential for shaping a sustainable agricultural future.

This comprehensive collection serves as a guiding light for researchers, policy makers, and

practitioners alike, illuminating the dynamic landscape of sustainable agriculture and paving the way

for a more resilient and environmentally conscious future. Its findings underscore the urgent need to

transition away from conventional agricultural practices that often prioritize short-term gains at the

expense of long-term soil health.

As we navigate the complexities of our changing world, the significance of sustainable

agriculture cannot be overstated. “Advancements in Soil and Sustainable Agriculture” seeks to

propel this dialogue forward, serving as a catalyst for transformative thinking and action. The

collective wisdom contained in these pages is not merely a testament to the current state of research

but, more importantly, a compass guiding us towards a future where agriculture and environmental

stewardship coalesce harmoniously.

May this reprint inspire curiosity, spark collaboration, and instigate a shared commitment to a

more resilient, soil-friendly, and sustainable agricultural paradigm.

Mohamed Houssemeddine Sellami

Editor
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Editorial

Advancements in Soil and Sustainable Agriculture

Mohamed Houssemeddine Sellami * and Antonella Lavini

National Research Council of Italy (CNR), Institute for Agricultural and Forestry Systems in the
Mediterranean (ISAFOM), 80055 Portici, Italy; antonella.lavini@cnr.it
* Correspondence: mohamed.sellami@isafom.cnr.it

1. Introduction

The growing interest in soil health and sustainable agriculture has emerged as a
paramount element in addressing the multifaceted challenges facing modern agriculture [1].
In an era marked by mounting pressures for increased food production, heightened envi-
ronmental conservation, and urgent climate change mitigation, innovative strategies have
surfaced to accord soil health and productivity a central role [2]. This shift in perspective
acknowledges the indispensable significance of soil as a fundamental substrate for crop
growth as well as its crucial role in carbon sequestration and the maintenance of ecological
equilibrium. Notably, this paradigmatic transformation has fostered the adoption of a
spectrum of innovative approaches [3]. Precision agriculture, enabled by technological
advancements, has revolutionized resource management by optimizing resource allocation,
fine-tuning nutrient application, and curtailing detrimental environmental impacts, all
while facilitating the sustainable stewardship of soil [4,5]. In tandem, organic farming
practices have gained prominence, underlining the imperative of eschewing synthetic
chemicals, nurturing natural soil ecosystems, and augmenting the organic matter content in
soils [6]. Complementing these strategies is the integration of biofertilizers, which harness
the inherent power of beneficial microorganisms to stimulate nutrient cycling and enhance
soil structure [7,8]. These dynamic developments collectively epitomize a burgeoning era
of soil-centered agriculture, one that wholeheartedly aligns with the overarching objective
of advancing agricultural productivity while concurrently upholding the principles of
long-term environmental sustainability [9,10]. Within this context, this Special Issue titled
“Advancements in Soil and Sustainable Agriculture” directs its attention toward novel
and inventive methods for rendering contemporary agriculture more soil-friendly as well
as strategies for enhancing soil productivity. This Special Issue comprises eleven papers,
consisting of eight research articles and three review articles, authored by a diverse group
of scientists.

2. A Comprehensive Review of Published Articles

As per the scholarly articles released in this Special Issue from 2022 to 2023, this
Editorial categorizes the research papers into four specific themes:

Nutrient Management and Soil Health: This set of articles is dedicated to the relationship
between nutrient management and its influence on various soil health indicators. The re-
search papers authored by Gagnon and Ziadi (Contribution 1), Arrobas et al. (Contribution
2), de São José et al. (Contribution 3), and Denton-Thompson and Sayer (Contribution 4)
are grouped within this thematic, exploring how nutrient management practices, including
the use of soil amendments, biofertilizers, micronutrients, and residue management, im-
pact soil characteristics, metal availability, and plant health. In their study, Gagnon and
Ziadi (Contribution 1) examine the residual effects of applying paper mill biosolids and
forest-derived liming materials on soil properties and metal availability. Their findings
underscore that the application of these materials enhances soil properties without causing
an increase in metal availability, showcasing the potential of sustainable nutrient man-
agement practices. Arrobas et al. (Contribution 2) assess the effects of humic and fulvic

Soil Syst. 2023, 7, 98. https://doi.org/10.3390/soilsystems7040098 https://www.mdpi.com/journal/soilsystems
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acids on soil and olive plant properties, revealing a minimal impact on tissue elemental
composition and dry matter yield. However, their research underscores the need for a more
comprehensive understanding of how to optimize the advantages of these soil amendments
for crop production and sustainability. de São José et al. (Contribution 3) investigate the
impact of managing eucalyptus harvest residues on soil organic carbon content and stock.
Their study evaluates the use of the carbon management index (CMI) to determine the
relationship between residue management and soil health. Their research emphasizes the
importance of maintaining certain components (bark and branches) in order to increase
soil carbon retention. In addition, Denton-Thompson and Sayer (Contribution 4) conduct
a review of microbial nutrient mobilization in natural ecosystems and its potential to im-
prove crop nutrition. Their work emphasizes the benefits of co-applying biofertilizers with
conventional fertilizers to enhance nutrient uptake. This research underscores the critical
importance of comprehending microbial nutrient mobilization for enhancing both crop
nutrition and soil sustainability.

Soil management and Agricultural sustainability: This theme encompasses an examina-
tion of diverse agricultural practices, including tillage systems, crop rotations, and biochar
utilization, and their influence on critical aspects of soil, such as carbon sequestration,
microbial activity, crop yields, and overall soil sustainability. Notably, the research papers
authored by Gualberto et al. (Contribution 5), Sellami and Terribile (Contribution 6), and
Bogale et al. (Contribution 7) are grouped within this thematic area, delving into the
repercussions of these agricultural practices on soil carbon sequestration, microbiological
activity, yield, and overall soil sustainability. In the work by Gualberto et al. (Contribution
5), the authors investigate the impact of alterations in land use on soil organic carbon
fractions in Northeastern Brazil. Their study showcases how distinct land management
approaches can uphold soil health indicators, indicating that specific crop rotations and
practices play a pivotal role in preserving topsoil quality and retaining essential active
carbon components within the soil. In the study conducted by Sellami and Terribile (Con-
tribution 6), the authors provide a bibliometric analysis of the evolution of soil health
research. Their analysis spotlights the mounting emphasis on comprehending the con-
sequences of soil management for biochemical processes, microbiological activities, and
greenhouse gas emissions. This work underscores the significance of holistic, integrated
strategies for sustainable soil management. Furthermore, Bogale et al. (Contribution 7)
review the independent and symbiotic effects of soil tillage systems and biochar on soil
carbon sequestration and crop production. Their research indicates that the combined
influence of soil tillage techniques, such as conservation tillage, and the incorporation
of biochar can foster soil carbon sequestration while enhancing crop physiology, yield,
nutrient uptake, and soil health indicators. This approach offers a promising solution for
advancing agricultural sustainability.

Soil Contamination and Phytoremediation: This thematic area centers on soil contam-
ination and the application of phytoremediation as a strategy for improving soil health
and mitigating contamination. Specifically, the research articles authored by Joya-Barrero
et al. (Contribution 8), Ahmad et al. (Contribution 9), and Faria et al. (Contribution 10)
fall under this thematic category, with a primary focus on soil contamination and the
application of phytoremediation to improve soil health and mitigate contamination. In
their study, Joya-Barrero et al. (Contribution 8) investigate the sources of cadmium in cacao
crop soils and suggest strategies for reducing its presence. This research emphasizes the
importance of understanding both natural and anthropogenic sources of soil contaminants
and proposes practical solutions like selecting low-accumulator crops and amending soils
with microorganisms to reduce metal content. The work of Ahmad et al. (Contribution 9)
concentrates on the phytoextraction capacities of different crops, such as Brassica species,
with respect to remediating soil contaminated with toxic metals. The outcomes highlight
the potential of these crops as efficient agents for remediating soil polluted by toxic metals,
thereby underscoring their pivotal role in promoting soil sustainability. Furthermore, Faria
et al. (Contribution 10) investigate the impact of arbuscular mycorrhiza fungal communities
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on the uptake of essential and toxic metals by wheat plants. This research underscores
the critical role of these fungal communities in enhancing crop resilience to metal toxi-
city, thereby contributing to sustainable agricultural practices and the overall health of
soil ecosystems.

Soil Nitrogen Management and Environmental Impact: Under this thematic area, a sole
article authored by De Marco (Contribution 11) is included. It delves into the nitrogen
budget and employs statistical entropy analysis pertaining to the Tiber River catchment.
This study amalgamates diverse methodologies to assess the implications of altering nitro-
gen usage scenarios, underscoring the significance of comprehending the factors behind
varying nitrogen budgets at both the catchment and sub-catchment scales. This research
makes a valuable contribution to endeavors aiming to diminish nitrogen accumulation and
mitigate environmental hazards in heavily impacted ecosystems.

3. Conclusions

The amalgamation of these diverse themes epitomizes the intricate tapestry of contem-
porary soil and sustainable agriculture research. Within the articles published in this Special
Issue “Advancements in Soil and Sustainable Agriculture” lies a shared commitment to
confront the multifaceted challenges of modern agriculture. One of the overarching goals
of these diverse studies is to promote the sustainability of the Earth’s most fundamental
resource: soil. Soil sustainability is, without a doubt, at the heart of these endeavors. It is
the very foundation upon which agriculture, the backbone of human civilization, is built.
Therefore, as the world grapples with ever-mounting pressures, ranging from the increasing
demand for food production to the urgent need for environmental conservation and climate
change mitigation, the importance of nurturing our soil’s health and longevity cannot be
overstated. Through the collaborative efforts of scientists, researchers, and agricultural
practitioners, these themes underscore the significance of innovative solutions that are
essential to securing a more sustainable and environmentally conscious agricultural future.
These investigations, collectively, offer profound insights into the intricate dynamics of
soil health and its intimate connection with the ecological well-being of our planet. They
emphasize the vital role of holistic, integrated strategies in promoting not only agricultural
productivity but also the long-term sustainability of our planet’s delicate ecosystems. As
we navigate the complexities of the 21st century, this collective pursuit embodies our shared
commitment to nurturing and preserving the very earth beneath our feet, ensuring that
it remains fertile, vibrant, and sustainable for generations to come. In the ever-evolving
narrative of agriculture, it is clear that the chapters dedicated to soil sustainability are not
only essential but also pivotal to the success and well-being of humanity and our planet.

Author Contributions: Conceptualization, M.H.S.; methodology, M.H.S.; investigation, M.H.S.;
writing—original draft preparation, M.H.S. and A.L.; writing—review and editing, M.H.S.; visual-
ization, M.H.S.; supervision, M.H.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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8. Mącik, M.; Gryta, A.; Frąc, M. Biofertilizers in Agriculture: An Overview on Concepts, Strategies and Effects on Soil Microorgan-
isms. Adv. Agron. 2020, 162, 31–87. [CrossRef]

9. Trap, J.; Éric, B. Intensifying the Soil Ecological Functions for Sustainable Agriculture: Acting with Stakeholders. Curr. Res.
Environ. Sustain. 2023, 5, 100225. [CrossRef]
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Article

Leonardites Rich in Humic and Fulvic Acids Had Little Effect
on Tissue Elemental Composition and Dry Matter Yield in
Pot-Grown Olive Cuttings

Margarida Arrobas 1, Surian Fernanda de Almeida 2, Soraia Raimundo 1, Lucas da Silva Domingues 2 and Manuel

Ângelo Rodrigues 1,*

1 Centro de Investigação de Montanha (CIMO), Instituto Politécnico de Bragança, Campus de Sta Apolónia,
5300-253 Bragança, Portugal; marrobas@ipb.pt (M.A.); soraia-raimundo@live.com.pt (S.R.)

2 Campus Dois Vizinhos, Universidade Tecnológica Federal do Paraná, Dois Vizinhos 85660-000, PR, Brazil;
suryan_nanda@hotmail.com (S.F.d.A.); lucasdomingues@utfpr.edu.br (L.d.S.D.)

* Correspondence: angelor@ipb.pt; Tel.: +351-273303260

Abstract: The use of humic substances in agriculture has increased in recent years, and leonardite
has been an important raw material in the manufacture of commercial products rich in humic and
fulvic acids. Leonardite-based products have been used to improve soil properties and to help plants
cope with abiotic and biotic stresses. In this study, the effects of two commercial leonardites and
an organic compost, in addition to a control treatment, were assessed for pot-grown olive plants
over a period of fourteen months on soil properties, tissue elemental composition and dry matter
yield (DMY). Three organic amendments were applied at single and double rates of that set by the
manufacturer. The study was arranged in two experiments: one containing the seven treatments
mentioned above and the other containing the same treatments supplemented with mineral nitrogen
(N), phosphorus (P) and potassium (K) fertilization. Overall, organic compost increased soil organic
carbon by ~8% over the control. In the experiment without NPK supplementation, N concentrations
in shoots and P in roots were the highest for the compost application (leaf N 12% and root P
32% higher than in the control), while in the experiment with NPK supplementation, no significant
differences were observed between treatments. Total DMY was ~10% higher in the set of treatments
with NPK in comparison to treatments without NPK. Leonardites did not affect significantly any
measured variables in comparison to the control. In this study, a good management of the majority
of environmental variables affecting plant growth may have reduced the possibility of obtaining
a positive effect on plant nutritional status and growth from the use of commercial leonardites.
The leonardites seemed to have caused a slight effect on biological N immobilization. This is not
necessarily an advantage or a drawback; it is rather a feature that must be understood to help farmers
make better use of these products.

Keywords: plant biostimulants; humic substances; organic compost; Olea europaea L.

1. Introduction

Soil organic matter is the most widely used soil fertility index and a measure of its
suitability for plant growth. Organic matter improves physical, chemical and biological
soil properties, resulting in increased water holding capacity and aeration, pH stabilization,
trace element immobilization and enhanced microbial activity and nutrient bioavailabil-
ity [1]. For centuries, the use of farmyard manure and other organic materials in agricultural
fields was the main method of improving soil fertility and maintaining crop productivity.
Currently, the addition of organic amendments continues to be a recommended practice to
restore fertility and to increase crop growth and yield, particularly in degraded soils [2,3].

In recent years, agriculture has undergone increasing specialization, and the rearing
of livestock has tended to separate itself from crop production. There are regions of the
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world where landless livestock production systems are dominant, which create complica-
tions in waste management, sometimes resulting in serious problems of environmental
contamination [4,5]. In other regions, animals and their associated farmyard manures
are practically nonexistent. Although organic materials resulting from agro-industrial
activities are sometimes available, which can be composted and used in agriculture [6,7],
their availability is always limited given the extent of cultivated areas that need them. This
is one of the primary causes of the low levels of organic matter in soils, especially when
associated with other inadequate soil management practices, such as excessive tillage [8,9].

In recent years, the use of plant biostimulants in agriculture has increased greatly.
Plant biostimulants are materials of a diverse nature, the most salient of which are protein
hydrolysates and other N-containing compounds, seaweed extracts, inorganic compounds,
chitosan, humic and fulvic acids and beneficial microorganisms [10,11]. Although commer-
cial uses and specifications may vary depending on the nature of the plant biostimulant,
they are not characterized by providing nutrients directly to the plants due to the low rates
in which they are used but rather by favouring processes in the soil or in the plants that
result in increased nutrient use efficiency and/or tolerance to several abiotic and biotic
stresses [12,13].

Products rich in humic substances (HS) are an important group within the category of
plant biostimulants [10,11]. HS includes humic acid, fulvic acid and humin fractions. Due
to the insoluble nature of humin fractions, the commercial biostimulant activity of HS is
focused on humic and fulvic acids [14]. They are normally applied to the soil as fertigation
and less directly to the crop as a foliar spray. The reduced availability of conventional
organic amendments has increased interest in such products, since it is expected that they
have an effect on soil properties that can make up for the lack of manure or compost [15,16].

Commercial HSs are complex mixtures of distinct types of biomolecules which render
their mode of action difficult to understand. The mechanisms by which HS elicit biostimu-
latory activity on plants remain elusive despite great efforts made over recent years [14,17].
Although positive results from the use of humic substances are not guaranteed, since they
seem to be dependent on several agro-ecological variables that are difficult to optimize, a
great number of positive results in soils and/or plants has been recorded [18,19]. Enhance-
ment of plant growth by the application of humic substances has often been attributed to
increased nutrient use efficiency and nutrient cycling due to the stimulus of microbial activ-
ity [13,20]. HSs have also been related to crop protection against environmental stresses,
since they can enhance the activity of key enzymes in the metabolism of phenylpropanoids,
which play a central role in the production of phenolic compounds involved in secondary
metabolism, providing a strong argument for stress response modulation [17,21]. The nega-
tive action of HS has been associated with inordinate interactions with essential proteins
or with the presence of entrapped small soil phenols exhibiting strong phytotoxicity in
plants [22].

Commercial HSs are obtained from different raw materials, such as composted
by-products, vermicomposts, peat and leonardite. Due to natural abundance and cost-
effectiveness and because it contains high amounts of humic acids, leonardite has become
an important raw material for the manufacture of commercial products [16,23]. Some of the
positive effects of HS contained in leonardite may be ascribed to a general improvement in
soil fertility, resulting in higher nutrient availability for plants. However, more consistent
results from the use of HS tend to be recorded when plants are subjected to some form of
environmental stress [20,24].

Nursery-grown and potted plants are very demanding in their requirements, giving
rise to many difficulties in managing the salinity of the medium and the availability of water
and nutrients for plants [25,26]. Due to ease and low cost with which HS can be added to a
growing medium, it was hypothesized for this study that the use of two HS-rich leonardites
in potted olive cuttings could benefit plant growth and make the cultivation process
easier to implement. Thus, the main goal of the study was to compare two commercial
leonardites rich in humic and fulvic acids with a composted organic amendment and a
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control treatment. An experiment was carried out using pre-rooted olive cuttings and
growing them until they reached commercial size. Two commercial leonardites and the
organic amendment were applied at single and double rates of that set by the manufacturer.
The experimental apparatus was arranged as two independent experiments: In one, organic
materials were used alone; in the other, they were used as a supplement to mineral NPK
fertilization. This experimental design allowed the integration of a considerable number of
treatments, 14 in total, without excessively complicating the interpretation of results.

2. Materials and Methods

2.1. Experimental Setup

This study reports the results of two experiments that took place in Bragança, northeast-
ern Portugal. According to the Köppen–Geiger climate classification, the region benefits
from a warm summer Mediterranean climate (Csb). The mean annual temperature is
12.3 ◦C, and annual precipitation is 758.3 mm [27].

Pot experiments were carried out indoors in a greenhouse covered by a double-wall
polycarbonate panel. Lateral and zenith openings ensured aeration of the greenhouse
and thermal conditions suitable for cultivation. The greenhouse was also equipped by a
reflective screen to assist in the regulation of internal temperature, which automatically slid
across when the temperature reached 28 ◦C.

The pots were filled with 3 kg of dried and sieved (2 mm mesh) soil and mixed with
50 g of perlite. The soil used in these experiments was collected from the surface layer
(0.0–0.20 m) in a plot left fallow during the previous year. It is classified as a Regosol of
colluvial origin, and the texture is sandy-clay loam (24.2% clay, 21.7% silt and 54.2% sand).
Soil organic carbon is low (11.7 g kg−1), and pH(H2O) is close to neutrality (6.8). The levels
of extractable P and K (Egnér–Riehm) are both classified as medium, 85.7 mg P2O5 kg−1

and 94.0 mg K2O kg−1, respectively. Cation exchange capacity is 17.9 cmolc kg−1 (11.63,
4.24, 0.45 and 1.58 cmolc kg−1 of Ca, Mg, K and Na, respectively).

In these experiments, three organic amendments (Nutrimais®, Humitec® and Humic
gold®) and a compound NPK (10% N, 10% P2O5, and 10% K2O) fertilizer were used.
Nutrimais is a dehydrated and pelletized product, resulting from composting forestry, agro-
industrial and domestic waste. It is recommended for agricultural use at rates of 3500 to
7000 l ha−1. Humitec and Humic gold are two commercial formulations of leonardite,
obtained from fossilized forest wood from about 40 to 60 million years ago, and recom-
mended as soil conditioners. Humitec is recommended for direct application to the soil
at rates of 75 to 275 kg ha−1. Humic gold is recommended for application in fertigation
at rates of 2 to 6 kg ha−1. The most relevant properties of these fertilizing materials are
presented in Table 1.

Table 1. Properties of the organic amendments used in these experiments (data provided by the
manufacturers).

Humitec Humic Gold Nutrimais

Moisture (%) - - 10.5
Organic matter (%) 55 - 52.5

Total organic carbon (%) 23.2 - 29.2
Total humic extract (%) 40 72 -

Humic acids (%) 30 56 -
Fulvic acids (%) 10 16 -

Total N (%) 2 - 2.4
Sulfur (SO3) (%) 5 - -

Silicon (SiO2) (%) 24 - -
Potassium (K2O) (%) - 8 1.8

Phosphorus (P2O5) (%) - - 1.5
Calcium (CaO) (%) 15.2
Magnesium (MgO) 0.7
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The experiments were conducted on a completely randomized design, with seven
treatments each and four replicates. Nutrimais® (Nu), Humitec® (Ht) and Humic gold®

(Hg) were applied at two rates (a single and a double rate of those set by the vendor).
Thus, the rates used were 5 (Nu1) and 10 (Nu2) t ha−1, 250 (Ht1) and 500 (Ht2) kg ha−1

and 5 (Hg1) and 10 (Hg2) kg ha−1. The conversion of the rates of organic amendments
recommended for use in the field to those used in pots took into account the individual
area occupied by each pot. The pots were placed in a square with a 0.267 m side, each
pot occupying the equivalent of 0.071 m2. Thus, each pot received organic amendments
in an amount equivalent to a fraction of 1/140,000 of a hectare. Thus, each pot received
35.7 (Nu1), 71.4 (Nu2), 1.79 (Ht1), 3.57 (Ht2), 0.036 (Hg1) and 0.071 (Hg2) g of commercial
product. A non-fertilized control (C) was also included in the experimental design.

The second experiment was arranged in the same manner. The seven treatments
described for the first experiment were supplemented with mineral NPK fertilization.
Thus, the treatments of this experiment were named as Nu1+, Nu2+, Ht1+, Ht2+, Hg1+,
Hg2+ and C+. These pots received the same rates of organic amendments reported for the
first experiments in addition to 5 g pot−1 of NPK fertilizer, which corresponds to a field
fertilization of ~70 kg ha−1 of N, P2O5 and K2O.

Rooted cuttings of homogeneous size (~10 cm in height) of the cultivar Cobrançosa
were used in this study. The trials were set up on 4 August 2019. Subsequently, the pots
were kept free of weeds and watered regularly with 200 mL of water. Irrigation frequency
was dependent on phenological stages and environmental conditions. The experiment was
completed on 7 October 2020.

2.2. Sample Collection and Analysis

Soil samples were taken by carefully recovering all soil from the pots and by trying
to avoid breaking the roots. Soil samples were then properly homogenized and 200 g
subsamples sent to the laboratory. Afterwards, the roots were washed with a low-pressure
water jet in a metallic box with a 1 mm mesh in an attempt to recover as many roots as
possible. The plant was divided into roots, stems and leaves, and the three parts were dried
and weighed separately. Plant tissues were oven-dried at 65 ◦C to a constant weight and
then ground in a 1-millimetre mesh mill.

Soil samples were oven-dried at 40 ◦C and analyzed for pH (H2O and KCl) (soil:
solution, 1:2.5), cation-exchange capacity (ammonium acetate, pH 7.0), organic carbon (wet
digestion, Walkley–Black method) and extractable P and K (Egnér–Riehm method). Soil
boron (B) was extracted by hot water, and the extracts were analysed by the azomethine-H
method. For more details on these analytical procedures, the reader is referred to van
Reeuwijk [28]. The availability of other soil micronutrients (copper (Cu), iron (Fe), zinc (Zn)
and manganese (Mn)) was determined by atomic absorption spectrometry after extraction
with ammonium acetate and EDTA, according to the method previously described by
Lakanen and Erviö [29].

Elemental tissue analyses were performed by Kjeldahl (N), colorimetry (B and P),
flame emission spectrometry (K) and atomic absorption spectrophotometry (Ca, Mg, Cu,
Fe, Zn and Mn) methods after nitric digestion of the samples [30].

2.3. Data Analysis

Data were analysed for normality and homogeneity of variances using the Shapiro–
Wilk and Bartlett’s test, respectively. Thereafter, one-way ANOVA was performed. When
significant differences were found among treatments, the means were separated by Tukey
HSD (α = 0.05) test.

3. Results

In the experiment without NPK supplementation, significant differences (p < 0.05)
between treatments were found (Figure 1). The application of Nutrimais increased DMY
in comparison to the control and other treatments such as Hu1 and Hg1. The differences
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were mainly due to the contribution of leaves to total DMY. In the experiment in which
the application of organic amendments was supplemented with NPK, significant differ-
ences between treatments (p < 0.05) were not found; however, overall the DMY of these
treatments was ~10% higher than that of treatments without NPK supplementation. In
both experiments, the contribution of roots to DMY was approximately one-third of the
contribution of stems and leaves.
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Figure 1. Dry matter yield (DMY) in roots, stems, leaves and total in response to the application of
organic amendments (C, Control; Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two
rates (1,2)) in experiments (a) without and (b) with NPK(+) mineral fertilization. Lowercase letters
show the results of analysis of variance and means separation (Tukey HSD, α = 0.05) for each plant
part and uppercase letters for total DMY.

In the experiment without NPK addition, Nutrimais applied at the rate 2 (Nu2)
produced the highest average leaf N concentration (23.7 g kg−1), a value significantly
higher than that of the control (20.9 g kg−1) and other treatments such as Ht2 (17.5 g kg−1)
and Hg2 (18.6 g kg−1) (Table 2). Comparing the two rates of Humitec and also the two rates
of Humic gold, it seems that the higher rate reduced leaf N concentration, although without
significant differences. In the experiment without NPK supplementation, no significant
differences between treatments were found for any of the other nutrients. Leaf P and
K, the other nutrients applied in the experimental design, varied from 1.5 to 2.0 g kg−1

and 8.2 to 9.2 g kg−1, respectively. In the experiment with NPK supplementation, no
significant differences were recorded for any of the elements determined. The effect of
organic amendments on leaf nutrient concentration was less than experimental variability.
The range of variation of the macronutrients N, P and K was 23.4–24.5 g kg−1, 1.6–2.3 g kg−1

and 8.7–9.7 g kg−1, respectively.
Stem N concentrations, although lower than those of the leaves, followed a somewhat

similar pattern when comparing treatments (Table 3). The highest values were recorded
for Nu2 (9.8 g kg−1), which were significantly higher than those of the Ht2 treatment
(7.9 g kg−1). As in the leaves, there seems to be a tendency for higher rates of Humitec
(Hu2) and Humic gold (Hg2) to produce stem N concentrations lower than those recorded
in Hu1 and Hg1 treatments. For the other nutrients and for all nutrients in the experiment
with NPK supplementation, significant differences between treatments were not observed.
As mentioned for leaf nutrient concentration, the effect of organic amendments was not
enough to stand out from experimental variability.
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Table 2. Leaf nutrient concentration in response to the application of organic amendments (C, Control;
Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two rates (1,2)) in the experiments
without and with NPK(+) mineral fertilization. For each independent experiment, means followed
by the same letter are not significantly different by Tukey HSD test (α = 0.05).

N P K Ca Mg B Fe Mn Zn Cu

Treatments g kg−1 mg kg−1

C 20.9 b 1.5 a 8.2 a 3.9 a 0.9 a 20.6 a 186.8 a 39.1 a 12.4 a 9.0 a
Nu1 21.3 ab 2.0 a 9.2 a 4.5 a 1.0 a 18.8 a 158.2 a 29.4 a 17.0 a 8.5 a
Nu2 23.7 a 2.0 a 9.0 a 4.8 a 1.0 a 21.8 a 161.8 a 41.0 a 20.3 a 8.3 a
Ht1 20.2 bc 1.9 a 8.9 a 4.7 a 1.0 a 21.7 a 182.3 a 34.4 a 16.7 a 8.1 a
Ht2 17.5 c 2.0 a 9.2 a 4.5 a 1.1 a 19.9 a 180.8 a 30.7 a 18.6 a 7.4 a
Hg1 21.0 ab 1.9 a 9.2 a 4.6 a 1.1 a 20.7 a 149.1 a 32.1 a 15.2 a 8.1 a
Hg2 18.6 bc 1.7 a 8.2 a 4.3 a 1.3 a 18.7 a 151.0 a 31.2 a 15.0 a 8.1 a

Prob. < P <0.0001 0.6929 0.4674 0.8649 0.7053 0.1134 0.0866 0.1066 0.1220 0.9852
Std error 0.58 0.24 0.45 0.46 0.17 0.85 10.28 3.00 1.77 1.23

NPK
addition

C+ 24.5 a 1.6 a 8.8 a 4.5 a 1.1 a 18.9 a 160.3 a 30.1 a 20.5 a 7.4 a
Nu1+ 23.9 a 2.3 a 9.3 a 4.9 a 1.2 a 22.7 a 135.8 a 44.0 a 18.7 a 8.0 a
Nu2+ 24.3 a 2.3 a 9.6 a 4.8 a 1.2 a 19.3 a 132.9 a 37.5 a 16.0 a 7.9 a
Ht1+ 24.0 a 1.9 a 8.7 a 5.0 a 1.2 a 21.1 a 191.0 a 42.6 a 16.5 a 8.6 a
Ht2+ 24.4 a 1.9 a 9.5 a 4.6 a 1.2 a 20.6 a 168.1 a 51.0 a 17.2 a 7.8 a
Hg1+ 23.4 a 1.6 a 8.7 a 4.5 a 1.0 a 21.8 a 151.0 a 40.9 a 13.3 a 7.9 a
Hg2+ 23.9 a 1.8 a 9.7 a 4.6 a 1.1 a 22.3 a 192.0 a 47.5 a 13.2 a 11.2 a

Prob. < P 0.3391 0.2545 0.4550 0.6578 0.4789 0.0727 0.1397 0.1171 0.2014 0.1519
Std error 0.35 0.24 0.44 0.24 0.07 0.93 17.06 4.69 2.06 0.93

Table 3. Stem nutrient concentration in response to the application of organic amendments (C,
Control; Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two rates (1,2)) in experiments
without and with NPK(+) mineral fertilization. For each independent experiment, means followed
by the same letter are not significantly different by Tukey HSD test (α = 0.05).

N P K Ca Mg B Fe Mn Zn Cu

Treatments g kg−1 mg kg−1

C 9.3 ab 1.3 a 5.3 a 2.5 a 0.7 a 16.9 a 292.9 a 14.5 a 11.8 a 9.6 a
Nu1 9.3 ab 1.3 a 7.3 a 2.7 a 0.7 a 14.3 a 285.1 a 15.4 a 12.1 a 8.9 a
Nu2 9.8 a 1.6 a 7.4 a 3.0 a 0.8 a 15.8 a 222.6 a 14.5 a 15.8 a 8.2 a
Ht1 8.1 ab 1.4 a 6.9 a 2.7 a 0.7 a 16.2 a 262.1 a 14.9 a 14.7 a 6.9 a
Ht2 7.9 b 1.5 a 6.7 a 2.6 a 0.7 a 16.6 a 261.3 a 13.8 a 16.0 a 8.2 a
Hg1 9.2 ab 1.4 a 7.0 a 2.8 a 0.7 a 15.9 a 209.5 a 12.6 a 14.1 a 8.4 a
Hg2 8.6 ab 1.3 a 7.0 a 2.4 a 0.6 a 17.1 a 206.9 a 9.5 a 11.8 a 8.2 a

Prob. < P 0.0225 0.4461 0.6957 0.7196 0.8532 0.2151 0.1490 0.2690 0.0967 0.3281
Std error 0.38 0.12 0.86 0.24 0.10 0.75 25.73 1.67 1.23 0.73

NPK
addition

C+ 9.8 a 1.3 a 6.6 a 2.7 a 0.7 a 14.3 a 194.9 a 14.3 a 11.1 a 9.6 a
Nu1+ 10.6 a 1.5 a 7.4 a 2.8 a 0.8 a 16.2 a 217.3 a 13.8 a 10.2 a 10.9 a
Nu2+ 10.2 a 1.4 a 6.9 a 2.6 a 0.7 a 16.2 a 187.5 a 10.7 a 9.8 a 11.4 a
Ht1+ 10.0 a 1.5 a 7.3 a 2.7 a 0.7 a 16.2 a 279.3 a 14.6 a 11.6 a 12.8 a
Ht2+ 10.0 a 1.5 a 6.9 a 2.7 a 0.7 a 16.3 a 219.0 a 16.4 a 12.2 a 9.9 a
Hg1+ 10.2 a 1.6 a 6.9 a 3.0 a 0.7 a 14.8 a 200.1 a 13.7 a 8.7 a 11.0 a
Hg2+ 9.7 a 1.5 a 7.2 a 2.4 a 0.6 a 15.9 a 208.2 a 9.7 a 10.6 a 12.0 a

Prob. < P 0.7240 0.1978 0.8315 0.5016 0.8007 0.1754 0.1422 0.4308 0.3428 0.2483
Std error 0.39 0.07 0.37 0.17 0.06 0.61 21.86 2.25 1.05 0.91
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As in aboveground tissue, average root N concentration was the highest in the
Nu2 treatment (16.3 g kg−1), a value significantly higher than that of the Ht2 treatment
(13.3 g kg−1) (Table 4). Moreover, as in the aboveground tissue, the average values of treat-
ments Ht2 (13.3 g kg−1) and Hg2 (13.7 g kg−1) were lower than those of Ht1 (14.1 g kg−1)
and Hg1 (15.6 g kg−1). Root P concentrations varied significantly between treatments,
Nut2 displaying the highest value (2.5 g kg−1) and C, Ht1 and Ht2 displaying the lower
one (1.7 g kg−1) in the experiment without NPK addition. Root Mg concentration was
significantly higher in Nu2 (4.3 g kg−1) in comparison to the control (3.1 g kg−1). For
the other nutrients and for all nutrients in the experiment with NPK supplementation,
significant differences between treatments were not found. Root N, P and K concentrations
in the experiment with NPK addition were in the ranges 15.4–18.4 g kg−1, 1.8–2.4 g kg−1

and 12.0–14.1 g kg−1, respectively.

Table 4. Root nutrient concentration in response to the application of organic amendments (C,
Control; Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two rates (1,2)), in experiments
without and with NPK(+) mineral fertilization. For each independent experiment, means followed
by the same letter are not significantly different by Tukey HSD test (α = 0.05).

N P K Ca Mg B Fe Mn Zn Cu

Treatments g kg−1 mg kg−1

C 15.0 ab 1.7 b 11.3 a 4.8 a 3.1 b 19.8 a 5152.6 a 132.5 a 31.8 a 90.9 a
Nu1 16.2 ab 1.9 ab 11.3 a 5.6 a 3.6 ab 19.1 a 5902.8 a 145.9 a 35.5 a 92.4 a
Nu2 16.3 a 2.5 a 11.2 a 5.7 a 4.3 a 20.5 a 6920.9 a 167.6 a 43.1 a 95.7 a
Ht1 14.1 ab 1.7 b 11.4 a 4.5 a 3.2 ab 18.0 a 5906.6 a 145.6 a 36.6 a 79.8 a
Ht2 13.3 b 1.7 b 11.0 a 4.8 a 3.3 ab 18.0 a 6759.6 a 156.6 a 41.7 a 97.4 a
Hg1 15.6 ab 1.8 ab 12.6 a 5.1 a 3.3 ab 17.7 a 6463.0 a 142.6 a 34.4 a 95.9 a
Hg2 13.7 ab 1.9 ab 11.4 a 4.7 a 3.6 ab 20.7 a 6026.7 a 166.7 a 43.1 a 101.1 a

Prob. < P 0.0471 0.0486 0.9233 0.0615 0.0462 0.1199 0.4635 0.4365 0.5449 0.5921
Std error 0.71 0.18 0.93 0.28 0.24 0.87 604.96 12.75 4.92 7.66

NPK
addition

C+ 15.4 a 1.8 a 13.3 a 5.8 a 3.7 a 17.6 a 5636.2 a 147.8 a 33.4 a 69.8 a
Nu1+ 17.1 a 2.0 a 13.9 a 5.5 a 3.8 a 20.7 a 4973.9 a 142.8 a 35.5 a 82.2 a
Nu2+ 18.4 a 2.4 a 12.6 a 5.9 a 3.9 a 20.6 a 5545.7 a 160.3 a 41.5 a 91.6 a
Ht1+ 17.4 a 2.0 a 13.3 a 5.2 a 3.4 a 19.0 a 4042.7 a 152.0 a 33.6 a 80.9 a
Ht2+ 17.7 a 2.2 a 14.1 a 5.1 a 3.3 a 17.9 a 5119.3 a 149.3 a 40.8 a 95.6 a
Hg1+ 17.4 a 1.9 a 12.7 a 5.7 a 3.4 a 20.1 a 4531.8 a 151.4 a 33.2 a 87.5 a
Hg2+ 16.9 a 2.0 a 12.0 a 5.1 a 3.4 a 17.4 a 4767.0 a 108.6 a 37.7 a 99.1 a

Prob. < P 0.1968 0.3780 0.8096 0.0682 0.1098 0.0558 0.5068 0.1070 0.1771 0.2304
Std error 0.72 0.14 1.09 0.19 0.15 0.86 583.17 11.32 2.64 7.99

Soil organic carbon varied significantly between treatments in the experiments without
and with NPK addition (Table 5). Higher values were found in Nu2 (12.3 g kg−1) and
Nu2+ (12.6 g kg−1) treatments in each of the experiments. Extractable P varied also
between treatments, and Nu2 (167.6 mg P2O5 kg−1) and Nu2+ (226.0 mg P2O5 kg−1)
showed higher values of each experiment. Overall, the values of extractable P in the
experiment with NPK addition were higher than those of the experiment where only
organic amendments were applied. Extractable K followed a trend similar to extractable P.
The higher values of the experiments were found in treatments Nu2 (163.3 mg K2O kg−1)
and Nu2+ (264.0 mg K2O kg−1). No significant differences were found between treatments
for exchangeable Ca++ and Mg++ and CEC, as well as for extractable micronutrients. The
effect of the treatments on these variables was poor and less than experimental variability.
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Table 5. Selected soil properties in response to the application of organic amendments (C, Control;
Nu, Nutrimais; Ht, Humitec; and Hg, Humic gold, applied at two rates (1,2)), in experiments without
and with NPK(+) mineral fertilization. For each independent experiment, means followed by the
same letter are not significantly different by Tukey HSD test (α = 0.05).

Extractable Exchangeable Extractable

Organic
Carbon

pH
P

(P2O5)
K

(K2O)
Ca++ Mg++ CEC B Fe Zn Cu Mn

Treatments g kg−1 H2O mg kg−1 cmol+ kg−1 mg kg−1

C 11.0 bc 6.7 a 78.9 c 95.3 bc 8.8 a 5.8 a 15.3 a 0.9 a 109.0 a 3.8 a 42.8 a 168.8 a
Nu1 10.8 bc 6.8 a 123.8 b 122.0 b 9.3 a 6.2 a 16.4 a 0.8 a 109.1 a 4.0 a 45.7 a 175.8 a
Nu2 12.3 a 6.9 a 167.6 a 163.3 a 8.5 a 5.3 a 14.9 a 1.0 a 110.3 a 4.2 a 29.4 a 167.7 a
Ht1 10.4 c 6.9 a 57.6 c 90.3 c 8.4 a 5.1 a 14.1 a 0.8 a 101.3 a 3.2 a 32.0 a 167.4 a
Ht2 10.4 c 6.9 a 58.9 c 86.3 c 7.8 a 4.2 a 12.6 a 0.8 a 99.6 a 3.4 a 33.7 a 161.3 a
Hg1 11.1 b 6.9 a 71.8 c 103.0 bc 8.3 a 5.4 a 14.5 a 0.9 a 110.2 a 4.3 a 44.6 a 170.2 a
Hg2 10.8 bc 6.9 a 59.5 c 89.7 c 9.0 a 7.0 a 16.6 a 0.7 a 98.7 a 3.3 a 29.9 a 157.8 a

Prob. < P <0.0001 0.0774 <0.0001 <0.0001 0.7194 0.1133 0.2865 0.3813 0.0902 0.1177 0.0997 0.1473
Std error 0.17 0.05 7.98 6.41 0.62 0.60 1.16 0.08 3.48 0.32 4.82 4.26

NPK
addition

C+ 10.7 c 6.7 a 132.3 b 163.3 a 9.4 a 6.3 a 16.5 a 0.8 a 109.2 a 3.8 a 30.9 a 156.9 a
Nu1+ 11.5 bc 6.8 a 158.4 b 218.7 a 9.3 a 6.6 a 17.1 a 1.0 a 104.5 a 3.9 a 32.1 a 151.2 a
Nu2+ 12.6 a 6.7 a 226.0 a 264.0 a 8.5 a 6.0 a 15.9 a 0.9 a 102.7 a 4.1 a 28.6 a 158.8 a
Ht1+ 11.1 bc 6.7 a 139.8 b 190.7 a 7.9 a 5.6 a 14.5 a 0.8 a 100.1 a 4.4 a 41.0 a 160.2 a
Ht2+ 11.6 b 6.7 a 181.6 ab 214.3 a 8.6 a 5.6 a 15.3 a 0.9 a 129.3 a 4.6 a 48.2 a 186.0 a
Hg1+ 11.5 bc 6.9 a 136.8 b 153.3 a 9.0 a 5.8 a 15.8 a 0.9 a 110.5 a 4.6 a 42.4 a 167.6 a
Hg2+ 11.3 bc 6.8 a 142.1 b 190.0 a 7.8 a 5.5 a 14.2 a 0.8 a 94.1 a 3.9 a 33.4 a 158.1 a

Prob. < P <0.0001 0.0542 0.0004 0.0827 0.6668 0.8893 0.7648 0.0805 0.1807 0.1151 0.1341 0.4111
Std error 0.17 0.04 11.24 24.07 0.74 0.69 1.40 0.06 8.47 0.24 5.11 10.85

4. Discussion

In the experiment without the addition of NPK, the application of Nutrimais increased
DMY in comparison to the control. In the experiment with NPK addition, differences
between treatments were not found, and the average values were ~10% higher than those
of the treatments without NPK addition. The use of organic amendments can positively
influence several soil properties, which may result in the enhancement of plant growth [2,7].
In these experiments, under controlled growing conditions, the positive effect of Nutrimais
in DMY was probably due to the supply of nutrients, a thesis supported by the absence of
a positive effect of Nutrimais on DMY when the pots were supplemented with the NPK
fertilizer.

The analysis of the elemental composition of plant tissues showed that Nutrimais
consistently increased tissue N levels (leaves, stems and roots). In the experiment with NPK
supplementation, tissue N levels were globally higher than in the experiment without NPK
but with no differences between treatments. As no differences in shoots were observed in
the concentration of other nutrients, the result suggests that the positive effect of Nutrimais
on DMY was due to the supply of N. Nitrogen is one of the main limiting factors for plant
growth in most agricultural ecosystems [31–34]. Soils do not accumulate N in readily
available forms, with plants being dependent on regular applications of N as a fertilizer [1].
The availability of N to plants from organic substrates depends on their N content and
C/N ratio. C/N ratios above or below 25 are usually associated to net N immobilization or
mineralization, respectively [1]. Nutrimais presented an N concentration of 24.1 g kg−1

and C/N ratio of 11.94 (Table 1), suggesting net mineralization in the short term, which
was most likely the reason for the increase in N concentration in plant tissues and DMY.

Leaf P concentrations did not vary with the application of Nutrimais. Although P is a
limiting factor in plant growth in many regions of the world, where crop yield is dependent
on the regular application of P as a fertilizer [35–37]. In northeastern Portugal, in soils
with similar properties to those used in this experiment, it has been difficult to observe a
response in crops relative to P applications [38,39]. This suggests that these soils provide
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non-limiting amounts of P for plant growth. The roots from Nutrimais pots showed higher
P concentrations than those of the other treatments. It has also been shown from previous
studies that olive plants can accumulate P in roots when the nutrient is highly available
in the soil, while the concentration of P in aboveground plant tissues is maintained at
adequate levels [25,40]. This may have reduced the importance of P on plant growth in this
experiment. Nevertheless, it is clear that Nutrimais provided the system with P.

The application of Nutrimais increased K levels in the soil, but this was not enough to
increase the concentration of K in plant tissues. These soils normally supply K in adequate
amounts to plants. In previous studies, there has also been a reduced response of plants
observed relative to the application of K [41,42], as mentioned above for P.

Nutrimais increased the content of soil organic carbon in the pots with and without
NPK supplementation. The increase in soil organic matter is an important objective in the
use of organic amendments and stems from the direct supply of carbon and a slow process
of mineralization in the soil [1]. Leonardites did not have such an effect because, at the
rates they were used, the carbon added was not enough to be detected by soil analysis.

The leonardites Hu and Hg tended to reduce average tissue N concentrations at the
higher rate they were used. This seems to be evidence of biological net N immobilization.
Humic and fulvic acids, by stimulating soil microbiology, may have had this short-term
effect, contributing to the immobilization of N. This is not necessarily negative. It is a
property of organic amendments with little available N [1], but it is important to take this
property into account to avoid N shortage during the growing season. In potted cultivation,
especially in nurseries, it is common to use slow or controlled release fertilizers as a method
of reducing leaching or other forms of nutrient loss [24]. These kinds of leonardites may
have a similar role in regulating the N cycle.

Leonardites are also known for their ability to immobilize trace metals, as they contain
oxidized functional groups that can bind different metal ions or heavy metals [15,43]. This
effect, however, was not observed in this study, since the concentration of metals in plant
tissues did not vary significantly with the experimental treatments. The reduced rate at
which these commercial products are recommended and used in this particular study was
probably the reason for the absence of any detectable effect.

Humic substances are recommended for increasing crop P uptake since they are
capable of competing with P to be bound to soil adsorption complexes [44]. In agreement
with this, Kaya et al. [45] observed that leonardite enhanced leaf P and yield in maize under
P and water stress in calcareous soils. In this study, however, no benefits were found for P
nutrition from the use of leonardites, perhaps because the plants were not grown under
water stress conditions and these soils may have provided enough P for plant growth, even
without P fertilization as above mentioned.

Although some studies have reported different beneficial effects for plants resulting
from the use of HS [15,20,46], in other studies, it was shown that there is a possibility of
HS exerting a negative impact on plant growth and development [22]. Atiyeh et al. [47]
reported that the inhibitory effect of HS on plant growth is dosage dependent and that the
negative action of HS was associated with inordinate interactions with essential proteins. It
has also been hypothesized that another structural feature in terms of HS toxicity is the
presence of entrapped small soil phenols, which exhibit a strong phytotoxicity by affecting
glycolysis and pentose phosphate pathways in plants [22,48]. In this study, however,
no relevant signs of positive or negative effects on plants or soil were detected when
leonardites were used at single and double recommended rates.

5. Conclusions

Nutrimais produced typical results for an organic amendment, with an increase in
organic carbon and nutrients in the soil, which, in turn, increased the concentrations of some
nutrients in plant tissues and dry matter yield in the experiment without NPK addition. The
positive effect on dry matter yield was probably due to the increase in nitrogen availability,
the most limiting nutrient in these experiments.
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In these pot experiments, a good control of the majority of environmental variables
affecting plant growth may have been the reason for not having found any beneficial effects
of the use of these commercial leonardites. Leonardites are rich in humic substances, and
their effect on plants tends to become more evident when plants are grown under some
kind of environmental stress.

Leonardites are not used to provide nutrients due to their low nutrient concentration
and the rates at which they are usually applied. Used at such low rates in our experiment,
they also did not cause any measurable effect on increasing soil organic carbon. Indeed,
the results seem to show a slight effect of biological nitrogen immobilization from the use
of leonardites, which may be due to some stimulus in soil biological activity. This is not
necessarily an advantage or a drawback; it is simply a feature that must be understood.
Despite there being promising indications about these products found in some studies, in
others they have not been so clear; thus, more studies are needed to set safe guidelines for
their use by farmers.
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Abstract: Soil micronutrients limit crop productivity in many regions worldwide, and micronutri-
ent deficiencies affect over two billion people globally. Microbial biofertilizers could combat these
issues by inoculating arable soils with microorganisms that mobilize micronutrients, increasing their
availability to crop plants in an environmentally sustainable and cost-effective manner. However,
the widespread application of biofertilizers is limited by complex micronutrient–microbe–plant
interactions, which reduce their effectiveness under field conditions. Here, we review the current
state of seven micronutrients in food production. We examine the mechanisms underpinning mi-
crobial micronutrient mobilization in natural ecosystems and synthesize the state-of-knowledge
to improve our overall understanding of biofertilizers in food crop production. We demonstrate
that, although soil micronutrient concentrations are strongly influenced by soil conditions, land
management practices can also substantially affect micronutrient availability and uptake by plants.
The effectiveness of biofertilizers varies, but several lines of evidence indicate substantial benefits in
co-applying biofertilizers with conventional inorganic or organic fertilizers. Studies of micronutrient
cycling in natural ecosystems provide examples of microbial taxa capable of mobilizing multiple
micronutrients whilst withstanding harsh environmental conditions. Research into the mechanisms
of microbial nutrient mobilization in natural ecosystems could, therefore, yield effective biofertilizers
to improve crop nutrition under global changes.

Keywords: soil micronutrient availability; food crop production; microbial biofertilizer; microbial
nutrient mobilization; plant micronutrient uptake; biofortification

1. Introduction

Human population growth and increasing levels of consumption are placing ever
greater demands on farmers to increase crop production [1–3]. However, land availability
for food production is limited, resulting in intensive agricultural practices that affect soil
health and the wider environment [2,4]. It is therefore vital that global food production is
increased sustainably to maintain soil health [4,5]. Nutrient availability in soils is one of
the key factors underpinning food production [3,6]. As well as the more widely researched
macronutrients, nitrogen (N), potassium (K) and phosphorus (P), six trace elements are
consistently described as important micronutrients for crop growth and yield: iron (Fe),
zinc (Zn), manganese (Mn), molybdenum (Mo), boron (B), and copper (Cu) [7–10]. In
addition, cobalt (Co) is beneficial to plants and plays a crucial role in nitrogen fixation in
leguminous crops [9]. For simplicity, we refer henceforth to these seven trace elements
as ‘micronutrients’. Micronutrients in soils are largely derived from their parent material
and required in minimal quantities by crops (i.e., <1 part per million). However, soil
properties and conventional agricultural management practices, such as the use of higher
yielding crop cultivars and the application of NPK inorganic fertilizers, can result in an
insufficient micronutrient supply to crops [7–9]. A deficiency in even one of these nutrients
can substantially reduce crop growth and yield, although an excessive supply, resulting in
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toxicity, can be equally detrimental [7,8,10]. In general, most plants have a narrow optimum
micronutrient range, making it difficult to maintain the balance between deficiency and
toxicity [7,9,10]. Thus, achieving a balanced supply of micronutrients in soils is essential
for combatting human and animal dietary deficiencies in many parts of the world.

1.1. Micronutrients and Hidden Hunger

It is estimated that over two billion people worldwide suffer from ‘hidden hunger’, a
deficiency in one or more micronutrients [11]. Deficiencies in Fe, Zn and Co (in the form of
Vitamin B12) are amongst the most prevalent, especially in populations where diets mainly
consist of cereals and legumes [12–14]. Similar micronutrient deficiencies were also noted
in livestock and are most often seen in free-ranging herds with reduced supplementary
feeding [15]. Hidden hunger in livestock and human populations that are heavily depen-
dent upon crop-based foodstuffs demonstrates a clear need to address disparities in the
micronutrient uptake and content of crops used in food production. Soil micronutrient
content can be enhanced by fertilizer application, but this requires costly repeated applica-
tions with variable results and questionable environmental implications [16]. The excessive
application of micronutrients would pose an equal, if not greater, environmental threat
than over-fertilization with macronutrients, since toxicity thresholds for micronutrients are
reached at considerably lower doses [7,9,10]. Therefore, to address micronutrient deficiency
in crop production in a safe and sustainable manner, alternatives to inorganic fertilizer
application are needed.

1.2. Microbial Biofortification

Biofortification is a promising avenue to address micronutrient deficiencies in agricul-
tural crops. Crop biofortification encompasses a range of strategies that ultimately aim to
improve the micronutrient content of crop plants, either by increasing micronutrient avail-
ability in arable soils, enhancing plant nutrient uptake, or both [2,16,17]. Plant breeding
and genetic modification can create new cultivars with enhanced nutrient absorption, but
these approaches are often costly, time-consuming and restricted by law [2,3]. By contrast,
microbial biofortification is a recent strategy involving the enhancement of native soil mi-
crobial populations or the inoculation of arable soils with ‘microbial biofertilizers’ (hereafter
biofertilizers) composed of plant growth-promoting microorganisms (PGPMs) [2,6,18,19].
Microbial biofortification focuses on enhancing the natural actions of microbes, which
improve micronutrient availability and uptake, making it considerably more cost-effective,
sustainable, and less environmentally damaging [2,16,20,21]. Microbial methods are also
particularly effective for addressing micronutrient imbalances because they can be used to
tackle both toxicity and deficiency [22–24].

Although microbial biofortification has evident theoretical benefits, its practical ap-
plication proves difficult because the approach is underpinned by interactions among
micronutrients, microbial communities, and crop species, which are still poorly under-
stood [3,19,20]. Finding suitable microbial species for biofertilizers whilst ensuring that
arable soil conditions support and enhance their action is particularly challenging. Thus, to
ensure the widespread application of biofertilizers, we need to address several key knowl-
edge gaps, such as effectiveness of biofertilizers under field conditions, the impacts of
microbial or crop diversity, and the largely unknown effects of introduced microbial species
on the native soil microbiota [6,19,20]. One way forward is to assess how plant–microbe
interactions influence micronutrient availability in semi-natural ecosystems where environ-
mental conditions, microbial communities and plant diversity are highly variable. We can
then use this information to identify suitable combinations of microbiota and soil conditions
for developing biofertilizers. Therefore, the primary aims of this review are to (i) assess
the current state of seven micronutrients in food production, (ii) examine the interactions
underpinning microbial biofortification in non-agroecosystems, and (iii) synthesize the
state-of-knowledge on micronutrients to improve our overall understanding of microbial
biofortification in food crop production. Although it is clear that many of the micronutrients
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reviewed here can also occur at toxic levels in some soils, our review focuses on micronu-
trient deficiency in arable soils, hence the exclusion of micronutrients such as chlorine
and nickel, for which deficiency rarely occurs and is not as widely researched [25–27]. We
focused on synthesizing the past and current literature to provide an integrative review of
micronutrient biofertilizers (following [28]). Our literature search was carried out using
Web of Science and Google Scholar, comprising (1) a general search for papers containing
the terms ‘micronutrient’, ‘agriculture’, ‘arable’, ‘biofertilizer’, ‘inoculant’, ‘soil’ AND ‘mi-
crob*’ OR ‘microorganism’ followed by (2) a more specific search for each micronutrient by
ecosystem (e.g., soil AND microb* AND iron AND grassland).

2. Iron (Fe)

Iron (Fe) is the most abundant micronutrient and the fourth most abundant element
overall in the Earth’s crust [29]. Aside from parent material weathering, atmospheric de-
position and the degradation of organic matter also provide soil Fe inputs to a lesser
degree [25,29,30]. Iron is an essential component of human nutrition because it is involved
in oxygen transport; in plants, Fe is required for enzyme production, photosynthesis, and
N metabolism [9]. The total concentration of Fe in soils is generally sufficient to meet plant
needs, but various soil properties can render the majority of Fe immobile, resulting in low
Fe availability in c. 30% of soils worldwide [9,31]. Ensuring that crops receive sufficient Fe
for optimum growth and yield is achieved by enhancing Fe availability, the efficiency of Fe
absorption by crops, or a combination of both.

The availability of Fe in soils is governed by its chemical form, which in turn is dictated
by numerous abiotic and biotic factors [9,32,33]. Iron primarily exists in ferrous (Fe II) and
ferric (Fe III) forms, which can bind to clay fractions abiotically via cation exchange, or
precipitate to form oxides, hydroxides and oxyhydroxides, which can render Fe unavailable
under neutral or alkaline conditions [25,29]. Iron is widely used in biotic microbial redox
reactions to yield energy for organic carbon degradation [25,34]. The reduction of ferric
Fe(III) to ferrous Fe(II), which is more soluble and, therefore, readily available, primarily
occurs under anaerobic conditions in water-saturated soils. However, under aerobic con-
ditions, the oxidation of soluble Fe(II) to the more insoluble Fe(III) prevails, reducing Fe
availability [25,30,34]. Consequently, agricultural management practices that influence soil
pH, redox potential, saturation, or aeration can affect the availability of Fe in soils.

2.1. Fe Availability and Acquisition in Arable Soils

The greater availability of Fe in acidic soils is one of the key issues in combatting
Fe deficiencies in crops because low soil pH conditions are often not beneficial for crop
plants and can reduce the availability of other nutrients [9]. The use of liming to counteract
soil acidification is a common agricultural practice, but for every unit of increase in pH
(between pH 4–9) Fe solubility can decrease by up to a thousandfold [8]. Other agricultural
practices such as tillage and irrigation can affect soil pH by altering aeration and water
saturation, which can affect Fe mobilization or immobilization [8,35]. Consequently, in
cultivated soils that are naturally calcareous, or where management practices alter soil
pH, soluble Fe concentrations may be suboptimal for meeting crop requirements [32,33,36].
The interaction between soil pH and soil organic matter (hereafter SOM) has a lesser but
equally significant impact on Fe availability. Generally, soil Fe retention and availability
increases with SOM content, which is problematic in arable soils where SOM is often
heavily depleted [8,35,37]. Soil organic matter is both a source of Fe and of reducing
agents, and hence the microbial mineralisation of SOM increases Fe concentrations and
provides the necessary conditions for maximum Fe solubility [8]. Organic acids derived
from SOM can increase Fe availability by reducing soil pH and by forming soluble Fe
complexes [8,33]. However, other compounds in SOM can bind Fe to form increasingly
insoluble organo–mineral complexes as soil pH increases [8,9,33]. Nonetheless, arable soils
with low SOM content are more likely to be susceptible to Fe loss or fixation to stable
compounds [8,35,37].
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As well as the indirect impacts of alterations to soil conditions, arable management
practices also directly influence Fe availability. In many countries, the application of in-
organic fertilizers to correct Fe deficiency in crops has become increasingly common [9].
However, increasing Fe application may have a limited effect on heavily limed or naturally
calcareous soils because the high soil pH favours Fe oxidation to insoluble forms. The
application of organic fertilizers (e.g., farmyard manure) declined in recent decades with
the widescale movement away from mixed farming [38], but preliminary evidence supports
their use to combat Fe deficiency, which warrants further investigation [39]. Hence, soil
management to increase Fe availability is possible, but when the necessary changes to soil
conditions cannot be accomplished, deficiencies can instead be addressed by altering the
nutrient acquisition strategies of plants and microbes.

2.1.1. Fe Acquisition by Crops: Strategies and Efficiency

Two factors can interfere with acquisition and use of Fe by crops, even when Fe
availability in soils is not limiting. Firstly, plant breeding to increase crop yield and improve
resistance to pathogens or pests can select for traits that increase the plant’s micronutrient
requirements, creating Fe deficiencies, even though soil Fe availability was considered
sufficient for past cultivars [9]. Secondly, the application of herbicides such as glyphosate,
diclofop-methyl and chlorsulfuron can interfere with root growth and Fe translocation from
the roots to shoots and grain, resulting in plant Fe deficiency [33,40,41]. Plants employ two
strategies to improve Fe acquisition under deficient conditions (Figure 1). Strategy I, used
by nongraminaceous monocots and dicots (e.g., legumes), involves the release of protons
into the rhizosphere, which increases soil acidity and mobilizes ferric Fe(III). Enzymes
(chelate reductases) at the root–soil interface then reduce Fe(III) to ferrous Fe(II), which
can be absorbed by the plant via ferrous transporters [29,42,43]. Strategy II plants are
graminaceous monocots (e.g., grasses and cereal crops); the plants exude Fe-chelating
organic substances (phytosiderophores), which form complexes with Fe(III) that plants can
then absorb via plasma membrane transport systems without reduction [29,42,43].

Figure 1. Diagram of the two iron (Fe) acquisition strategies employed by plants: orange ellipses
show the chemical form of Fe, blue circles represent hydrogen (H+) ions, white boxes with arrows
indicate molecule transport points into/out of the root, and numbers indicate individual steps of the
process (based on [29,42,43]).

Although strategy I plant species mobilize Fe by adjusting unfavourable soil pH, this
method is less effective in well-aerated calcareous soils and is considered less efficient
overall than the method utilised by strategy II plants [42,44]. Phytosiderophores can be
exuded in large quantities by strategy II plants and are capable of chelating Fe regardless
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of pH. However, phytosiderophores are only released diurnally, with production peaking a
few hours after dawn, and can be rapidly decomposed by certain microbial taxa [42,44,45].
Furthermore, when Fe availability is low, plants and soil microbes can compete for available
Fe, which has prompted increased research into microbial strategies for increasing Fe
availability [29,43,45].

2.1.2. Fe Mobilization by Microbes

Iron is widely used in microbial redox reactions to yield energy for organic carbon
degradation [33,45,46]. The dissimilatory reduction of Fe(III) to Fe(II) occurs under anaer-
obic conditions, and microbes can also perform assimilatory Fe reduction under aerobic
conditions both indirectly via acidification of the rhizosphere and directly by produc-
ing siderophores [33,45,46]. Microbial siderophores function in the same way as phy-
tosiderophores but are considerably more efficient, possessing a greater stability and a
higher affinity for forming Fe(III) complexes [33,46,47]. To date, over 500 types of microbial
siderophores have been identified, with many microbial taxa capable of producing or util-
ising multiple types [33,43,47]. The strong affinity of microbial siderophores for Fe allows
them to compete with plants by ‘stealing’ Fe from low-affinity phytosiderophores [33,45,47].
Despite this capability, numerous studies demonstrated a beneficial relationship between
the presence of PGPMs and Fe accumulation by plants [43,48–50].

Microbial biofortification of Fe in plants can occur via several mechanisms: the pres-
ence of PGPMs can induce increased root hair proliferation and branching, trigger plant
biochemical responses to Fe limitation, and prevent Fe acquisition by phytopathogenic
microbes [43,48–50]. In addition, there is also considerable evidence that plants can utilise
microbial siderophores, which appear to be dictated by the plants’ Fe acquisition strategies.
Chelate reductases in the roots of strategy I plants are capable of accepting Fe(III) complexes
from microbial siderophores for reduction, producing freely available Fe(II), which can
provide a significant fraction of plant Fe requirements [33,42,48]. The utilisation of micro-
bial siderophores by strategy II plants is more variable due to the competition between
microbial siderophores and phytosiderophores. However, some microbial siderophores,
such as rhizoferrin, have an Fe affinity equal to phytosiderophores; therefore, they can
act as an additional source of Fe to strategy II plants, either by direct uptake of Fe from
microbial siderophores by the plant or (to a greater extent) Fe exchange from microbial
siderophores to phytosiderophores [33,42,50,51]. Therefore, microbial biofortification could
significantly improve crop Fe acquisition if the selected PGPMs induce plant responses to
Fe limitation or produce siderophores that promote plant Fe uptake.

2.2. Fe in Natural Ecosystems

Studies of biotic interactions with Fe in (semi-)natural ecosystems provide valuable
insights into microbial taxa suitable for biofertilizers because the soils, microbial communi-
ties, and vegetation have been much less affected by human activities than in agroecosys-
tems [35,37,52]. Forest soils received considerable attention for bioprospecting, most likely
because they possess high microbial diversity [35,37,52], which increases the likelihood of
finding suitable PGPMs. Numerous dissimilatory Fe-reducing bacterial taxa isolated from
tropical forest soils are already acclimated to periodic waterlogging [53–55], providing an
insight into how microbial Fe reduction may be influenced by soil aeration or water satura-
tion. Fluctuations in Fe redox reactions in tropical forest soils closely follow rainfall patterns,
with long dry periods leading to increased aeration and decreased Fe reduction [56]. Thus,
biofertilizers based on taxa from tropical soils may be best applied immediately after rain-
fall or irrigation to maximise Fe reduction, and thus crop Fe acquisition. However, since
many tropical forest soils are rich in Fe, microbial taxa isolated from tropical soils might
not be suitable for soils with limited Fe availability. Instead, taxa capable of siderophore
production under Fe-limited conditions may prove more effective. Siderophore-producing
microbes isolated from the soils of montane forest ecosystems are not only capable of
increasing Fe availability and acquisition but can do so even when exposed to extreme envi-
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ronmental stress [57,58]. Although research into the utilisation of these microbial species as
biofertilizers only began in the last decade, preliminary results indicate significant potential
for their application in combatting Fe deficiency in arable crops [57,58].

Other ecosystems exposed to extreme or fluctuating temperatures are potential sources
of microbial taxa for novel biofertilizers, especially for use in agroecosystems in colder
climates. Bacterial strains capable of producing siderophores at both low (e.g., 4 ◦C) and rel-
atively high (e.g., 30 ◦C) temperatures were isolated from cold deserts and glaciers [59,60].
Surprisingly, grassland ecosystems received less attention as potential sources of biofer-
tilizers, although siderophore-producing fungal species may be sourced from grassland
soils [61]. Many fungal species from Ascomycota and Basidiomycota can produce the
siderophore ferricrocin, which plants can utilise to obtain Fe; however, some of these fungal
species are pathogenic, and so a careful separation from PGPM species is required [61].

Finally, research into the degradation of SOM in natural ecosystems could be infor-
mative because microbial SOM mineralisation under water-saturated conditions releases
Fe from organic complexes and increases the availability of soluble organic carbon [54,56].
As the amount of SOM in agroecosystems is often limited [35,37,42], the effects of organic
matter applications on Fe availability in arable soils are still unclear. Nonetheless, studies
in forest and grassland soils demonstrate that Fe reduction increases with the availability of
labile carbon due to its stimulatory effects on microbial activity [53,54,62]. Even at higher
soil pH, Fe reduction can be further enhanced by regular additions of organic carbon,
especially under anaerobic conditions [53,54]. As SOM can also act as a source of soluble Fe,
the addition of organic fertilizers to arable soils could significantly and sustainably increase
Fe availability to crops, with or without biofertilizers.

3. Zinc (Zn)

Zinc (Zn) deficiency is now considered a global-scale crisis, and correcting its low
availability in arable soils has become a widely researched topic [9,63–65]. In plants, Zn
is essential for growth [9,65], heat stress tolerance [63], pathogen resistance, and reproduc-
tion [64,66]. In humans, Zn is a vital component of DNA, RNA and over 300 bodily enzymes,
with evidence also suggesting a role in gene expression [63,67]. However, many countries
reported extensive Zn deficiency in arable soils [63], which not only leads to yield reductions
of up to 80%, but to widespread Zn deficiency in approximately one third of the global
human population, especially in populations dependent on cereal-based diets [64,68].

Zinc levels in soils are maintained by atmospheric inputs, which generally exceed
outputs or losses via leaching and biological uptake [25,69]. However, although the to-
tal Zn concentrations in most soils appear sufficiently high to meet plant needs, ap-
proximately 90% of Zn in soils worldwide is thought to exist in a form unavailable to
plants [25,64,66], and c. 30–50% of soils possess insufficient available Zn to meet plant
requirements [25,66,70]. Unlike some other micronutrients, Zn can persist in numerous
free ionic forms and complexes with other metals, as well as in crystalline forms bound to
clay fractions and as a component of insoluble or soluble (organic) complexes. As such,
soil type and soil properties also have a strong impact on Zn levels, with lower Zn concen-
trations in sandy soils and higher concentrations in organic and calcareous soils [25,69].
Zinc availability declines with increasing pH due to increased fixation in soil minerals and
the formation of insoluble Zn compounds (e.g., hydroxides, calcium zincate) in soils with
pH > 7.5. Therefore, in highly calcareous or heavily limed soils, Zn availability and uptake
by crops is greatly limited [9,25,71]. Aside from liming, several other arable management
practices can also reduce Zn availability [23,63]: excessive P fertilization can interfere
with plant Zn acquisition and applying organic material with a high ligand content can
reduce Zn availability via the formation of insoluble organo–mineral complexes [9,66,70].
Furthermore, flooding (e.g., in rice paddies) and the selection of crop cultivars with high
Zn-demand can also result in insufficient Zn availability [9,63,66].

Although plants are capable of chelating Zn in the same way as Fe through rhizo-
spheric acidification and the production of phytosiderophores, these plant strategies are
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often insufficient for addressing Zn deficiencies [19,63,64]. Consequently, the application
of inorganic Zn fertilizers is common practice in many countries, with one application
theoretically providing enough Zn to last for up to six crop rotations [63]. However, due
to the rapid fixation and immobilization of Zn in most soils, only 1–20% of the applied
Zn is absorbed by crops, rendering this approach financially costly and environmentally
unsustainable [63,71,72]. Therefore, research efforts turned to developing biofertilizers that
can mobilize insoluble Zn pools already present in soils [3,63,66].

3.1. Zn Mobilization by Microbes

The microbial biofortification of crops with Zn received extensive research and is hailed
as the most promising solution to Zn deficiency in arable agriculture [3]. The crop uptake
of Zn via microbial siderophores is far less difficult to implement than Fe uptake [3,19,66];
numerous bacterial strains, as well as arbuscular mycorrhizal fungi (AMF) and fungal
species from the genus Trichoderma, can acidify the rhizosphere through organic acid or
proton release and produce siderophores that enable them to solubilize Zn [3,19,21,64].
Furthermore, endophytic fungal species such as AMF produce hyphae capable of physically
accessing Zn pools that plant roots would otherwise be unable to reach; the chelated Zn is
absorbed into the hyphal network and transported directly back to the plant’s roots [3,19,64].
Due to the efficiency and effectiveness of microbial Zn solubilization, the application of
biofertilizers successfully alleviated Zn deficiency in many crops [3,64,66].

In soils where Zn deficiency is caused by low concentrations of total Zn rather than low
availability, the application of Zn fertilizers in combination with biofertilizers prevents the
applied Zn from being instantly immobilized [73–75]. Using this dual application, farmers
can biofortify their crops whilst applying less Zn, which is more financially and environ-
mentally sustainable [75,76]. However, the highly variable sensitivity of microbes to Zn
toxicity and variable microbial responses among taxa can limit the co-application of biofer-
tilizers and conventional Zn fertilizers [77,78]. Zinc nano-fertilizers were recently suggested
as a more sustainable alternative, with successful crop Zn deficiency remediation at low
application rates, and either neutral or positive impacts on native soil microbiota [79–82].
In summary, the co-application of Zn nano-fertilizers with biofertilizers could present a
way to alleviate crop Zn deficiencies, while maintaining healthy soil microbial communities.
However, although numerous Zn-solubilizing microbes were identified, some strains may
be more effective than others under given environmental conditions. Therefore, natural
ecosystems remain an important potential source for new and alternative Zn-biofortifying
microbes.

3.2. Lessons for Zn Biofortification

As Zn is one of the most common heavy metals in municipal waste, sewage, and
composted residues [83,84], research investigating soil Zn concentrations in semi-natural
ecosystems mostly focuses on issues of contamination, and studies of Zn-solubilizing
microbes are few and far between. However, two studies offer some valuable insights into
the efficacy of biofertilizers. A study of the effects of historical sewage sludge application
on microbial communities in grassland and arable soils showed that altered microbial
community structure was associated with elevated soil Zn concentrations, even 11 years
after the final sewage application [85]. Hence, substantial past Zn fertilizer additions to
arable soils could affect the effectiveness of biofertilizers, a potential issue that warrants
further investigation. A study in desert soils identified two bacterial strains in the roots of
chickpea (Cicer arietinum L.) plants, which were capable of significantly increasing plant
Zn uptake [86]. Bacteria sourced from such a harsh environment could be used to create
biofertilizers with greater resistance to extreme temperatures and drought. Hence, the bio-
prospecting of semi-natural ecosystems may yield further Zn-solubilizing species to create
biofertilizers for arable food production under challenging environmental conditions [86].
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4. Boron (B) and Molybdenum (Mo)

The co-limitation by boron (B) and molybdenum (Mo) is common in leguminous
crops [87–89]. Food crop deficiencies in B and Mo occur worldwide, but leguminous
(e.g., beans, peas, lentils) and other dicotyledon crops (e.g., sunflower, oilseed rape) are
typically more prone to B and Mo deficiency than cereal crops, whereas fruiting tree and
vine species are susceptible to B deficiency alone [9,89,90]. Boron deficiency can disrupt crop
growth, reduce crop yield, elongate roots, and reduce root nodulation in legumes [9,89,91].
However, the biological function of B in humans is yet to be established, and B deficiency
is rarely (if ever) recorded [92]. Molybdenum deficiency in crops also disrupts growth and
reduces yield, affecting N fixation and the production of multiple enzymes, including those
that facilitate P uptake [9,93,94]. The deficiency of Mo in humans can occur and is linked to
oral, throat and gastric cancers; however, its prevalence is extremely low [95,96]. Therefore,
in the context of food production, B and Mo deficiencies are a more significant issue for
crop growth and yield than for human nutrition.

Soil pH is the primary factor controlling the availability of B and Mo; Mo avail-
ability increases with pH, whereas B availability tends to increase up to pH 7, and then
declines [30,97]. Under acidic conditions, B is highly mobile and prone to leaching, but
under alkaline conditions it forms insoluble complexes with SOM and (oxy-)hydroxides or
becomes fixed onto clay fractions [9,25,30]. Conversely, Mo is readily available in a pH range
of 7.5–9 but becomes fixed to SOM and Fe hydroxides under acidic conditions [9,25,98].
Therefore, B deficiency is typically observed in calcareous or heavily limed soils and sandy
soils prone to leaching, whereas Mo deficiency is common in acidic and heavily leached
soils. These differences in the availability of B and Mo create issues for alleviating the
deficiencies of one nutrient in arable soils, whilst controlling for the toxicity of the other.
However, low B and Mo availability in arable soils is a more common and widespread
issue than toxicity [9,89,98]. Since B and Mo availability is primarily controlled by soil pH
and leaching, arable management practices affecting these two soil conditions, such as
liming, irrigation and tillage, can affect their availability [9,25,98–100]. Low SOM content
in conventional arable systems reduces the availability of both nutrients, and thus the
addition of organic matter can increase both B and Mo availability via the formation of
soluble complexes [25,99,101].

4.1. Microbial B and Mo Requirements

Soil microbes facilitate the release of B and Mo through organic matter degradation
and mobilization from insoluble complexes [102]. Bacteria and fungi require B and Mo to
produce numerous enzymes, and these micronutrients also play very specific roles in the
symbiotic relationship between leguminous plant species and rhizobial bacteria [89,102], in
which the rhizobia fix and convert atmospheric N to ammonia [91,103,104]. Rhizobia infect
the roots of legumes by suppressing the plant’s pathogenic defences using polysaccharides
attached to their cell surface. In B-deficient rhizobia, polysaccharide synthesis is reduced
by approximately 65–80%, which hinders infection and limits the successful establishment
of the symbiotic relationship [91,105]. Furthermore, as Mo is an essential component of
nitrogenase, the N-fixing enzyme produced by rhizobia, Mo-limited bacteria fail to supply
N to the plant [95,98,106]. Hence, microbial deficiency in either of these micronutrients can
substantially reduce leguminous crop growth and yield [89,98].

4.2. Management of B and Mo in Arable Soils

The application of B and Mo as inorganic fertilizers was used to correct deficiencies in
arable soils and food crops worldwide [9]. Inorganic B can be applied by seed priming, or
directly to soils or foliage. Seed priming is cost-effective but less successful for fortification,
whereas foliar application corrects deficiency in crops but not in soil microbes [9,100,107].
Soil B application is very effective for increasing crop yield, fortifying grain, and increasing
microbial activity and abundance under optimal soil conditions, but the quantities and
chemical form of the applied B must be carefully monitored to prevent toxicity [100,102,108].

24



Soil Syst. 2022, 6, 8

Additionally, in calcareous or heavily limed soils, most of the applied inorganic B is likely
to rapidly become unavailable, rendering this method both costly and ineffective [100,101].
Inorganic Mo fertilizer is often applied either in combination with, or as an accidental
contaminant of, other fertilizers, but can also be applied separately as a foliar spray [9,109].
Foliar Mo spray can fortify leguminous crops and enable symbiotic translocation of Mo
to the rhizobia colonizing their roots, increasing root nodulation by more than 50% [98].
However, in acidic soils, foliar application is much less effective and does not provide
Mo for free-living microbes in the soil, which may be important for non-leguminous
crops [98,110].

Low B and Mo availability in soils might be best alleviated by combining inorganic
fertilizers with biofertilizers. For example, the co-application of inorganic B fertilizer and
biofertilizers produced the greatest increase in broccoli growth, yield, and weight [111].
The joint application of inorganic Mo fertilizer and biofertilizers can boost soil microbial
activity, increase yield, and quadruple root nodulation in leguminous crops [88,112,113].
Thus, the co-application of biofertilizers with inorganic fertilizers offers a promising way to
combat B and Mo deficiencies in both food crops and soil microbial communities. However,
few (if any) microbial taxa were found to be capable of increasing B and Mo availability or
uptake in arable soils without the co-addition of inorganic fertilizers.

4.3. B and Mo in Natural Ecosystems

Given the clear requirements of soil microorganisms for both micronutrients, bio-
prospecting in natural ecosystems could yield microbial taxa suitable for application as
biofertilizers [109,114,115]. Studies relating to the microbial usage and mobilization of B in
natural ecosystems are limited and have yet to yield B-mobilizing microbial taxa [57,58].
Research into Mo-mobilizing taxa in natural ecosystems is also limited, but it is possible
that free-living, N-fixing microbes in forest soils are capable of releasing chelating agents
to acquire Mo for nitrogenase production [116], and there is evidence that Azotobacter
vinelandii produces a Mo-chelating siderophore or ‘molybdophore’ [117]. Hence, there is
still much work to be carried out to identify and characterize the microbial acquisition of B
and Mo in natural ecosystems, but such research could yield microbial strains suitable for
use as biofertilizers.

5. Manganese (Mn)

Manganese (Mn) is essential for most living organisms and is required by all plants
for photosynthesis, chloroplast breakdown and synthesis, and enzyme structure and func-
tion [25,118,119]. In humans, Mn is needed for reproduction, carbohydrate and lipid
metabolism, and neurological functioning [120]. Crops grown for food production are the
primary source of Mn for humans, providing over 50% of our dietary intake [118,121].
Although Mn deficiency has not yet been observed in the human population [120], it occurs
in c. 10% of arable soils worldwide; global fruit, cereal, and certain vegetable crops are
all prone to Mn deficiency, which causes interveinal leaf chlorosis and necrotic spotting,
reduced tillering, the inhibition of root growth, stunted plant growth and suboptimal nutri-
ent assimilation [9,25,118,121]. As such, correcting Mn deficiency is vital for maintaining
crop yields, food production and human Mn intake [118,121].

Manganese is the fifth most abundant metal and twelfth most abundant element in
soils, and thus the total concentrations are often sufficient to meet plant requirements [120].
However, Mn availability decreases at soil pH > 7.5 as it adsorbs strongly into various
(hydr-)oxides, clay fractions, organic compounds, and calcium carbonate [25]. Conse-
quently, Mn deficiency typically occurs in arable crops grown in calcareous or heavily
limed soils [9,25,118,121]. However, even under alkaline conditions, Mn-containing organo–
mineral and anionic complexes can remain relatively soluble and contribute to Mn availabil-
ity for plants and microbes [25]. In soils with pH < 5.5, Mn adsorption is greatly reduced
and its availability to plants and microbes increases [25,119]. However, soil aeration also
strongly influences Mn availability by affecting the microbial oxidation or reduction of
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Mn. Under aerobic conditions, the oxidation of Mn(II) to Mn(III), and then to Mn(IV) by
bacteria and fungi, reduces its availability; under anaerobic conditions, Mn is reduced,
which increases its availability [25,122]. Hence, arable management practices that alter soil
pH or aeration (e.g., reduced organic matter application, tillage, and irrigation) can cause
substantial losses of Mn by leaching [25]. Finally, the application of herbicides, such as
glyphosate, can inhibit crop acquisition of Mn [9,25,118,121]. Hence, arable management
can substantially influence Mn availability by altering abiotic and biotic soil factors.

When soil Mn availability becomes limiting, crop plants employ alternative measures
to acquire sufficient Mn for their biological functions [123,124]. Plants can acquire Mn in
much the same way as Fe, either via acidification of the rhizosphere (strategy I) or the
release of phytosiderophores (strategy II) [123,124]. However, Mn mobilization by organic
acids released into the rhizosphere is relatively low [123] and phytosiderophore affinity
for Mn is weak; therefore, other micronutrients are more likely to be chelated in place
of Mn [124]. Consequently, the plant acquisition of Mn is heavily dependent on soil pH,
aeration, and microbial Mn reduction, and agricultural intervention is required to fortify
crops with Mn in arable soils where these factors are unfavourable [25,71,123].

5.1. Management of Mn in Arable Soils

The use of inorganic fertilizers has become common practice for correcting Mn de-
ficiency in arable crops worldwide [9,118,121]. The soil application of inorganic Mn is
perhaps most prevalent due its low cost and ease of implementation, but foliar application
is far more effective for supporting crop growth, increasing yield, and fortifying grains
with Mn, although multiple applications are required [9,121]. Seed coating (with Mn) and
osmopriming (seed soaking in Mn solution) were trialled in rice and wheat crops, with
coating being better for crop growth and osmopriming boosting yields close to or greater
than foliar applications [118,121]. However, the effectiveness of all Mn application methods
varies depending on the target crop [118,121], and not all methods are affordable for farmers
on lower incomes [9]. Furthermore, aside from foliar application, the uptake of inorganic
Mn fertilizers by crops can still be greatly limited when glyphosate is applied [9]. The
inclusion of leguminous crops, legume intercropping, or legumes in herbal ley rotations can
increase Mn availability for subsequent arable crops by reducing soil pH; however, these
practices have fallen out of favour in many countries [1,125,126]. Overall, the widespread
application of inorganic Mn fertilizers is often financially unsustainable and frequently
ineffective. However, inorganic Mn fertilizers may be unnecessary where total soil Mn
concentrations are high but inaccessible to plants, since biofertilizers could substantially
increase plant access to Mn.

Biofertilizers capable of fortifying crops with Mn can be split into two groups: Mn-
mobilizing fungal taxa and Mn-reducing rhizobacteria. Crop inoculation with AMF or
fungal taxa applied as biopesticides is thought to aid Mn availability and acquisition
by acidifying the rhizosphere and promoting numerous plant growth traits [127,128],
although evidence for its effectiveness is mixed. Inoculation with fungal taxa alone does
not significantly increase plant Mn acquisition [127], and the co-inoculation of AMF and
Mn-reducing rhizobacteria can even reduce Mn uptake, possibly because AMF suppress
Mn-reducing rhizobacterial populations [128,129]. However, the inoculation with Mn-
reducing rhizobacteria alone can greatly improve Mn availability and acquisition by crops,
and aid in the control of rhizosphere phytopathogens such as take-all fungal species,
Rhizoctonia fungi and Fusarium wilt fungi [6,71,128–131]. It should be noted, however, that
Mn-reducing rhizobacterial strains were primarily tested at soil pH < 7.5 [6,128,129,131],
and few studies tested their effectiveness under alkaline conditions [132]. Therefore, further
testing should focus on assessing the efficacy of rhizobacteria for improving Mn acquisition
in alkaline soils, as well as the use of Mn-mobilizing AMF. Nonetheless, biofertilizers
comprising Mn-reducing rhizobacteria are highly promising for combatting Mn deficiency
in food crops.
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5.2. Mn in Natural Ecosystems

The utilization of Mn by fungi and bacteria in forest ecosystems provides some useful
insights into the potential issues surrounding the use of microbes for crop biofortifica-
tion [133–136]. Manganese plays a key role in litter decomposition by fungi, which typically
use Mn for two key functions: as a structural component for lignin-degrading enzymes,
such as Mn-peroxidase, and as an electron receiver/donator during the decomposition
process [133,137]. Initially, fungi acquire either free Mn(II) from easily-degradable fractions
of leaf litter or source Mn from the surrounding soil to synthesize enzymes, but if Mn con-
centrations are insufficient, the fungi compete with plants to acquire Mn [133]. Furthermore,
during the later stages of litter degradation, Mn is cycled enzymatically between readily
available Mn(II) and stabilized Mn(III) to oxidize, and thus degrade, lignin [134–137]. The
effect that this redox cycling has on the Mn availability for plants is unclear, but since readily
available Mn(II) is thought to be the predominant form of Mn in fresh leaf litter, its (albeit
temporary) conversion to unavailable Mn(III) could limit Mn availability to plants [137].
Finally, once leaf litter degradation is complete, Mn accumulates in the form of Mn(III),
which, under aerobic conditions, is oxidized to Mn(IV), further limiting its availability to
plants [136,137]. Although research into Mn use by AMF in natural ecosystems is limited,
there are likely to be some similarities with Mn use by fungal decomposers [138]. Overall,
if AMF Mn cycling in agroecosystems is similar to the fungal cycling of Mn during litter
decomposition, it might explain why the application of AMF as biofertilizers can reduce
Mn availability to food crops [129].

It was recently discovered that certain strains of bacteria in soils are also capable
of oxidizing Mn(II) to yield energy and to protect themselves from harsh environmental
conditions via the formation of Mn(III/IV) oxide casings [122,137]. However, most research
into Mn-reducing strains of rhizobacteria was conducted in agroecosystems [128,129,132].
Therefore, bioprospecting in the soils of semi-natural ecosystems could yield more Mn-
reducing rhizobacteria suitable for application as biofertilizers.

6. Cobalt (Co)

Cobalt (Co) is considered essential for livestock and humans [9,25,139], and although
Co is not essential to plants, it is widely regarded as beneficial [140]. In plants, Co is
involved in multiple processes, including stem growth, leaf expansion, and bud devel-
opment [140]. Cobalt is also required for the activation of several enzymes, including
those involved in N-fixation in legumes, and is thus particularly beneficial to leguminous
crops [9,139,141–143]. Importantly, bacteria and archaea are the only organisms capable of
utilizing Co to produce cobalamin, also known as vitamin B12, a vital nutrient for mammals,
which causes pernicious anaemia in humans suffering from its deficiency [9,144,145]. The
primary reason for poor vitamin B12 production in leguminous crops is the deficiency of
Co in the soil [146].

Cobalt availability is not primarily dictated by soil pH [25,139]. Although increasing
soil pH can reduce Co availability, other soil factors, such as Fe or Mn hydrous oxide
abundance, SOM content, soil texture, Mn concentrations, and microbial activity, can
equally affect Co availability [25,139,147,148]. Since Co is not essential for crop growth,
and microbial requirements for this micronutrient are low, Co availability in soils is usually
sufficient, and Co deficiency is rarely recorded outside the livestock sector [25,139,149].
However, it is important to note that soil contamination from roadside emissions, industrial
processes, and sludge application (as an arable management practice) can all result in soil
Co concentrations reaching toxic, and eventually biocidal, levels [25,150]. Therefore, the
careful management of Co in arable soils is required to ensure microbial and crop plant
uptake of these micronutrients is sufficient without becoming excessive, a function that
could be fulfilled by biofertilizers.
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Microbial Management of Co in Arable Soils

To date, there is no research into biofertilizers for managing Co availability in arable
soils, even though there are clear links between Co availability and microbial activity.
Microbes are thought to induce Co mobilization indirectly by altering soil pH and reducing
Fe/Mn hydrous oxides via redox reactions, which inadvertently released precipitated
Co [139,151]. Depending on whether Co availability is limiting or approaching toxic levels,
microbes can directly mobilize or immobilize Co to facilitate or reduce its uptake by
organisms regardless of pH, but the mechanisms that microbes employ to achieve this are
still unclear [147–149,151]. The quality of SOM could also affect the microbial mobilization
of Co because readily available carbon sources can increase microbial activity, and thus Co
mobilization, whereas more complex organic compounds have the opposite effect [148,151].
Consequently, the application of appropriate organic fertilizers could both enhance Co
availability when it becomes limiting and reduce Co mobilization when Co toxicity inhibits
microbial activity or crop growth. Finally, there is also some evidence to suggest that crop
plants can alter the composition of the rhizosphere community to promote taxa that express
genes for Co resistance, which could mitigate Co toxicity [152]. The strong evidence for
the microbial control of Co in soils suggests that novel biofertilizers could prove highly
effective for managing Co availability, especially if interactions between crop type and
biofertilizers are taken into account.

7. Copper (Cu)

Copper holds a unique role in arable agriculture because, unlike other micronutrients,
it is applied both to correct deficiency and as a pesticide [25]. The use of Cu as a pesticide is
one of the causes of widespread soil contamination with Cu [25,153,154], but here we focus
on Cu deficiency and the role of biofertilizers for maintaining favourable soil Cu availability.

Copper is essential for numerous crucial biological processes. Copper deficiency is
the leading nutritional deficiency in agricultural animals globally, and recent research
links Cu deficiency in humans to ischemic heart disease, osteoporosis, and Alzheimer’s
disease [155]. In plants, Cu plays a role in reproduction, photosynthesis, and disease
resistance, and Cu deficiency causes stunted crop growth, yields reductions of up to
20%, and reduces grain or fruit quality [9,25]. Crop deficiency in Cu can occur in soils
with low Cu concentrations or low availability [9,25,156]. The low availability of Cu is
often a result of leaching, but also occurs at neutral or alkaline pH levels and in soils
with a high SOM content [9,25,154,156]. The biotic complexation of Cu with SOM and
the abiotic adsorption of Cu onto SOM, (oxy-)hydroxides, clay fractions, and carbonates
have the greatest impact on Cu availability because complexation and adsorption reduce
the overall Cu solubility [9,25,154]. Approximately 20–40% of arable soils have a low Cu
availability, which can be exacerbated by cultivating crops that are sensitive to Cu deficiency
(e.g., cereals, vegetables, citrus trees), liming, the application of macronutrient fertilizers,
and the increased availability of other micronutrients (e.g., Mn, Zn, Fe) [9,25,156].

Solutions for Cu Deficiency

A prevalent solution to Cu deficiency in arable soils is the application of Cu fertilizers
or pesticides, repeated as and when they are needed [9]. However, since this approach
is partly to blame for widespread Cu accumulation and the subsequent toxicity in arable
soils, agronomists are exploring more sustainable alternatives. For example, nanoparticle
fertilizers and pesticides release Cu into soils at a slow but continuous rate, requiring
fewer applications and potentially reducing environmental impacts [157,158]. However,
environmental conditions and arable management practices can affect the efficacy of
Cu nanoparticles to the point where detrimental impacts on soil microbial communities
are observed [158,159]. By contrast, there is little research into biofertilizers to address
Cu deficiencies in agricultural crops. Studies addressing the microbial biofortification of
multiple micronutrients identified numerous taxa capable of increasing Cu availability and
biofortifying crop plants with Cu [20,127,131,160]. Since many soil microbes require Cu
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as an enzyme cofactor, it is plausible that such species would be efficient Cu mobilizers,
although more research into their underlying mechanisms is required [79,161]. Overall,
biofertilizers could provide a sustainable method for biofortifying arable food crops with
Cu, but their development is currently limited by a paucity of information on microbial
Cu mobilization.

8. Conclusions

Numerous environmental factors and intensive agricultural practices can contribute
to low micronutrient availability in arable soils, but biofertilizers offer an effective and
sustainable way of fortifying crops with micronutrients to improve growth and yield, as
well as alleviating hidden hunger in the global human population (Figure 2). Inorganic
fertilizers can be costly, unsustainable, and often ineffective, but microorganisms capable of
increasing micronutrient acquisition by plants can be used to produce biofertilizers and
fortify food crops. By synthesizing the literature, we drew three key conclusions to guide
future research and the refinement of biofertilizers (Figure 2):

Figure 2. Conceptual diagram showing the main causes of micronutrient limitation, strategies for
alleviating micronutrient deficiencies using microbial biofertilizers, and research considerations for
future research into biofertilizers, based on observations from natural ecosystems.

(1) Microbial functional groups suitable for use as biofertilizers will differ depending
on the micronutrient in question, and biotic interactions could undermine their ef-
fectiveness. Research to identify microorganisms for developing new micronutrient
biofertilizers should not only characterize the mechanisms microbes employed to
mobilize and acquire micronutrients, but also assess potential interactions among
different microbial functional groups and ascertain the potential for plant–microbial
nutrient competition.

(2) The co-application of biofertilizers with inorganic fertilizers proves effective for treating
deficiencies of Zn, B, and Mo, and reduces the amount of inorganic fertilizers needed.
Substituting conventional inorganic fertilizers with nano-fertilizers is a growing area
of interest, and research into their co-application with biofertilizers could reduce the
associated risks of toxicity. Although the co-application of biofertilizers with organic
fertilizers is under-researched, work on microbial interactions with easily degradable
SOM in natural ecosystems suggests that the co-application of biofertilizers and organic
fertilizers could boost microbial activity and micronutrient availability.

(3) Finally, bioprospecting in natural ecosystems is a potential source of novel microbial
taxa that are both capable of mobilizing numerous micronutrients and withstanding

29



Soil Syst. 2022, 6, 8

harsh environmental conditions. Biofertilizers, including such organisms, could miti-
gate the impacts of climate changes, as well as the negative impacts of conventional
arable management practices on soil conditions, which can reduce microbial diversity
and abundance. Therefore, the bioprospecting for microbial taxa suitable for repro-
duction and application as biofertilizers should focus on selecting species that are
both highly effective and tolerant of unfavourable environmental conditions.
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Abstract: Modern farming causes a decline in the recycling of the soil’s inorganic matter due to
losses by leaching, runoff, or infiltration into the groundwater. The Soil System Budget approach was
applied to evaluate the net N budget at the catchment and sub-catchment levels of the Tiber River
(central Italy) in order to establish the causes for different N budgets among the sub-catchments.
Statistical Entropy Analysis (SEA) was used to evaluate the N efficiency of the Tiber River and its
sub-catchments, providing information on the dispersion of different N forms in the environment.
The total N inputs exceeded the total outputs, showing a low N retention (15.8%) at the catchment
level, although some sub-catchments showed higher N retention values. The Utilized Agricultural
Area was important in the determination of the N balance, as it was linked to zoo- and agricultural
activities, although the Random Forest analysis showed that the importance ranking changed with
the land use. The low N retention of the Tiber catchment was due to the soil characteristics (Cambisols
and Leptosols), loads from atmospheric deposition, biological fixation, and the livestock industry.
The SEA simulations showed a reduction of the N released into the atmosphere and groundwater
compartments from 34% to 6% through a reduction of the N loads by 50%.

Keywords: agroecosystems; land use; nitrogen uptake efficiency; soil typologies; statistical en-
tropy analysis

1. Introduction

Freshwater is essential for agriculture, industry, human existence, and energy produc-
tion [1,2], but it is also a limited resource on Earth [3]. Water quality is affected by human
activities such as industrialization, urbanization, tourism, and garbage production, and by
natural events such as rainfall, erosion, and climate change [4–6]. The reduction of inland
water’s availability as a resource constitutes one of the most important environmental
problems of the last century [7]. Surface water and wastewater discharges are the main
factors causing an increase of the inorganic nutrients in the rivers, lakes, and seas, inducing
the eutrophication phenomenon and water pollution [2]. It is known that nitrogen (N)
pollution is a global problem [8,9]. The N and phosphorus (P) concentrations play a key role
in the characterization of the ecological status of water systems. As they are essential for the
biogeochemical cycle, these elements can enter the waters through anthropogenic activities
such as domestic sewage, industrial, and “unknown” source spills [10,11]. Excessive N and
P loads are often considered to be the major cause of eutrophication, which is one of the
most serious environmental threats to aquatic ecosystems. Because of eutrophication and
algal blooms, many environmental problems occur, such as the reduction of oxygen in the
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water, which causes the death of aquatic organisms, taste and bad smell problems, and
biodiversity loss [12–14].

Over the last 50 years, nitrogen cycling in watersheds has been heavily exploited
by urbanization, and agriculture and animal farming have undergone major alterations
because of multiple interplaying factors [15]. Sewage treatment plants, manure production
and spreading, the excessive use of industrially fixed N-based fertilisers, fixation by crops,
and atmospheric deposition have resulted in punctual and diffuse releases of reactive N
species into the environment, greatly exceeding the crop uptake and other N-removal
processes in both the soil and aquatic compartments [16–19].

Concurrently, intensive agricultural practices have simplified the landscape and re-
moved the natural buffers such as vegetated riparian areas and wetlands [20]. The absence
of these elements enhanced the lateral and vertical movements of nitrogen, and made
the ground surface and groundwater more prone to N contamination [21]. This risk is
augmented by the high use of water for irrigation, and by traditional practices based
on soil flooding over permeable areas, thus enhancing the N losses through runoff and
leaching [17,22]. Furthermore, high infiltration rates decrease the groundwater residence
time, altering the rates of biogeochemical reactions [23]. High N concentrations in the
surface waters may saturate both microbial processes and uptake by primary producers,
making the N control by natural processes less effective [24,25]. This increased N loading
has, therefore, a suite of negative consequences, including demonstrated health effects and
contributions to global warming [26,27]. The recent literature reports numerous studies
on N dynamics at the catchment scale [28,29], investigations of nitrate ion (NO−

3 ) origin
in surface watercourses [30–33], and evidence of the increase of the reactive nitrogen
concentration in river basins [18].

Agricultural practices can have low nitrogen-use-efficiency (NUE), especially under
increasing N inputs. As a result, losses of reactive N to the environment have increased
greatly, including the nitrate pollution of watercourses and emissions of both ammonia and
nitrous oxide into the atmosphere, with impacts on biodiversity and climate change [34].
In response to population growth and the associated activities, riverine nutrient loads have
increased, leading to a deterioration in the ecological state of rivers, lakes, reservoirs, and
marine areas in many regions of the world [35–37]. Consequently, great attention is paid to
the surface–groundwater interaction [38,39], and to assimilation and biological removal
processes [31,40]. Iit is important to understand the dynamics underlining the nutrient
transportation by water flows in rivers and lakes because they are critical for resource
management, the conservation of ecological processes and functions, and the prevention of
eutrophication [41].

Open questions about the fate of the N surplus in impacted watersheds concern where
and how long the excess N accumulates, and the processes and transformations that it
undergoes [42,43]. Because of increasing problems concerning water quality and quantity,
the European Commission has launched the Water Framework Directive (WFD) [44,45].
Member States that availed themselves of an extension beyond 2015 were required to
achieve all of the WFD environmental objectives by the end of the second and third man-
agement cycles, which extended from 2015 to 2021, and from 2021 to 2027, respectively [46].
The most important objectives of the WFD were to protect the status of water bodies,
and for all of the bodies of the European Union to achieve good ecological status by the
target dates (2021 and 2027) through an integrated approach to water management [47].
However, fifteen years after the WFD was introduced, the achievement of its objectives
remains a challenge, with 47% of EU surface waters not reaching a good ecological status in
2015, which was a central objective of the EU water legislation [48]. Furthermore, despite
considerable effort, the accurate modelling of N sources, transformations, and sinks at the
catchment scale remains a challenge. The improved knowledge on the uptake capacity
of N of the watersheds and the response of biological reserves to climate change or N
deposition, which are both pressing concerns, have also provided evidence for increasing
anthropogenic N emissions [49].
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In this context, a national initiative was launched in Italy at the beginning of 2014
(Italian Nitrogen Network, INN), which included limnologists, ecologists, biologists,
agronomists, and hydrogeologists working with nitrogen and its consequences on ecosys-
tems and ecosystem services. The initiative consisted in the sharing of a common method-
ology to evaluate the nitrogen budget at the catchment level. Data collection and budget
calculation were also discussed and shared in the INN. In this frame, our research is an in-
teresting case study which was intended to obtain information about nitrogen use efficiency,
and to acquire better knowledge of nitrogen sources and fates in the catchment area of the
Tiber River (Central Italy). Therefore, the main aim of this work concerns the integration of
the nitrogen budget model, which was quantified based on the difference between inputs
and outputs, with the system ability to dilute or concentrate nitrogenous substances within
the entire river catchment and in its sub-catchments. These two complementary approaches
allow the estimation of the impacts of nitrogen use change scenarios at the local level and
the definition of the spatial distribution of the highest risk of nitrogen accumulation both
at the catchment level and local areas (at the sub-catchment level), to suggest conceivable
corrective actions.

2. Materials and Methods

2.1. Study Area

The Tiber River catchment (TRC) extends for 17,169 square kilometres in central Italy
and represents the second largest river basin in Italy [50]. The catchment area covers a great
part of Central Italy (mainly the Umbria and Latium regions) and 335 municipalities. The
Tiber flows through important cities (Perugia, Terni, Rieti, and Rome), and it is the third
greatest Italian river in terms of length (409 km) and volumetric flow rate (240 m3/s mea-
sured at the mouth), with three left tributaries (Chiascio, Nera and Aniene) and three right
tributaries (Nestore, Paglia, and Treja). The database built for the Tiber River catchment
was parted into sub-catchments, such as the Tiber, Cerfone, Farfa, Treja, Paglia, Nestore,
Nera, Chiascio, and Aniene (Figure 1).

From a biogeographic point of view, the Tiber catchment is part of the Mediterranean
district of the middle-Tyrrhenian sector. From a hydro-morphological perspective, there
are three hydro-morphological sectors (Tiber, Aniene, and Nera) in the main watercourses
of the catchment. The upper sector starts in the mountainous belt, where watercourses
are generally characterized by steep slopes, rocky substrata, and a rapid flow. The middle
sector is characterized by a pebbly–gravelly substratum and changing slopes that affect the
behaviour of the water flow from turbulent shallow waters to medium laminar flowing
water (usually in the deeper tracts). Finally, the lower sector has a typical fluvial regime,
slow-flowing waters, and calcareous sandy–muddy substrate [51]. A Temperate climate
characterizes the upper and middle sectors, whereas a Mediterranean climate is typical
in the lower sector. The main litho-type of the Tiber catchment is calcareous, whereas
natural vegetation is generally well preserved in the mountain and sub-mountain areas.
On the other hand, a great part of the original characteristics of the riparian system has
been lost in the bottom of valleys and plains, with some exceptions, due to intensive
agricultural practices and urban sprawl. These land uses are the main cause of the general
mineralization and eutrophication of the waters in the lower sector [52]. In Table 1, some
important characteristics of the Tiber River sub-catchments are reported.
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Figure 1. The Tiber River catchment area and the tributaries’ sub-catchments.

Table 1. Data regarding the Tiber River catchment (TRC) and its sub-catchments. All of the data come
from the database of the Italian National Institute of Statistics (ISTAT), which was produced as part
of the sixth agricultural census in 2010.

Sub-
Catchment

Area
(ha)

Population
(×106)

Utilised
Agricultural
Area (UAA)

(ha)

Total N
Input

(t N/yr)

Total N
Input/UAA
t N/(ha yr)

Total N
Output
(t N/yr)

Total N
Output/UAA

t N/(ha yr)

Tiber 560,502 2.874 267,821 35,351 0.132 28,455 0.106
Nera 411,429 0.389 133,315 13,321 0.100 9520 0.071
Chiascio 163,052 0.215 76,475 10,395 0.136 7279 0.095
Paglia 129,746 0.079 50,356 5249 0.104 6179 0.123
Aniene 114,560 0.358 30,904 2459 0.080 1157 0.037
Nestore 87,137 0.086 36,087 4972 0.138 3716 0.103
Treja 40,223 0.059 18,980 2094 0.110 2196 0.116
Cerfone 29,794 0.013 11,161 1011 0.091 865 0.077
Farfa 18,011 0.017 8562 1109 0.130 432 0.050
TRC 1,554,454 4.090 633,662 75,961 0.120 59,798 0.094

2.2. Data Collection

In order to evaluate the N losses from agricultural and zoo-technical sources, the
Soil System Budget approach [53] was applied to the Tiber River and its sub-catchments.
The soil system budget records all of the nutrient inputs and nutrient outputs, including
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the nutrient gains and losses within and from the soil. The system approach also allows
partitioning between the various nutrient loss pathways and the storage and/or depletion
of nutrients in nutrient compartments within the system. A surplus/deficit is a measure of
the net depletion (output > input) or enrichment (output < input) of the system. Most of
the necessary data at the spatial resolution of municipalities (i.e., agricultural productions
in terms of surfaces, typologies, and amounts of farmed animals, etc.) were downloaded
from the Italian National Institute of Statistics (ISTAT) and formed part of the sixth Agri-
cultural Census database for 2010. All of the data were converted into nitrogen units (the
actual amount of nitrogen included in agricultural products—horticultural, crops, and
industrial crops—and synthetic fertilizers) by employing appropriate site- and product-
specific coefficients, which are available in the ISTAT database. An inventory of inputs
(livestock manure, synthetic fertilisers, atmospheric deposition, biological fixation) and
outputs (crop uptake, denitrification in soil, nitrogen leaching, and ammonia volatilization)
was produced, and the net budget was calculated. The N budget and the inclusion of
accessory information (e.g., population density, land use, slopes, the presence of wetlands,
soil permeability) were derived by the ISTAT database, allowing inferences to be made
regarding the system’s ability to metabolize nitrogen loads, and allowing the planning of
appropriate management actions.

The N contribution by livestock manure was derived from the number of cattle for
each animal category (thirty-six animal categories were considered, according to typologies,
age, and use; see File S1). The average weight and N production coefficients for each animal
category were provided by the Rural Development Programs of the Lombardy [54] and
Emilia Romagna [55] Regions, and the ISTAT database. Nitrogen inputs due to chemical
fertilization were calculated considering the extension of each fertilised crop type, the
annual sales of mineral fertilisers, and the N content of each type of mineral fertiliser. These
data were subdivided by a percentage based on the utilized agricultural area (UAA) of
each municipality falling inside the Tiber River catchment. The amount of N biological
fixation was derived from the literature by considering woods, arable lands, permanent
grasses, and N-fixing crop (Fabaceae) areas, and the N-fixing rates for woods, permanent
grass and pastures, alfalfa, soy, and legumes [56–60].

The reduced and oxidised N depositions for the year 2010 were derived from the
Greenhouse Gas Air Pollution Interactions and Synergies model—GAINS (The GAINS’ fea-
tures http://www.iiasa.ac.at/web/home/research/researchPrograms/air/GAINS.html
(accessed on 26 January 2022)). Details about GAINS and the references are reported in
File S2.

The N uptake by crops was calculated by multiplying the area of each culture by its
own yield, as reported in the sixth Agricultural Census for 2010, whereas the N content
of each crop was derived from the Rural Development Programmes of the Lombardy
and Emilia Romagna Regions [54,55]. The N output due to ammonia volatilization was
evaluated according to the literature [61,62], excluding the locally re-deposited fraction
corresponding to 60% [63]. The denitrification in the soil was calculated as 10% of the sum
of the N derived from livestock manure and chemical fertilisers [64]. The data regarding
the water flow and N concentration at the mouth of the Tiber River were provided by the
Regional Environmental Agency of the Lazio Region.

Data regarding the soil type were obtained from the European Soil Data Centre (ES-
DAC) for Europe at a 1 km resolution [65]. The portion of nitrogen lost due to the leaching
and runoff were calculated taking into consideration the national average values [66]. The
fraction of N lost per runoff was 4% of the nitrogen resulting from manure and synthetic fer-
tilization, whereas the fraction of N lost due to leaching was 18% of the estimated surplus,
corrected by the ammonia (NH3) losses and runoff. The quantities of nitrogen derived from
manure, synthetic fertilization and NH3 losses were provided by the sixth Agricultural
Census for 2010 [66]. The inputs and outputs of N were assigned to each sub-catchment,
and in turn, the N retentions were calculated as the difference between the inputs and
outputs both at the catchment and sub-catchment levels.
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2.3. Statistical Analysis

Significant differences of N retention (N input–N output, a response variable) among
the sub-catchments (discriminant factor) were quantified by one-way analysis of variance
(one-way ANOVA, p ≤ 0.05). The Neumann–Keuls post hoc test (p ≤ 0.05) was applied for
the definition of which sub-catchments were statistically different. The Random Forest (RF)
analysis [67,68] was applied to determine the most important predictors that significantly
affected the response variable. RF is a machine learning method that builds an ensemble
of classification or regression trees [69]. The RF algorithm estimates the importance of a
variable by looking at the extent to which the prediction error increased when out-of-bag
(OOB) data (OOB data are those samples that are not included in the bootstrap samples,
and the final prediction is the average or majority vote among all of the predictors, or any
bootstrap-aggregated methods). When this process is repeated, such as when building a
random forest, many bootstrap samples and OOB sets are created for the variable that was
permuted while all of the others were left unchanged. The calculations were carried out tree
by tree as the random forest was constructed. The final predictor importance values were
computed such that the highest average was assigned a value of 1, and the importance of
all of the other predictors was expressed in terms of the relative magnitude of the average
values of the predictor statistics, relative to the most important predictor [70]. Note that
(a) OOB samples are unique to Bagging, which is a variance reduction technique based on
a collection of predictors trained on bootstrap samples, and (b) the bootstrap is any test or
metric that uses random sampling with replacement, and falls under the broader class of
resampling methods.

In this analysis, the most important predictors affecting the N retention were selected
until their percentage difference from the most important one was 30–35%. The RF analysis
has been performed both at the catchment and sub-catchment areas, taking into consid-
eration all of the N inputs and outputs, and the environmental parameters (area, Utilised
Agricultural Area (UAA), resident’s number, etc.; see File S3 for a complete list of the
predictors). All of the statistical analyses were carried out using the software package
STATISTICA 12 (StatSoft Inc., Tulsa, OK, USA).

2.4. Statistical Entropy Analysis

Statistical Entropy Analysis (SEA) is a tool that evaluates the ability of a system to
dilute or concentrate a substance (known as the system’s power). Due to Shannon’s concept
of statistical entropy, SEA allows the calculation of the probability of the appearance of an
element through its concentration in each system [71]. Therefore, SEA was used to analyse
the performances of the Tiber River both at the catchment and sub-catchment levels by
quantifying the dispersion of N in several environmental compartments (soil, water, and
air), unlike the nitrogen use efficiency (NUE), which only operated on the total N input
and N output quantities [72]. In this paper, SEA was used to analyse the N budget related
to agricultural, zoo-technical, and other human-based activities occurring in the TRC and
its sub-catchments. The input of the N load was due to synthetic and natural fertilizers in
the form of urea (CO(NH2)2), ammonium nitrate (NH4NO3) and organic nitrogen (Norg).
Some chemical species of N (NO−

3 , NH+
4 and nitrogen entering as N2) were derived from

atmospheric depositions and ground fixation processes. Outgoing nitrogen was lost in
the atmosphere in a gaseous form mainly as ammonia (NH3) and nitrogen (N2), and in
smaller quantities as nitrous oxide (N2O) and more generally nitrogen oxides (NOx). The
N emissions in groundwater were in the form of NO−

3 , NH+
4 and Norg chemical species

(Figure 2a). When all of the incoming nitrogen forms were diluted into groundwaters, the
maximum value of the entropy (Hmax) arose (Figure 2b). When, instead, all of the nitrogen
was in the Norg form, which could be found in the products, the system had the minimum
(Hmin) or optimum (Hopt) entropy value (Figure 2c).
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Figure 2. Tiber river catchment system’s N budget. The four input fluxes were synthetic fertilization,
farming animals, atmospheric deposition, and N fixation. Three fluxes were the outputs: ammonia
volatilization, denitrification in soil, and crop uptake product) (a); worst entropy Hmax scenario (b);
minimal entropy scenario Hopt (c). All of the data were normalized to 1 Kg N/ha year anthropogenic
input (animal farming, synthetic fertilization, and N fixation from seeds) (modified from [72]).

The basic formula for the calculation of the statistical entropy (H) was:

H(ciN , mi) = −
k

∑
i=1

miciN log2(ciN) ≥ 0 (1)
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with
mi =

Mi

∑k
i=1 XiN

(2)

xiN = MiciN (3)

where ciN (expressed in mass per mass) was the N concentration in the mass flow of
goods I, such as the amount of dry and humid depositions, fertilisers, and products;
xiN was the flow of N in the goods flow i, which was the product of Mi (equal to the
material flow i, expressed in mass per time) and ciN. The mass fraction of the material
flow i (mi) was calculated using Equation (2). K was the maximum number of material
flows, where for the imported material flows K = 4 (such as synthetic fertilisation, farming
animals, atmospheric deposition, and N-fixation), and for the exported material flows
K = 3 (ammonia volatilization, denitrification in soil, and crop uptake product) (Figure 2a).
The relative values of H (dimensionless) for the input and output scenario were also
calculated. The variation of entropy ΔH indicated the nitrogen behaviour in the system:
if the system concentrated nitrogen, then ΔH < 0, otherwise ΔH > 0 (the system was able
to dilute nitrogen). The dilution and/or concentration concerned the natural levels of the
environmental concentrations of the element or compounds examined. In general, entropy
increased when the nitrogen emitted in a compartment was at a higher concentration than
the natural background [71–73].

ΔH =
Hout − Hin

Hin
% (4)

2.5. Simulations of N Performance Variation in the TRC System

After the entropy values’ calculation for a realistic N efficiency of the TRC system, five
scenarios were simulated, aiming to study the N performance variation in the hydrological
system. In the first scenario (S1), we assumed a 50% reduction in the nitrogen load coming
from synthetic fertilization. In the second (S2), the nitrogen load from the livestock manure
was reduced by 50%. In the third and fourth scenarios (S3–S4) we simulated concurrent
reductions in nitrogen loads from synthetic fertilization and livestock manure by 25% and
50%, respectively. The fifth scenario (S5) simulated an increase of 50% of the N inputs
derived from synthetic fertilization and livestock manure.

3. Results

3.1. Nitrogen Budget

The Tiber catchment area is populated by 4.06 million people. Overall, the total N
inputs amounted to 7.60 × 104 tons (average 227.43 ± 28.72 tons S.E., N = 334). The global
N balance yielded a value of 1.62 × 104 tons, which was retained within the catchment area,
and 5.98 × 104 tons came out of the hydrographic system. The main input was biological
N-fixation, with a 45% contribution, followed by synthetic fertilisers (31%) and livestock
(19%). The remaining 5% depended on atmospheric N deposition. The main output was
given by food, horticulture, and industrial crop uptake (79.43%), with a small contribution
of other budget components, as reported in Table 2.

The low nitrogen retention (12,053 t N/yr; 15.83%) of the whole catchment area was
relevant. However, some sub-catchments showed higher nitrogen retentions when they
were related to their own N inputs, such as Farfa (677 t N/yr; 61.06%), Aniene (1303 t N/yr;
52.97%), Chiascio (3116 t N/yr; 29.98%) and Nera (3801 t N/yr; 28.53%). The Tiber basin
showed an N retention of 19.51% (6897 t N/yr), although its area is the highest of the whole
catchment (Table 1). The lowest N retention values were found for the Paglia (−930 t N/yr)
and Treja (−103 t N/yr) sub-catchments.
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Table 2. The Soil System Budget Model for the Tiber River Catchment (TRC).

INPUT t N/year % of the total

Animal farming 14,649.73 19.25%
Synthetic fertilization 23,400.36 30.75%
Biological fixation 34,496.55 45.33%
Atmospheric deposition 3552.67 4.67%

Σinput 76,099.31 100%

OUTPUT t N/year % of the total

Food, horticulture and industrial crops uptake 50,874.46 79.43%
Nitrogen leaching 2645.05 4.13%
Ammonia volatilization 5203.13 8.12%
Denitrification in soil 3805.01 5.94%
Runoff 1522.00 2.38%

Σoutput 64,046.66 100%
Σinput − Σoutput 12,052.65

The Tiber and Nera were characterised by high values of N loads (35,351 t N/yr
and 13,321 t N/yr, respectively), representing 62% of the catchment area and 79.8% of the
total residential population (Figure 3a,b). It could be argued that the N loads were likely
due to an excessive amount of nutrients coming from the discharge of domestic sewage.
However, as will become clearer later, the role of the nitrogen load derived from urban, peri-
urban, and rural wastewater is practically nil in influencing the nitrogen retention capacity,
except in the Paglia sub-catchment. In this basin an imbalance of N was evident, with a
surplus of N output compared to inputs, although showing a low percentage of residents
(1.94%) compared to the total resident population (Figure 3a) and a small extension of the
sub-catchment area (Figure 3b).

 

Figure 3. Relative percentages of residential people (a) and land extensions (b) for each sub-catchment.
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3.2. Random Forest Analysis

In order to clarify these dynamics, it was essential to estimate the role of each predictor
and its importance in affecting N retention. The Random Forest highlighted different ranks
of importance for the catchment and each sub-catchment area. The important predictors
affecting N retention at the catchment and sub-catchment levels were reported in Table 3,
including predictors’ changes to the most important one within a threshold set at up to
35%; the others included in the RF analysis were not considered because they exceeded the
threshold of 35%.

Table 3. The most important variables affecting the N retention are sorted by their importance in
the Tiber catchment and its sub-catchments. The Random Forest analysis was not able to fulfil the
minimal threshold of the monitoring sites (equal to or above 20 sites) for the sub-catchments Nestore,
Cerfone, Farfa, and Treja; therefore, these were not reported in this analysis.

Importance
Rank

Tiber River
Catchment

Sub-Catchments

Tiber Aniene Paglia Nera Chiascio

1

Total N loss by
denitrification
(Livestock +
Agriculture)

Total N loss by
denitrification
(Livestock +
Agriculture)

N load by
atmospheric
deposition

Animal
husbandry load

density

N load by
atmospheric
deposition

Total N load by
biological
fixation

2
N load by

atmospheric
deposition

Total N load by
biological
fixation

Total N load by
biological
fixation

Total N load
due to livestock

industry

Total N load
due to livestock

industry

3 Utilised
Agricultural Area

N load by
atmospheric
deposition

Total N loss by
denitrification
(Livestock +
Agriculture)

Total N load by
biological
fixation

Utilised
Agricultural

Area

4 Total N load due to
livestock industry

Utilised
Agricultural

Area

N load by
residents

Total N loss by
denitrification
(Livestock +
Agriculture)

5
Total N loss (sum

of fractions
effectively lost)

Total N load
due to livestock

industry

6
Nitrogen losses

from non-nitrogen
fixing plants

Total N loss
(sum of
fractions

effectively lost)

7 Total N load by
biological fixation

The total N losses by denitrification with the contribution of livestock and agriculture,
total N loads due to atmospheric deposition, utilised agricultural area, total N loads due to
livestock industry, total N losses due to the sum of fractions effectively lost (i.e., fractions of
N of livestock origin, N-ammonium nitrate, N-ternary, organic compounds, and N-urea
ammonium sulphate totally lost by volatilisation), N losses from non-nitrogen fixing plants
(i.e., N losses from cereal crops; industrial and textile crops, including aromatic plant crops;
open-field horticultural crops; floral crops and ornamental plants; seedlings, alternating
forage crops; agricultural tree crops, i.e., vineyards, olive groves, and orchards; and family
gardens), and total N loads by biological fixation (symbiotic and non-symbiotic N fixation)
were considered to be main predictors contributing to and affecting the N retention at the
catchment level (Table 3). It was meaningful that the N load due to civil sewages and the
number of residents living in the catchment area did not significantly affect the N retention,
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with this being in the intermediate and/or final positions in the importance ranking (not
reported here).

Looking at Random Forest results concerning each sub-catchment (Table 3), the neg-
ative value of the nitrogen balance of the Paglia sub-catchment seemed to be due to N
loads from the livestock industry and its territorial density, biological fixation, and the
nitrogen contributed by the resident people (Table 3). The output N surplus in the balance
of this sub-catchment likely originated from a non-equilibrium between the loads and
losses; therefore, the total N loads exceed the total N losses by removal through N-fixing
species (alfalfa, soy, and legumes). The biological fixation (symbiotic and non-symbiotic
N fixation) may be altered in its components when nitrogen sources, such as ammonium
ions and nitrates, are available in soils, inducing a strong reduction of the non-symbiotic
N fixation [74] by prokaryotes such as Azotobacter and Clostridium living in the soil and
waters. With the N outputs being greater than the N inputs, the significant and negative
correlation between N retention and non-symbiotic N fixation (r = minus 0.379, p = 0.046)
suggested that the N outputs exceed the N inputs when non-symbiotic N fixation was
reduced by the high availability of N in the soil (that is, the total N losses were low, at
61% N retention). This high availability of N in the soil should be due to the agricultural
practices that enriched the soil through synthetic N fertilization. The Paglia sub-catchment
was typified by 54.8% non-irrigated arable land and agricultural land (Figure 4). Similar
considerations could be made for the Treja sub-catchment (data not shown), where the N
retention was negative, and correlated in a negative and significant way with non-symbiotic
N fixation (r = −0.789, p << 0.001); its territory was represented by non-irrigated arable
land (44.7%) and fruit tree and berry plantations (11.7%; Figure 4).

 
Figure 4. Repartition of the land-use categories among the sub-catchments.

The equilibrium between the loads and losses also characterised the other sub-catchments
(Table 3); the total N losses by denitrification, and as the sum of fractions effectively lost (N
from ammonia volatilization, i.e., losses due to the volatilization of nitrogen of zootech-
nical origin, N urea-ammonium sulphate, N ammonium nitrate, and N ternary + various
organic), were opposed to the N load by biological fixation, atmospheric deposition, and
livestock industry (e.g., the Tiber, Table 3). The total N loss by denitrification was opposed
to atmospheric N deposition and the total N load due to livestock industry loads (Nera,
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Table 3). Generally, it was significant that the N loads were not due to domestic sewage
but agricultural and livestock practices because, looking at the land use assessment, the
Tiber and Nera represented 62% of the entire catchment area, where the most typical cat-
egories were crops and orchards, forests, and pastures (Figure 4). Furthermore, similar
considerations could be made for the Aniene sub-catchment (Table 3). Atmospheric N de-
position could be due to the contribution of some of the sub-catchments where this variable
was one of the most important ones, such as the Tiber, Nera, and Aniene sub-catchments
(Table 3), which covered 68% of the whole catchment area. Because industrial areas were
scarcely distributed in the territory, N deposition could arrive from surrounding areas or
local industrial ensembles. De Marco et al. [75] reported a differential action of oxidised
and reduced nitrogen depositions to the net primary production of Italian forests that
was linked to the geographical location of the N sources, which were mainly situated in
northern Italy. The Utilised Agricultural Area (UAA) was another important variable that
was generally associated with the Total N load due to livestock industry, or the Total N loss
(denitrification) by livestock and agricultural practices. In fact, UAA was tightly correlated
with these parameters (r = 0.854, p << 0.01 and r = 0.944, p << 0.01 for the Total N load due
to livestock industry and the Total N loss (denitrification) by livestock and agricultural
practices, respectively). There appeared to be a balance between these two processes that
prevented (or limited) the release of N compounds outside the catchment area..

3.3. Soil Type Distribution at the Catchment and Sub-Catchment Levels

Looking at the distribution of the soil types existing in the Tiber catchment, it was clear
that Cambisol was the most representative type (84.9%), followed by Leptosol (Rendzina)
(8.7%), Luvisol (2.6%), Regosol and Andosol (1.6 and 1.5%, respectively), and Lithosol
(<1%). As reported by the World Reference Base for Soil Resources [76], Cambisol is
related to mineral soils of which the formation is conditioned by their limited age, that
is, soils that are only moderately developed on account of their limited paedogenic age
or because of the rejuvenation of the soil material. On the other hand, Leptosols are very
shallow soils over a hard rock or highly calcareous material but also deeper soils that are
extremely gravelly and/or stony. Leptosols are azonal soils with an incomplete solum
and/or without clearly expressed morphological features. They are particularly common
in mountain regions. Leptosols correlate with the ‘Lithosols’ taxa of many international
classification systems (USA, FAO), and with ‘Lithic’ subgroups of other soil groupings. In
many systems, Leptosols on the calcareous rock are denoted as ‘Rendzinas’. From these
definitions, Cambisols and Leptosols (covering 93.6% of the Tiber catchment area) were
not able to retain nitrogen in the soil, although in some sub-catchments (e.g., the Farfa)
the nitrogen retention was high (61%). In this sub-catchment, the prevalent soil typology
was Chromic Cambisols (65.2%), and in hilly (mainly colluvial) terrain Eutric, Calcaric,
and Chromic Cambisols were planted with a variety of annual and perennial crops or
were used as grazing land. These soils are medium-textured and have good structural
stability, a high porosity, a good water holding capacity, and good internal drainage, thus
allowing us to retain much more nitrogen than in the other sub-catchment. Note that, in
the Farfa sub-catchment, crops and forests and pastures extended for 56% and 43% of the
area, respectively (Figure 4).

3.4. The Relative Statistical Entropy Analysis: Actual Management Scenario

The N performances of the Tiber River Catchment (TRC) system and its sub-catchments
were evaluated by relative statistical entropy (RSE) analysis and by Nitrogen Use Efficiency
(NUE) [77], the values of which are shown in Table 4. The Nin and Nout values for the TRC
showed a satisfactory N efficiency (ΔH = 33%), and all of the sub-catchments, excluding
the Aniene and Farfa, performed close to their optimum values (Table 4).
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Table 4. Input and output entropy (Hin and Hout, respectively), RSE, and NUE values for the
assessment of the N performance concerning the Tiber River Catchment (TRC) system and its sub-
catchments. Relative Statistical Entropy, RSEx = Hx/Hmax (x = in, out), ΔH = (Hout − Hin/Hin) × 100
and NUE = Nout/Nin. The values of Nin and Nout for the TRC refer to those in Table 1. The values
of Nin and Nout for each sub-basin are not reported here.

Hin Hout Hmax ΔH RSEin RSEout NUE

Aniene 0.843 7.861 10.914 833% 0.077 0.720 24%
Cerfone 1.688 2.323 9.814 46% 0.171 0.251 88%
Chiascio 1.721 5.158 13.085 200% 0.132 0.394 84%
Farfa 0.587 9.436 9.503 1508% 0.062 0.993 23%
Nera 1.967 3.455 13.416 76% 0.147 0.257 60%
Nestore 2.210 3.830 11.896 73% 0.186 0.322 96%
Paglia 1.607 1.698 12.616 6% 0.127 0.135 119%
Tiber 1.917 2.692 14.842 40% 0.129 0.181 92%
Treja 1.132 2.361 11.282 109% 0.100 0.209 65%

Tiber River Catchment 1.906 2.885 15.967 51% 0.119 0.181 84%

It is important to note that the NUE values did not give any information about the
system’s ability to metabolise different nitrogen forms, which, in turn, could be assessed
by RSEout and ΔH values. The Paglia sub-catchment showed a very high efficiency of
N (ΔH = 6%), where the incoming N was mainly transformed into products (70.67%); the
others (the Cerfone, Nera, Nestore, and the Tiber) showed average middle-efficiency values
of N of about 59 ± 18% (Table 4). The Chiascio and Treja sub-catchments showed high
values of ΔH, at 200% and 109%, respectively. Very high values of ΔH were instead found in
the Aniene (833%) and Farfa (1508%) sub-catchments. The largest contributions to entropy
found in the Aniene, Chiascio, Farfa and Treja sub-catchments were due to the significant
nitrogen dilution in the atmosphere, surface water, and groundwater. In the Aniene sub-
catchment, the major contribution was due to the nitrogen dilution in the groundwater
(77%) and the atmosphere (51%) (Figure 5). In the Chiascio sub-catchment, the contribution
to the high value of ΔH is related mainly to the dilution of the nitrogen load in the
groundwater (105%); the same is true for the Treja sub-catchment (ΔH_groundwater = 30%).
For the Farfa sub-catchment, the contribution to ΔH is due to the high N dilution in all of
the environmental compartments (69% for groundwater, 31% for surface water and 48% for
atmosphere) (Figure 5). Their high entropy values could be a consequence of high human
activity pressures in the sub-catchments positioned in the southern areas of the TRC system,
where more than 70% of the total population lives [78]. Besides this, the high contribution
to entropy due to the N dilution in the groundwater—especially for the Farfa area—could
be justified by the soil type, Chromic Cambisol, which is characterized by high N retention.

Although N converted into a product cannot be considered to be diluted, it contributed
to the generation of entropy because the primarily nitrogen contained in the synthetic
fertilizers was more concentrated than the nitrogen contained in the products. Therefore,
an agricultural production system will always have an H > 0 [72]. The entropy related to
the transformation of Norg in the product contributed to 63% of the total entropy of the TRC
system. The remaining entropy contribution to the N losses in the groundwater, surface
water and atmosphere were 14%, 9% and 20%, respectively (Figure 5).
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Figure 5. RSE output contributions for the TRC system and its sub-catchments. The RSE product
represents nitrogen converted mainly into biomass (crop uptake, in our case). It corresponds to the
system’s ability to concentrate the input nitrogen into the product. RSE_groundwater, RSE_surfac
water and RSE_atmosphere indicate the loss of nitrogen by the system in the various environmental
matrices. The total relative statistical entropy of each sub-basin and the whole TRC is given by
the sum of the single components. A high system efficiency regarding the handling of nitrogen is
indicated by low RSE values. Such values indicate that most of the nitrogen is converted into a
product with minimal dispersion (“dilution”) in the environment.

3.5. The Relative Statistical Entropy Analysis: Different Management Scenarios

Looking at the simulations (Figure 6), in the scenarios where a reduction in the input
nitrogen loads is achieved, a lower Norg amount in the products was obtained by about
−3% for the S1, S2 and S3 scenarios, and −6% for the S4 scenario. With the 50% increase in
nitrogen loading from both synthetic fertilization and livestock manure (S5 scenario), we
estimated an increase of 2% in the Norg amount in the products. The differences between
the S1 and S2 scenarios in entropy were characterised by an increase of N efficiency (ΔH)
from 27% to 29%, respectively. With the reduction of chemical fertilisers (S1 scenario), the
entropy contribution to the groundwater and surface water decreased by 68% and 54%
compared to the current scenario, but it had a low impact on the entropy contribution to
the atmosphere (−7%). The reduction by 50% of the nitrogen load (S2 scenario) involved a
reduction of the relative entropy (ΔH = 29%) concerning TRC, with this being mainly due to
a reduction of the N losses to groundwater, surface water and atmosphere by 38%, 37% and
80%, respectively (Figure 6). In the S3 and S4 scenarios, the reduction of nitrogen loads by
acting on chemical fertilisation and livestock manure yielded a further enhancement of the
N efficiency (ΔH = 15% and 9% for S3 and S4, respectively) of the overall system (Figure 6).
In these scenarios, the nitrogen included was almost entirely converted into the products as
Norg, with minimal N losses towards the groundwater and atmosphere compartments. The
contribution of Norg to entropy in the S3 scenario was higher than that in the S4 scenario
(RSE_product = 0.111 for S3 and 0.107 for S4), although S4 showed a minor dilution capacity
for N into the atmosphere, groundwater, and surface water compartments (Figure 6). On
the other hand, an increase in the nitrogen loads (S5 scenario) implied a reduction of the
N efficiency (ΔH = 101%) in the TRC system, although we observed an increase in Norg
(2%) in the products compared to the actual scenario (Figure 6). This could be explained by
a strong entropy contribution due to the increase of N forms in the groundwater (170%)
and in the surface water (103%), despite the best yield. Finally, the S4 scenario was the best
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one. Hence, a reduction of 50% in the N loads within the TRC would allow for a better
system performance, which would be able to maximize the yields through the significant
reduction of nitrogen losses in the environment.

Figure 6. Simulated relative statistical entropy output contributions for the Tiber River Catchment sys-
tem (RTC) with the relative efficiency values ΔH, expressed as a percentage, in different management
scenarios compared to the actual TRC scenario.

4. Discussion

The Tiber catchment showed low nitrogen retention. This phenomenon could be due to
several reasons, including (1) the type of soil having a low N retention capacity (prevalently
Cambisols and Leptosols), and (2) nitrogen loads coming from atmospheric deposition,
biological fixation, and the livestock industry. The use of conventional agricultural practices
makes soils more compressed, decreasing the mineral component uptakes, such as the
nitrogen uptake. An additional consequence of the conventional agricultural practices
is to increase the run-off and enhance the nitrogen load in the surface- and in drainage
waters. UAA is a very important variable in the determination of the N balance in the
sub-catchments. UAA is linked to zoo-technical and agricultural activities, such as the Total
N loads due to the livestock industry and the Total N losses (denitrification) by livestock
and agricultural practices, which, in turn, control the N release out of the catchment or
among the sub-catchments. Nitrogen loads due to wastewater, which are directly linked to
the residents’ number, did not seem to affect the nitrogen budget. The RSE analysis showed
a good N efficiency for the Tiber River catchment, despite its low nitrogen retention value.

The best efficiency observed in the Paglia sub-catchment was due to its ability to
concentrate almost all of the N loads into the products (yields), unlike the Aniene and
Farfa sub-catchments, which instead highlighted powerful N losses in the environmental
matrices. Importantly, the worst N efficiency of the Farfa area was due to the lithological
nature of the soil, which made it a system with a high N retention. In order to increase the
N retention capacity and NUE, agricultural coverage should be increased in the area and
managed through best practices oriented to the reduction of impacts through soft-or-not-
soil tillage. The reduction of the N-based chemical fertilisers would be the best practice
to aim to increase the percentage of non-symbiotic—and therefore biological—N fixation,
and to reduce N loads by a decrease of the livestock number, in order to further practice
crop rotation in a more spread-out way, and to maximize the use of crop species which are
able to increase the efficiency of nitrogen uptake. A reduction of 25% or 50% of the N loads
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increased the N efficiency of the Tiber River catchment system, as demonstrated by the RSE
simulations. The first intercomparison exercise was carried out by comparing the values
obtained for the Tiber River Catchment with those obtained for the Austrian catchments of
Wulka and Ybbs [73]. We observed that the TRC system has a greater nitrogen management
efficiency, with a delta surplus = 15.83% (19 kg N/ha yr), NUE = 84% and ΔH = 51%,
despite the greater surface area of the catchment and UAA. The Wulka catchment showed
delta surplus values of 37% (21 kg N/ha yr), and NUE and ΔH values of 67% and 180%,
respectively, while the Ybbs catchment had delta surplus, NUE and ΔH values equal to
57% (79 kg N/ha yr), 43% and 335%, respectively. This intercomparison highlights the
homogeneity of the values and the usefulness of the RSE analysis, which is a method to
evaluate the system’s efficiency and dispersion of various nitrogen compounds into the
systemic environmental matrices. The recommendation reported in [73] concerning the
use of SEA as an agri-environmental indicator to be integrated into the decision-making
processes regarding nitrogen management strategies is here renewed.

The surplus calculation may be considered a good indicator of the environmental
impacts due to agricultural practices, but its integration with the information about the
type of N that is released into the environmental matrices, and in nitrogen compounds and
load variations, allows a more detailed analysis of N input and output fluxes, enabling
more effective management actions.

In conclusion, the important points of this study are related to the importance of the
environmental matrix in the determination of the nitrogen budget at the river basin level.
This matrix is mainly characterized by the different types of soil, by the mosaic of agricul-
tural and forest coverings, and therefore, by the current land use. In this environmental
complexity, the approach based on the integration of nitrogen budget calculation—based on
the soil budget system, with the random forest and Statistical Entropy Analysis—provides
a powerful analysis and monitoring tool for future land-use changes. It will soon be possi-
ble to carry out a historical analysis aimed at comparing the management and land-use
changes, and the effects on the nitrogen budget on the Tiber River Catchment with the
release of the seventh general agricultural census provided by the Italian National Institute
of Statistics (ISTAT) in March 2022.
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Abstract: Soil acidity is a strong promoter of the bioavailability of Al, Fe, and Mn, whose concen-
trations can sometimes reach toxic levels for plants. In agricultural soils, the use of arbuscular
mycorrhizal fungi (AMF) has shown a protective influence on wheat growth under Mn toxicity.
The intact extraradical mycelium (ERM) promotes faster AMF colonization, leading to a higher wheat
shoot weight, lower Mn uptake, and changes in antioxidant enzyme activity. Its effect on the uptake
and distribution of plant nutrients according to the developmental stage of shoot organs has seldomly
been analyzed. In the present study, Mn, Mg, Ca, and K were quantified by ICP–MS in leaves and
apical meristems of wheat grown in soil with two different ERM consortia, developed from the
native plants Lolium rigidum (LOL) and Ornithopus compressus (ORN). The ORN treatment induced
the highest wheat shoot weights and the lowest Mn levels. In the leaves, no significant differences
were detected for Mg, Ca, or K, but in the apical meristems, the ORN treatment slightly lowered
the Ca concentration. The AMF associated with ORN was seen to enhance wheat weight partly by
protecting the zones of active growth against high Mn levels in Mn toxic soils. The use of ORN in
acidic soils with Mn toxicity provides a sustainable alternative and an efficient complement to current
farming practices to lower the negative impacts of farming on the environment.

Keywords: arbuscular mycorrhizal fungi; intact extraradical mycelium; Mn toxicity; soil acidity;
sustainable agriculture

1. Introduction

Soil microorganisms play key roles in the ecological functions of living soil. Their ac-
tivity can change the soil’s biochemical, chemical, and physical properties and influence the
structure of plant and animal communities [1,2]. The latest environmental policies encour-
age the ecological restoration of degraded lands. This has prompted researchers to develop
more sustainable farming practices to apply in agroecological contexts [3]. Arbuscular
mycorrhizal fungi (AMF) are at the forefront of agricultural research for the eco-friendly
improvement of agricultural systems. In the last four years (2018 to 2021), a high number
of reports citing the keywords “arbuscular mycorrhizal fungi” and “agricultural” in the
abstract have been published, totaling ca. 40% of publications since 1977 [4]. Additionally,
2018 to 2021 was the period with the highest registered number of citations on this subject.
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Taken together, these indicators point to a growing interest of the research community in
sustainable agriculture based on AMF.

Arbuscular mycorrhiza result from the mutualistic symbiosis between AMF and ca.
80% of plant species; their origins are believed to span back to the colonization of land
by modern plants’ first ancestors [5]. These fungi belong to the phylum Glomeromycota,
with 342 species described at the moment, distributed through 43 genera, 12 families,
and 4 orders [6]. AMF are obligate symbionts, i.e., dependent on the presence of a plant
host to complete their life cycle. Once in symbiosis, the fungi can be supplied with
up to 20% of the plant’s photosynthates and other important compounds, while the
plant gains increased access to water and essential plant nutrients, particularly the ones
less mobile in the soil solution, e.g., phosphorus [7]. These natural symbiotic systems
can be used to improve sustainability and protect modern agroecosystems, given that
they (1) improve the soil’s structure and biochemical characteristics, (2) increase crop
growth and productivity, and (3) enhance plant resistance to environmental stress and
pest attacks [8].

Wheat is the second-most-produced global staple crop after maize, and the cereal is
mainly used in developed countries. When grown in acidic soils, wheat is mainly affected
by toxic levels of bioavailable Al and/or Mn [9–11]. High levels of Mn influence the uptake
and distribution of other essential nutrients, e.g., Mg, Ca, and P. Under Mn toxicity, wheat
tends to decrease element uptake, retain Ca in the root apoplast, and redirect excessive Mn,
along with Mg and P, to the vacuole to avoid oxidative stress [12,13]. The development of
natural stress-adapted native plant–AMF symbiotic systems in acidic soils was found to
alter their biological composition and influence the growth and mineral composition of
subsequently planted crops [14–16]. In wheat, this improvement can be more significant
depending on the symbiotic soil microbiota associated with the native plant that preceded
it and on maintaining a reduced disturbance to soil structure [14,17]. The intact extrarad-
ical mycelium (ERM) of AMF is known to provide faster root colonization than spores
or colonized root fragments if kept undisturbed in the soil [18]. By granting earlier plant
colonization, the intact ERM also allows an earlier capitalization of the benefits granted
by mycorrhization, such as growth improvement and extended protection of the plant
under stressful conditions. Under Mn toxicity resulting from soil acidity, wheat grown
after the previous development of the native plants Lolium rigidum L. (LOL) or Ornithopus
compressus L. (ORN) and colonized by an intact ERM will harbor different AMF commu-
nities on its roots and show reduced levels of Mn, effectively decreasing its toxic effects
inside wheat tissues [14]. Additionally, the colonization of roots by the intact ERM of
these symbiotic systems can alter wheat nutrient levels, namely, increasing P and S and
decreasing Mg and Ca, and change plant redox status by altering the activity of antioxidant
enzymes [14,17,19,20]. Depending on the previously developed native mycotrophic plant
and the specific composition of the AMF community colonizing wheat roots from the intact
ERM, different biochemical mechanisms are induced on wheat’s internal tissues [15,21].

The AMF functional diversity underlying the influence of these symbiotic systems
on the elemental composition of wheat shoots is currently being analyzed by assessing
wheat redox status and mapping the uptake, translocation, and subcellular distribution of
essential nutrients [15,17–21]. The present study analyses, for the first time, the transport
of essential micro and macronutrients, with different mobilities in planta, to wheat leaves
and meristems in acidic soil with different AMF consortia. This study aims to uncover
the impact of the soil AMF community on the distribution of (1) plant mobile K and Mg
and (2) plant immobile Ca and Mn on (a) leaves and (b) apical meristems of 3-week-old
wheat grown under the influence of the intact ERM from LOL or ORN symbiotic systems
in acidic soil.
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2. Materials and Methods

2.1. Physicochemical and Biological Soil Characterization

The acidic soil used for plant growth was collected from the top 20 cm of a natural pasture
site on the Mitra experimental farm of Évora University, Portugal (38◦32′ N; 08◦00′ W) [14]. This
site is characterized by Eutric Cambisols of granitic origin, extensively used for research
on the effect of acidic soils with Mn toxicity on crop development, particularly using
wheat [12,22–24]. The air-dried and sieved (2 mm) soil is characterized as sandy loam
with 11 g SOM (soil organic matter, chromic acid wet oxidation)/kg, a cation exchange
capacity (CEC) of 4.5 centimoles of charge per kg (cmol(+)/kg), a base saturation of
60%, and a pH of 5.6 (soil:water = 1:2.5 (w/v)) [9,12]. Chemical analysis quantified P at
26 mg/kg (Egner-Rhiem), N-NO3 at 0.4 mg/kg, K at 67 mg/kg (Egner-Rhiem), Mg at
112 mg/kg (1 M ammonium acetate, pH 7), and Mn at 41 mg/kg (Lakanen) [17]. AMF
abundance was previously quantified at 180 viable propagules per g of dry acidic soil
by Brito et al. [14]. Composition of the AMF consortia associated with each native plant
and wheat after each treatment used in the present study was previously described by
Brígido et al. [15]. Extraction of the soil solution for each soil treatment was performed
according to Faria et al. [9]. Briefly, ca. 40 g samples were centrifuged at 2500× g for 60 min
at 4 ◦C in 50 mL tubes fitted with 0.45 μm polyethersulfone filters to isolate the interstitial
soil solution. The volume was measured, and the aqueous solutions were kept at −20 ◦C
until analysis.

2.2. Treatments and Experimental Protocol

Experiments were performed in a greenhouse under controlled conditions using
pot trials with the acidic soil characterized above, according to Faria et al. [17]. Briefly,
dark plastic 8 L pots were packed with the homogenized acidic soil and kept hydrated to
ca. 70% of maximum water holding capacity by weight for 1 week for soil stabilization.
Then, six ORN or LOL seedlings in similar development stages were selected from seeds
previously germinated in hydrated filter paper and planted at equally distanced positions in
each of four replicate pots for each treatment, with a total of eight pots. These native plants
were allowed to develop naturally in the acidic soil and establish symbiotic relationships
with their respective AMF consortium for 7 weeks. Pots were kept in the greenhouse,
minimum and maximum air temperatures were recorded daily, and temperature control
was set to a maximum of 30 ◦C. Naturally germinated weed plants were manually excised
to maintain the AMF consortium composition characteristic of each planted native species.
Soil was maintained hydrated, as described above. After 7 weeks, the native plants were
eliminated by cut, and six wheat seedlings (Triticum aestivum L. cv. Ardila) were planted
per pot at equally distanced positions in a total of eight pots. In all instances, pots were kept
fully randomized in the greenhouse. After 3 weeks, the wheat was in stage 1 of principal
growth, and the shoots were excised and weighed. Three random plants per pot were used
whole for shoot element quantification, and the remaining three were each divided into
leaves and apical meristems, with a total of 48 plants and 72 samples. All samples were
immediately frozen in liquid nitrogen and stored at −80 ◦C until analysis.

2.3. Quantification of Mn, Mg, Ca, and K in the Soil Solution and Wheat Shoot Tissues

Levels of Mn, Mg, Ca, and K were determined through inductively coupled plasma
mass spectrometry (ICP–MS), according to Faria et al. [17]. Briefly, samples were ground
in liquid nitrogen, and 0.5 g of fresh ground shoot tissues were dried in an oven at 60 ◦C
for 3 days and then weighed for the assessment of dry weight (DW). Afterwards, 3 mL
of HNO3 (Suprapur, 67–69%, Fisher Chemicals, Hampton, NH, USA) and 2 mL of HCl
(Trace Metal Analysis, 37%, Fisher Chemicals) were added to closed Teflon vessels and
left overnight at room temperature. Then, microwave-assisted acid digestion was per-
formed after adding 3 mL of HNO3 and 2 mL of HCl to this solution by heating to 240 ◦C
for 40 min, with a final cooling step of 15 min, using a Mars 6 microwave digestion sys-
tem (CEM, Matthews, NC, USA). Digested shoot tissue solutions and soil solutions were
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filtered through a 0.45 μm pore PTFE filter, and ultrapure water was added to a final
volume of 20 mL. Diluted samples (40- and 1000-fold) were analyzed in an 8800 Triple
Quadrupole ICP–MS (Agilent, Santa Clara, CA, USA) equipped with a Micromist nebuliser.
Agilent ICP–MS tuning solution of 2% HNO3 containing 10 μg/L each of Ce, Co, Li, Tl,
and Y (Agilent Technologies, Palo Alto, CA, USA) was used for instrument optimization.
External calibration was performed with the multi-element certificate standard solution
ICP–MS-68B-A (100 mg/L) from High-Purity Standards (Charleston, SC, USA). Matrix
effects and instrumental drifts were corrected on the basis of the internal standards ruthe-
nium (Ru), rhodium (Rh), and iridium (Ir). The collision/reaction cell was set to “He mode”
for elemental quantification. The plasma gas flow rate was 15 mL/min, and the collision
and reaction gas (He) flow rate was 4 mL/min. Analyses were optimized at 1550 W forward
power and 1.1 L/min Ar carrier gas flow, with no dilution or makeup gas. Sampling depth
(10 mm) and lens parameters were optimized for the highest signal and optimum peak
shape while maintaining low oxides and doubly charged species. MS/MS scan type was
used in all the operation modes. Element levels were expressed per shoot dry weight.

2.4. Data Analysis

The bioconcentration factor for each element was determined according to Faria
et al. [12] using the formula BCF = Ctissue/Csoil solution, where Ctissue is the element concen-
tration in wheat shoots, leaves, or meristems and Csoil solution is the element concentration in
the soil solution. Statistical analysis was performed with SPSS statistics software version 27,
according to Faria et al. [12]. The statistical significance of data was determined with one-
way ANOVA, using Tukey’s post hoc test for means comparison at a 95% significance level
(p < 0.05). The Shapiro–Wilk test and the Browns–Forsythe test were used for the evaluation
of normality and homoscedasticity, respectively. The results presented correspond to the
average and standard error of four (n = 4) biological replicates.

3. Results

3.1. Wheat Growth

A higher shoot DW (p < 0.05) was obtained for wheat grown in soil from ORN
(271 ± 6 mg per plant) than for wheat grown in soil from LOL (176 ± 3 mg per plant)
(Figure 1a). Wheat plants did not show symptoms of Mn toxicity, e.g., chlorosis in older
leaves, but plants grown in LOL treatment showed impaired development when compared
to those grown in ORN treatment (Figure 1b).

  

(a) (b) 

Figure 1. Shoots of wheat plants grown for 3 weeks in acidic soil after the previous development of
Lolium rigidum (LOL) or Ornithopus compressus (ORN). (a) Growth assessed through shoot dry weight
(DW) per plant; (b) visual aspect of shoots of wheat grown in each soil treatment. Scale bar = 1 cm.
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3.2. Mn, Mg, Ca, and K Concentration
3.2.1. Soil Solution

Except for K, element levels were generally higher in the soil solution of the ORN
treatment than in LOL (p < 0.05) (Table 1). For K, levels in the LOL soil solution were higher
than for standard acidic soil (p < 0.05). However, the Mg/Mn ratio was higher for the
standard acidic soil (0.015) than for either LOL or ORN soils (both 0.011).

Table 1. Concentrations of Mn, Mg, Ca, and K (mg/L) in the soil solution of standard acidic soil
and of acidic soil collected in the vicinity of roots of wheat grown for 3 weeks after the previous
development of Lolium rigidum (LOL) or Ornithopus compressus (ORN). Different letters indicate
statistically significant differences (p < 0.05) on the basis of Tukey’s test in each element.

Elements (mg/L) Mn Mg Ca K

Acidic soil 110.7 ± 3.1 a 7566.3 ± 721.4 a 23,247.6 ± 1351.7 a 3060.5 ± 8.4 a

LOL/Wheat 74.0 ± 7.5 b 6700.2 ± 478.4 a 22,518.3 ± 1783.1 a 5171.7 ± 515.4 b

ORN/Wheat 138.8 ± 8.7 a 12,028.4 ± 1290.0 b 37,445.7 ± 849.0 b 7900.4 ± 115.1 c

3.2.2. Wheat Shoot Tissues

To understand the effect of the acidic soil with intact ERM from the native plants
on the internal distribution of Mn, Mg, Ca, and K in wheat shoots, the levels of these
elements were quantified in leaves and meristems. The levels of Mn in wheat shoots rose to
50.0 ± 1.7 mg/kg plant DW for the LOL treatment and to 39.5 ± 3.0 mg/kg plant DW for
the ORN treatment (Figure 2a). In the leaves, Mn reached similar levels for both treatments
but was lower in meristems (p < 0.05), namely, 51.3 ± 2.0 and 31.9 ± 3.1 mg/kg plant
DW, respectively, for the LOL treatment and 43.8 ± 3.2 and 20.8 ± 2.9 mg/kg plant DW,
respectively, for the ORN treatment. In the LOL treatment, the Mg/Mn shoot ratios were
similar to those found in leaves but were lower for the meristems. In the ORN treatment,
wheat shoots showed the lowest Mg/Mn ratio value, while the meristems showed the
highest (Figure 2a). The levels of Mg were lower in wheat shoots (p < 0.05) and leaves (not
statistically significant) from the ORN treatment than those from LOL. In the meristems,
the values were lower (p < 0.05) than in the shoots or leaves, but no substantial difference
was found between treatments (Figure 2b). Calcium showed no major variations except
for the lower levels detected in the meristems of wheat grown in soil after ORN (although
not statistically significant) (Figure 2c). Potassium levels showed no statistical difference
between plant tissues; however, a 19% lower K % was seen in wheat shoots from the ORN
treatment when compared to LOL. Additionally, K levels in meristems were lower than in
shoots or leaves in both treatments (Figure 2d).

 

(a) (b) 

Figure 2. Cont.
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Figure 2. Concentrations of (a) Mn, (b) Mg, (c) Ca, (d) K, and (a) Mg/Mn ratio (line) in the shoots,
leaves, and meristems of wheat grown for 3 weeks in acidic soil after the previous development of
Lolium rigidum (LOL) (light brown) or Ornithopus compressus (ORN) (green). Different letters indicate
statistically significant differences (p < 0.05) on the basis of Tukey’s test.

For each element, the bioconcentration factor values determined were lower in the
shoot tissues of wheat grown in ORN soil than in LOL soil (Table 2). For Mn, the biocon-
centration factor values were 2.4-, 2.2-, and 2.9-fold lower; for Mg, 2.7-, 2.2-, and 2.0-fold
lower; for Ca, 1.8-, 1.7-, and 2.1-fold lower; and for K, 1.9-, 1.7-, and 1.7-fold lower in shoots,
leaves, and meristems, respectively.

Table 2. Bioconcentration factors of Mn, Mg, Ca, and K for shoots, leaves, and meristems of wheat
grown for 3 weeks in acidic soil after the previous development of Lolium rigidum (LOL) or Ornithopus
compressus (ORN). Different letters indicate statistically significant differences (p < 0.05) on the basis
of Tukey’s test for each element.

Plant Part/Bioconcentration Factor Mn × 10−1 Mg × 10−1 Ca × 10−2 K

Shoot
LOL 6.9 ± 0.3 a 3.5 ± 0.1 a 1.8 ± 0.1 a 7.6 ± 0.4 a

ORN 2.9 ± 0.1 b,c 1.3 ± 0.1 a,b 1.0 ± 0.0 b 4.0 ± 0.1 b

Leaves
LOL 7.1 ± 0.3 a 3.6 ± 0.1 a 1.8 ± 0.1 a 7.7 ± 0.4 a

ORN 3.2 ± 0.2 c 1.6 ± 0.1 b 1.1 ± 0.0 b 4.6 ± 0.3 b

Meristems
LOL 4.4 ± 0.3 c 1.7 ± 0.1 c 1.9 ± 0.1 a 5.9 ± 0.5 c

ORN 1.5 ± 0.1 b 0.8 ± 0.0 d 0.9 ± 0.0 b 3.5 ± 0.1 b

4. Discussion

Stress-adapted native plants modify the microbiome in the rhizosphere by stimulating
the development of fungal consortia that can be specific to each environment–soil–plant
combination. These communities are composed of AMF symbiotic with the native plants
and the associated microbiota, providing a beneficial environment to plant growth un-
der stressful conditions [18]. This soil microbial ecosystem has been previously used to
improve the development and productivity of crop plants [15,25,26]. In acidic soils with
problems of Mn toxicity, the use of soil with intact ERM associated with LOL or ORN
showed strong effects on wheat growth by differentially (a) shifting the structure of the
communities of colonizing AMF [15,21], (b) inducing the transcription of genes in the host
root involved in growth or stress evasion [27], (c) influencing the activity of antioxidant en-
zymes [20], and (d) altering internal tissue levels of essential nutrients and their subcellular
distribution [17,19].

By applying LOL and ORN microbial communities separately, in the present study,
we found differences in wheat growth and the translocation patterns of Mn, Mg, Ca, and
K in shoot tissues of wheat grown under Mn toxicity imposed by soil acidity. Soil from
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the LOL treatment was less successful in promoting wheat shoot growth, and the average
shoot DW was 35% lower than that of wheat grown in soil from the ORN treatment. Similar
differences were also previously reported for these systems (with values ranging from 26%
to 38%) [14,21], yet, they were considerably higher (up to 54% for the ORN treatment) when
compared to wheat grown on soils where no native plant was previously developed [14].
Although the differences observed in wheat tissues as a response to these distinct native
plants could be attributed to altered nutrient uptakes, the levels of some of the main
elements, e.g., P, S, or Mg, were not seen to change in previous experiments [14]. This
suggests that different previous native plants can influence nutrient distribution in wheat
shoots at the organ or cellular levels under Mn toxicity. In the present work, in wheat shoots
from both soil treatments, the levels of Mn were below the concentrations considered toxic
for most cereals (100–200 mg/kg) [14,28]. Both in the leaves and apical meristems of wheat
grown in ORN soil, Mn levels were maintained at lower levels than those in LOL soil.
This was also observed for the Mg/Mn ratios in shoot tissues, a reported marker for Mn
toxicity stress [22,23,29]. In wheat meristems that are actively growing tissues, the ORN
soil treatment induced lower Mg/Mn values than LOL, even though in ORN soils, wheat
shoots showed lower Mg levels (Figure 2a,b). Additionally, Ca was slightly lower in the
meristems of wheat grown in ORN soil.

The AMF communities associated with ORN appear to be more beneficial for wheat
in terms of both growth and managing element levels in different plant parts. In a pre-
vious study, these communities were analyzed and detailed through a metagenomics
approach [15]. The AMF communities identified in symbiosis with roots of wheat grown
in LOL or ORN soil showed only small differences in terms of diversity. However, some
major differences were detected in the abundance of some genera; for example, several
operational taxonomic units (OTUs) of Rhizophagus spp. were seen with greater abundance
in LOL or ORN treatments; Paraglomus spp. was more abundant in ORN treatments, and
Claroideoglomus spp. was more abundant in LOL treatment [15]. These authors also identi-
fied similar differences in AMF abundance in the roots of the source native plants. This
suggests that the changes in the biochemical mechanisms regulating wheat growth and ele-
ment distribution in response to the development in acidic soil from different native plants
may be related to a cumulative activity of AMFs that are common to these native plants
rather than to the influence of a specific AMF diversity. An additional study reports on
the influence of this differential AMF abundance on the transcriptome of wheat roots [27].
Within 1 week of root colonization, genes encoding for putative transporter proteins (im-
portins, potassium transporter, calcium-transporting ATPase, plasma membrane Na+/H+
antiporter) were upregulated in the ORN treatment, with high fold changes (logFC > 10),
while in the LOL treatment, four ATP-binding cassette (ABC) transporters (transport of a
wide variety of substrates across membranes in cells), three potassium transporters, and
one AKT2 potassium channel were reportedly upregulated. By the fifth week after AMF
colonization, wheat roots were differentially expressing ABC binding protein genes from
the ABC transport system, one of the largest transporter protein families of compounds
and elements in plants, localized in most plant membranes, namely, the plasma membrane,
tonoplasts, chloroplasts, mitochondria, and peroxisomes. In contrast, in the ORN treatment,
only two were found to be upregulated in the LOL soil treatment, where over 30 genes were
upregulated. Additionally, genes for five phosphate transporters were upregulated in the
LOL treatment, as well as two ETHYLENE-INSENSITIVE 2 (EIN2) genes and the NRAMP5
genes, which belong to the NRAMP family of metal transporters. Differential transporter
gene expression points towards distinct management of the uptake and translocation of
plant nutrients influenced by the differential AMF abundance associated with each native
plant. The regulation of element transport and translocation in plants influenced by AMF
abundance is a new concept that requires further research; it may contribute to the un-
derstanding of the inconsistency in the reported effects of AMF on plant nutrient uptake,
which was either absent, positive, or negative for the same element in different reports [30].
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Although reports on the management of these plant nutrients by natural AMF com-
munities are very sparse, some research has been performed on one or more artificial
communities of a small number of AMF species. For Mg, in trifoliate orange under Mg
deficiency, the AMF Funneliformis mosseae increased shoot chlorophyll levels and stimulated
the activity of antioxidant enzymes and leaf soluble protein, suggesting an influence on
Mg nutrition [31]. For Mn, the introduction of AMF propagules substantially altered the
soil microbiome. For example, the addition of Funneliformis mosseae (syn. Glomus mosseae)
to a natural soil decreased the abundance of microbes able to reduce Mn and Fe, leading
mycorrhizal plants to accumulate less Mn [32]. Additionally, plant responses to AMF
activity are often specific to the fungal symbiont. For instance, the application of Glomus
macrocarpum enhanced soybean growth under Mn-deficient conditions but induced Mn
toxicity symptoms in soil with abundant Mn availability; in contrast, in the same study,
G. etunicatum and Rhizophagus intraradices (syn. G. intraradices) increased plant performance
in both Mn soil conditions [33]. Ultimately, the sustainable improvement of agricultural
practices based on AMF species or natural AMF developers must first consider the intri-
cate ecological relationships between each fungi–plant symbiosis and the chemical and
biochemical mechanisms induced in the host.

5. Conclusions

The growth of ORN native plants, known to influence the abundance of specific
Glomeromycota taxa in acidic soils, appears to favor growth and tolerance to Mn toxicity
in wheat plantlets by managing the nutritional composition of its shoot tissues. Under the
influence of an intact ERM, the actively growing wheat apical meristems show lower Mn
levels and higher Mg/Mn ratios, indicative of reduced Mn toxicity stress. The screening of
native plants, as developers of AMF, with a functional application contributes to the design
of environmentally friendlier agronomical approaches to enhance crop productivity in acid
soils. Uncovering and understanding the potential Mn detoxification mechanisms induced
by an intact ERM structure on wheat is key to implementing a wide range of usable benefits
granted by AMF in the frame of sustainable agriculture, contributing to research against
the degradation of soil ecosystems.
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Abstract: A formidable challenge in suburban agriculture is the sustainability of soil health following
the use of wastewater for irrigation. The wastewater irrigation likely toxifies the crop plants making
them unconsumable. We used a multivariate, completely randomized design in a greenhouse,
comparing the phytoextraction capacities of Brassica juncea, Eruca sativa, Brassica rapa, and Brassica
napus—all grown on silt loam soil irrigated with industrial wastewater, canal water, and a 1:1 mixture,
during 2018. The studied Brassica plants were generally closely efficient in remediating toxic metals
found in wastewater irrigated soil. Substantial differences between Brassica and Eruca plants/parts
were recorded. For example, B. napus had significantly higher metal extraction or accumulation
compared to E. sativa for Zn (71%), Cu (69%), Fe (78%), Mn (79%), Cd (101%), Cr (57%), Ni (92%). and
Pb (49%). While the water and plant were the main predictors of metal extraction or accumulation, an
interaction between the main effects substantially contributed to Cu, Mn, and Fe extractions from soil
and accumulations in plants. Significant correlations between biological accumulation coefficient and
biological transfer coefficient for many metals further supported the metal extraction or accumulation
efficiencies as: B. napus > B. juncea > B. rapa > E. sativa. Root-stem mobility index correlation with stem-
leaf mobility index indicated the metal translocation along the root-stem-leaf continuum. Therefore,
we suggest that these crops may not be used for human or animal consumption when grown with
industrial wastewater of toxic metal concentrations ≥ permissible limits. Rather these plants may
serve as effective remediators of toxic metal-polluted soil.

Keywords: Brassica; canola; cauliflower; heavy metal; phytoremediation; pollution; soil health;
toxic; wastewater

1. Introduction

Worldwide, surface or groundwater supply for food crop production is limited. The
available surface water is irrigating 17% of the arable land with crop production of 34% of
the world’s food demand. In Pakistan (5th most climate-change-impacted country on Earth),
85% of the food is produced by the lands irrigated with river water, canal water, and/or
groundwater [1,2]. Climate warming combined with an increasing population (11.0 billion
in 2100 [3]) is frequently predicted to result in diminishing surface and groundwater
supplies [4,5]; therefore, irrigation water supplies may become increasingly constrained for
food crop production. Hence, there is a tremendous potential to explore alternate but safe
irrigation waters as well as their compatible crops to cope with the shortage of irrigation
water and uncertainty in food security. While experiments have been conducted to explore
alternate irrigation waters and compatible crops for successful phytoextraction or food
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production, controlled experimentation to compare the efficiencies of these waters and
crops remains limited.

Canal water is the surface water which is obtained from an engineered distributary
of a river—the distributaries can be thought of as small, constructed rivers. Irrigation
water quality of canal water is regarded as the best (Table 1) compared to groundwater
or wastewater (sewerage, industrial wastewater). Wastewater is one of the alternate
waters drained from industries, for example, leather, tannery, packaging, textile, and
pesticide. In addition to nutrients, the wastewater may contain one or more of the essential
or non-essential heavy metals, i.e., zinc (Zn), copper (Cu), iron (Fe), manganese (Mn),
cadmium (Cd), chromium (Cr), nickel (Ni), and lead (Pb) in excessive (toxic) amounts
and may be toxic for soils, plants and/or humans [6–8]. Toxicity thresholds for many
micronutrients or metals are reached at considerably lower doses [9]. The wastewater may
also contain a large assortment of pollutants including dissolved salts, organic matter, hosts
and/or pathogens [10], and unknown human or animal health product residues [11]. The
constituents when encountering soil particles, occupy exchange sites, accumulate in the
soil over time, and deteriorate soil health, resulting in cropland of low productivity. Crops
grown on these lands, uptake the toxic ions and accumulate in roots, stems, leaves or fruits
in different proportions.

Soil texture is one of the dominant controls over heavy metal adsorption on soil particle
exchange sites and inter-lattice spaces [12]. Light textured soil (sandy, sandy loam, and
silt loam) particles exhibit lower surface area, cation exchange capacity (CEC), and surface
charge density than those of heavy-textured soils (clay, clay loam, silty clay) [13]. Other soil
properties such as pH, redox potential, hydraulic conductivity, and tendency to uptake,
accumulate and transport heavy metals to various plant parts also differ with texture [14].

Heavy metals are bonded to particulate organic and inorganic matter in the wastewa-
ter [14] and become in equilibrium with the soil solution following the soil is irrigated with
wastewater. Heavy metals are mobilized to or accumulate in plant tissues via plant-root-
driven mechanisms: (1) plant root secretion of metal-chelating compounds (called phyto-
siderophores) into the rhizosphere, (2) plant root biochemical reduction of ions bonded
to soil particles, and/or (3) plant root rhizosphere acidification by humic substances [15]
followed by the exchange of metals with protons [16]. Different plants show significantly
different capacities for heavy metal toxicity tolerance using exclusion, inclusion, or selec-
tive absorption of metals in amounts equivalent to nutrient requirements [17,18]. These
metals are bioaccumulated in plant edible portions—roots, stem, leaves, and/or fruits [19].
Different metals show different threshold levels to become toxic to soil properties or plant
tissues. Zn toxicity in plants is commonly indicated by leaf chlorosis [20,21] while Cu
toxicity additionally causes suppressed root growth.

Plant species have been used to remediate heavy metal polluted soils—a technique
called phytoremediation which involves the use of plants for the extraction of contam-
inants from soils and accumulating them in their above- and below-ground parts [22].
While phytoextraction rate is dependent on the bioavailability of heavy metals, different
phytoextractants (Brassica juncea, Eruca sativa, Brassica rapa, Brassica napus) have different
efficiencies owing to their distinct growth rates, depth of root systems, and accumulation
and translocation capabilities, e.g., [23]. These phytoremediators are amongst the efficient
growing and high biomass yielding crops [24], though their efficiencies may differ. For
example, B. juncea, B. rapa and B. napus are better at removing Zn than they can remove Cu.
Brassica taxa are the best at removing a range of heavy metals (Zn, Cu, Fe, Mn, Cd, Cr, Ni,
and Pb), though B. juncea removed the highest amounts of these metals and accumulated
in the stem [23,24]. E. sativa is also grown on heavy metals-laden soils and has been found
to have good tolerance and adaptability to wastewater irrigated soils [25].

To compare the phytoremediation efficiencies of the test crops (B. juncea, E. sativa, B.
rapa, B. napus) irrigated with wastewater, we compared ratios of metal concentrations be-
tween soil and plant parts as biological accumulation coefficient (BAC); biological transfer
coefficient (BTC); mobility index at soil-root (MISR); mobility index at root-stem (MIRS);
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mobility index at stem-leaf (MISL) [19]. Ratios of ≥1 indicate effective movement and/or
accumulation from soil to root or root to stem or stem to leaf. The higher the coeffi-
cient value or ratio, the greater would be the remediation or accumulation efficiency of
a crop [19,26–28], and the greater would be the risk to the health of humans consuming
these crops.

We hypothesized that (1) the type of irrigation water will influence the heavy metal
extractions or concentrations in the studied crop plants/parts, and (2) heavy metal BAC,
BTC, MISR, MIRS, and MISL of the test crops will be ≥1. Specific research objectives were
to (1) compare the phytoextraction capacities of four common crops in response to irrigation
with canal water, wastewater, and their 1:1 mix, and (2) compare the different indices for
heavy metal uptake (BAC, BTC, MISR, MIRS, and MISL) by these crops.

2. Materials and Methods

2.1. Experimental Design

A pot experiment was conducted in a greenhouse at Cotton Research Station, Multan,
Pakistan to quantify and compare the phytoextraction or phytoaccumulation capacities,
BAC, BTC, MISR, MIRS, and MISL of four high biomass-producing oil-seed or vegetable
species: B. juncea (Raya), E. sativa (Taramira), B. rapa (Toria) and B. napus (Canola)—all
grown on a homogenous silt loam soil. The authors compared the role of soil texture in
phytoextraction or phytoaccumulation by comparing sandy loam and clay loam textures
(and their characteristics) in their previous research at this site [29], therefore, in this
experiment, the factor already studied at this site is not included to focus on the remaining
factors and sustain clarity and brevity of results. Three types of irrigation water were used:
canal water (control), industrial wastewater (treatment) and, a 1:1 (v/v) mix of canal water,
and wastewater (treatment).

On 19 September 2018, a total of 36, 20 kg capacity pots were taken—each was filled
with 16 kg silt loam soil collected from 0–20 cm deep cultivated/polluted land irrigated
with wastewater from Industrial Estate Wastewater Disposal Station (IEWDS), Multan
(IEWDS; 30◦11′66′ ′ N, 71◦32′67′ ′ E). The IEWDS collects wastewater from approximately
190 industrial units—mostly of leather, tannery, packaging, textile, and pesticides. Use of
the wastewater is preferred by urban/suburban farmers owing to its high concentrations
of nutrients and, free and stable year-round availability, which support the livelihood of
local farmers [30,31]. The infill soil was uniformly air-dried before filling the pots. For
irrigation, canal water was collected from a distributary originating from the Chenab River,
and irrigating the Government Agricultural Farms, Multan. Wastewater was obtained
from IEWDS, Multan. Treatment of canal + wastewater mixture was prepared by mixing
the waters in a 1:1 (v/v) ratio. The three water types were carried and stored in 25 liter
plastic containers. Following Strack et al. 2019 [32], the waters were passed through
Whatman 40 and then a series of filters: first through a 1.5 μm glass fiber and then through
a 0.4 μm glass fiber filter the same day (continued through the next or following days) to
retain any dissolved organic matter and, particulate organic and inorganic matter which
may otherwise provide exchange sites for precipitation and cross-precipitation of the
organic or inorganic metals and change salinity (ECiw, pHiw). Further, to minimize
microbial degradation of heavy metals, the waters were stored in a laboratory at 4 ◦C
before being used for irrigation. Before each irrigation, waters were allowed to warm
to normal temperature and tested for any significant changes in salinity. No substantial
changes in salinity were recorded (p ≥ 0.05). Therefore, the waters we used for pot
irrigation may have minimal organic matter/metals, changes in salinity, and subsequent
precipitation or cross-precipitation—thus, no significant experimental source of uncertainty
in results/interpretation was expected [33].

The pot experiment was organized in a completely randomized design [(4 crops × 3 water
types) × 3 replications = 36 pots]. All pots were maintained at field capacity for approx-
imately one month from 19 September 2018 to 14 October 2018. On 15 October 2018,
a recommended, basal dose of NPK (60:30:30) was mixed with the topsoil, and then,
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10 government-certified (disease-free), viable seeds of a study crop were sown in each
pot as per the research design. The seeds were obtained from Punjab Seed Corporation,
Government of the Punjab, Pakistan. Only the three most viable seedlings were allowed
to grow in each pot. The three replicates from each treatment (3 waters × 4 crops) were
subjected to standard agricultural practices during germination and growth. Overall, the
plants received 8–9 h of direct or full-spectrum sunlight every day throughout the exper-
iment. The greenhouse had transparent panels which may show an adequate or higher
transpiration level [34]. On 30 December 2018, the crop plants, or parts from 36 pots were
harvested, placed separately in paper bags (36 bags), and transported to the soil and water
testing laboratory, Multan for sample preparation and chemical analyses.

2.2. Sampling and Analysis

Triplicate bulk surface soil samples (0–20 cm) were collected randomly from the
Industrial Estate Wastewater Disposal Station-fed area of three acres. The soil was ensured
to be enough for filling 16 kg soil in each of the 36 pots. The soil samples were air-dried,
crushed, sieved to <2 mm, thoroughly mixed, and stored at room temperature before
analyzing for some physicochemical properties and chosen heavy metal concentrations.
Soil samples were analyzed for textural class, saturation pastes electrical conductivity (ECs),
and pH (pHs) following methods described by the US Salinity Laboratory Staff [35]. Based
on our laboratory limitations, only Zn, Cu, Fe, Mn, Cd, Cr, Ni, and Pb concentrations in
soil and plants could be estimated. To quantify the planned water-soluble heavy metal
concentrations in soil, 20 g of dry soil was extracted with 40 mL of deionized water [36]
and the extractants were stored for chemical analyses.

Irrigation wastewater/samples were also collected around the soil sampling cam-
paigns and prepared for chemical analyses and irrigation as explained in the 2nd paragraph
of this section. Within a week of preparing irrigation water, a 50 mL sample was digested
with 10 mL of concentrated HNO3 at 80 ◦C until the solution turned clear [37]. The clear
solution was then filtered through Whatman No. 42, diluted back to 50 mL using distilled
water, and stored for chemical analyses.

Root, stem, and leaf parts of the four test crops were thoroughly cleaned for any
dust material, washed sequentially with 1% HCl and double deionized water, air dried
in shade for 24 h, and then oven dried at 70 ◦C until a constant weight was reached. The
dry matter was ground to a powder form and sieved to <1 mm. A 1.0 g of the powder
was digested with a di-acid mixture of HClO4 and HNO3 in a 1:2 ratio, respectively. The
clear digest was filtered and diluted to 50 mL using distilled water and stored at ≤4 ◦C for
chemical analyses.

Plant total and soil and wastewater soluble Zn, Cu, Fe, Mn, Cd, Cr, Ni, and Pb concen-
trations (mg L−1) were determined from the stored extracts using an atomic absorption
spectrophotometer (Model AAS Vario 6, Analytik Jena AG, Jena, Germany). Following
Baker (1981); [19]), we calculated the BAC, BTC, MISR, MIRS, and MISL of heavy metals:

Biological Accumulation Coe f f icient (BAC) =
Stem + Lea f concentration

Soil concentration
(1)

Biological Trans f er Coe f f icient (BTC) =
Stem + Lea f concentration

Root concentration
(2)

Mobility Index at Soil − Root (MISR) =
Root concentration
Soil concentration

(3)

Mobility Index at Root − Lea f (MIRS) =
Stem concentration
Root concentration

(4)

Mobility Index at Shoot − Lea f (MISL) =
Lea f concentration
Stem concentration

(5)
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2.3. Statistical Analyses

All data analyses were performed using the SPSS 26.0 package (SPSS, Chicago, IL,
USA). We used a two-way (water and crop treatments) multivariate (Zn, Cu, Fe, Mn, Cd,
Cr, Ni, Pb) ANOVA for quantifying the individual and interactive effects of the water and
crop factors on the response variables of Zn, Cu, Fe, Mn, Cd, Cr, Ni, and Pb concentrations
in crops. Separate models were run for plant parts. Regressions and correlations were also
performed where meaningful. Data were normalized to log10 values when not normally
distributed. Differences were significant when p < 0.05.

3. Results

Thoroughly mixed, pot infill soil had uniform texture, salinity (ECs = 3.84 dSm−1,
pH = 8.6; Table 1), and toxic levels (mg L−1) of studied heavy metals (Table 1). The origi-
nal irrigation water types (canal water, wastewater) were different in the ECiw (ANOVA:
F1, 5 = 121.50, p < 0.001) and pHiw (ANOVA: F1, 5 = 121.50, p < 0.001) and heavy metal con-
centrations. Our study focused on some key drivers of phytoremediation and bioaccumula-
tion, i.e., water type and crops. Other key drivers of phytoremediation or bioaccumulation,
such as soil texture have been studied at the experimental site [29].

Table 1. Textural class of soil and, salinity and heavy metal concentrations of the soil and irrigation
waters used in the study.

Soil Texture or
Water Source

Salinity Heavy Metal Concentration (mg L−1)

ECs/ECiw

(dSm−1)
pHs/
pHiw

Zn Cu Fe Mn Cd Cr Ni Pb

Silt loam soil 3.84 8.64 4.52 1.74 15.36 4.62 1.02 0.18 0.20 2.76
Canal water 1.02 7.20 0.01 0.01 0.03 0.04 0.07 0.02 0.02 0.06
Wastewater 4.18 7.41 0.26 0.12 1.28 0.24 0.19 0.11 0.29 1.14
1:1 mix water 2.72 7.34 0.13 0.08 0.67 0.15 0.15 0.07 0.16 0.63
Permissible
limits (water) † 1.5 6.5–8.5 2.00 0.20 5.00 0.20 0.01 0.01 0.20 0.50

† Recommended maximum concentration in irrigation water for crops [38,39]. ECs and pHs, and ECiw and pHiw
denote electrical conductivity and pH of soil and irrigation water, respectively. For all pots, surface soil (0–20 cm)
was collected from Industrial Estate Disposal Station, Multan.

Overall, the main effects of water and crop and their interaction were significant (two-
way MANOVA, Wilks’ lambda test: p < 0.001; Table 2) on heavy metal concentrations in
the studied crops irrigated with three water types. However, the interaction was significant
only for Cu, Fe, and Mn contents in plants in response to various waters. The Zn, Cd, Cr,
Ni, and Pb concentrations did not differ.

More specifically, the irrigation water type was the dominant control over most metal
contents in each of the test crops. It reflects that different water types produced different
responses in a plant species, with overall highest metal concentrations recorded in response
to wastewater followed by the 1:1 mix and canal water in that order. When compared, the
four plant species differed in remediation or accumulation capacities, however, similarities
were not uncommon, for example, B. napus was not different from E. sativa for the extraction
of Cd, and B. juncea for Mn uptake and accumulation. Likewise, B. juncea and B. rapa had
similar responses for their Cr concentrations. Bottom-line, extraction capacities were in
the order of B. napus > B. juncea > B. rapa > E. sativa in plants and root > stem > leaf in
plant parts.

Individually, water type had a significant effect (two-way MANOVA: Table 2;
Figure 1A–D) on plant part metal concentrations, except: root Zn (p = 0.067), stem Zn
(p = 1.000), root Cu (p = 1.000), stem Cu (p = 0.678), leaf Cu (p = 0.211), leaf Fe (p = 1.000),
root Cd (p = 0.001), root Cr (p = 0.424), and leaf Cr (p = 1.000). Wastewater had the highest
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impact on extraction of all metals by roots > stem > leaves, followed by the impact of 1:1
combined water mix in the same order on plant parts.

Table 2. Results of a two-way MANOVA for phytoextraction of heavy metals by root, stem, and leaf
of study crops (B. juncea, E. sativa, B. rapa, and B. napus) irrigated with canal water, wastewater, and
canal + wastewater (1:1; v/v) in Multan.

Source F/p Zn Cu Fe Mn Cd Cr Ni Pb

Water (df2,24) p≤ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
root F 13.81 64.06 44.35 134.21 4.71 8.17 3.68 12.47

p≤ 0.000 0.000 0.000 0.000 0.020 0.000 0.040 0.000
stem F 57.28 207.92 186.86 268.56 8.91 23.26 16.04 61.93

p≤ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
leaf F 170.84 179.71 236.73 398.76 7.59 31.51 4.91 33.17

p≤ 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.000
Crop (df2,24) p≤ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
root F 121.30 429.21 861.94 80.14 86.18 17.21 11.29 65.25

p≤ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
stem F 243.51 305.18 640.30 333.54 31.82 33.66 9.05 114.00

p≤ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
leaf F 497.12 189.28 537.08 273.62 15.78 23.48 8.59 263.15

p≤ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Water × Crop
(df6,24) p≤ ns 0.000 0.000 0.00 ns ns ns ns

root F 0.99 14.85 3.29 9.71 0.80 0.95 0.06 0.32
p ns 0.00 0.02 0.00 ns ns ns ns

stem F 2.48 27.80 13.61 16.51 0.27 1.70 0.24 0.81
p 0.05 0.00 0.00 0.00 ns ns ns ns

leaf F 6.83 24.04 1.18 26.50 0.43 1.45 0.08 0.35
p 0.00 0.00 ns 0.00 ns ns ns ns

Fstat = variation between sample means/variation within samples; Higher the F value greater is the variation
between sample means relative to the variation within the samples. df represents the degree of freedom to choose
from the number of observations available for a variable. p ≤ 0.05 means we are 95% confident to reject the null
hypothesis which states no difference among the group means (for example, Zn extraction in response to three
water types). n.s represents non-significant. Overall, the effects of water and crop and their interaction were
significant (p < 0.001; Wilks’ lambda test) on heavy metal concentrations in the root, stem, and leaf of the study
crops irrigated with three different water types. Exceptions are debated in the discussion section.

The bioaccumulations by plant parts were also significantly different between crops
(two-way MANOVA: Table 2; Figure 1A–D), except: B. juncea did not differ from B. napus
for leaf Zn (p = 1.000), stem Cu (p = 0.773), and leaf Fe (p = 0.609), from E. sativa, B. rapa and
B. napus for root Cd (p = 1.000, 1.000, 0.711, respectively) and from E. sativa, B. rapa for leaf
Cr concentrations (p = 0.338, 0.817, respectively); E. sativa did not differ from B. rapa for B.
rapa for stem and leaf Zn (p = 0.130), root and stem Cu (p = 0.424, 1.000, respectively), stem
Cd (p = 0.314) and root Cr concentrations (p = 1.000).

Overall, the effects of water and crop treatments (individually and interactively) on
BAC, BTC, MISR, MIRS and MISL were significant (two-way MANOVA, Wilks’ lambda test:
F26, 22 = 283.97, p < 0.001; F39, 33= 898.25, p < 0.001; F78, 66 = 14.61, p < 0.001, respectively).
Comparisons between the water treatments showed that all the wastewater irrigated crops
had the highest values of BAC and BTC followed by the lower coefficient values of the 1:1
mixed water irrigated crops while the canal irrigated crops had the lowest BAC and BTC
values (Table 3). Although water treatment had a significant effect on overall MI (p < 0.001),
however, crop to crop comparisons for MISR, MIRS, and MISL had mixed results; however,
many of the indexes had values higher than 1.0 (Figure 2).
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Figure 1. Impact of irrigation water type on Zn and Cu (A), Fe and Mn (B), Cd and Cr (C), and Ni
and Pb (D) concentrations (mg kg−1 dry weight) in the root, stem, and leaf of B. juncea, E. sativa, B.
rapa and B. napus in a pot experiment. Bars and line of same color represent one water type. The
statistical significances or p values (instead of significance letters on bars) are provided in Table 2.
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Table 3. Results of a two-way MANOVA for biological accumulation coefficient (BAC) and biological
transfer coefficient (BTC) of studied crops, and mobility index (MI; soil-root, root-stem, and stem-leaf)
of these crops irrigated with canal water, wastewater, and canal + wastewater in Multan.

Source F/p Zn Cu Fe Mn Cd Cr Ni Pb

Water (df2,24)
BAC F 164.65 322.04 427.26 690.84 14.89 34.19 20.59 98.36

p 0.000 0.000 0.007 0.001 0.007 0.000 0.002 0.001
BTC F 11.41 41.91 65.83 83.42 1.33 1.13 3.68 4.562

p 0.000 0.006 0.007 0.007 ns ns 0.042 0.021
MI (soil-root) F 22.20 60.70 20.10 118.08 1.73 5.69 2.79 16.72

p 0.000 0.005 0.005 0.009 ns 0.010 0.081 0.000
MI (root-stem) F 3.69 29.86 54.87 94.57 1.84 1.16 4.71 10.53

p 0.040 0.004 0.001 0.007 ns ns 0.022 0.000
MI (stem-leaf) F 0.57 22.43 22.89 40.80 0.24 0.00 0.34 2.19

p ns 0.000 0.001 0.001 ns ns ns ns
Crop (df3,24)
BAC p 0.002 0.000 0.000 0.000 0.004 0.000 0.000 0.000
BTC p 0.001 0.000 0.001 0.000 0.029 ns 0.000 0.000
MI (soil-root) p 0.000 0.000 0.000 0.001 0.002 0.001 0.000 0.000
MI (root-stem) p 0.000 0.001 0.009 0.000 0.068 ns 0.001 0.005
MI (stem-leaf) p 0.001 0.008 0.005 0.000 0.008 0.007 0.011 0.088
Water × Crop (df6,24)
BAC p ns 0.000 0.000 0.004 ns ns ns ns
BTC p ns 0.000 ns 0.002 ns ns ns ns
MI (soil-root) p ns 0.005 ns 0.000 ns ns ns ns
MI (root-stem) p ns 0.010 0.010 0.000 ns ns ns ns
MI (stem-leaf) p 0.0100 0.001 0.000 0.007 ns ns ns ns

Overall, the effects of water and crop and their interaction were significant (p < 0.001; Wilks’s lambda test) on
BAC, BTC, and MI of the four crops irrigated with three different water types. n.s represents non-significant.

The BAC-BTC Pearson correlations were found significant for Zn, Cu, Fe, Mn, and Cd
contents of B. napus, Zn, Fe, and Mn contents of E. sativa, Mn, and Cr contents of B. juncea,
and only Fe contents of B. rapa. (Figure 2). While most MIRS–MISL correlations (R2) for
the studied metals and crops were significant and positive, we found some relationships
were negative but meaningful, for example, Mn MIRS–MISL relationship in E. sativa and
Ni MIRS–MISL relationship in B. juncea (Figure 3).
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Figure 2. Relationships between biological accumulation coefficient (BAC) and biological transfer
coefficient (BTC) of test crops for Zn and Cu (A), Fe and Mn (B), Cd and Cr (C), and Ni and Pb
(D) concentrations (mg kg−1 dry weight). Relationship is significant at p < 0.05. n.s represents
non-significant (p > 0.05).

Figure 3. Relationships between mobility index at root-stem (MIRS) and mobility index at stem-leaf
(MISL) of crops for heavy metals concentrations (mg kg−1 dry weight).
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4. Discussion

Unlike most previous work, we conducted multivariate research—it involved
wastewater-fed soil, polluted with toxic mineral heavy metals. Four different crops variably
remediated the metals that accumulated in the root, stem, and leaf parts. While the three
Brassica and one Eruca plant species and their parts were generally effective for phytoex-
traction and phytoaccumulation (respectively), significant differences between species and
among parts for metal extraction or accumulation were not uncommon—though, B. juncea,
B. rapa, and B. napus were closer for metal removal efficiencies compared to Eruca plants.
While the disparity in metal extraction or accumulation function is generally attributed to
the type of irrigation water, nature of the toxic metals, plant species/physiology, and/or
soil/plant redox potentials [40], why the different water types produced different phytore-
mediation responses in the studied plants is discussed in detail in the following paragraphs.
Our findings have important implications for (1) urban and suburban farmers who use
industrial wastewater for cropping and/or planning to remediate their polluted soils, and
(2) industrial ecologists who seek to remediate toxic heavy metal contaminated soils or
treat contaminated waters using treatment wetlands in industrial settings.

4.1. Types of Irrigation Water and Phytoremediators

Based on the heavy metal toxicity criteria for irrigation water (Table 1), the wastewater
concentrations of Cd, Cr, Ni, and Pb were well above the permissible limits and significantly
higher than those in canal water. The 1:1 combined water still had higher than normal
concentrations, except Ni. We did not manipulate the excessive metal concentrations in the
1:1 mix, but rather adopted a holistic approach and used the 1:1 mix as such to make this
work practically useful for growers. Using the 1:1 mix without further dilution provided
us with an opportunity to assess the extraction or accumulation responses of test plants
to waters of varying toxic metal concentrations. Additionally, the metal accumulations by
roots, stems, and leaves in response to these abnormal waters were also measured. Four
important crop plants belonging to the Brassicaceae family (mustards) namely Juncea (Raya),
rapa (Toria), napus (Canola), and sativa (Taramira) were used as phytoremediators.

4.2. Effect of Wastewater on Phytoremediation or Phytoaccumulation

Overall, different water types produced different responses in plants. The plant metal
concentrations responded to wastewater > 1:1 mix > canal water in all plants with the
corresponding concentrations of Cd (1.6, 1.4, 1.3 mg kg−1), Cr (0.9, 0.7, 0.6 mg kg−1), Ni
(0.5, 0.4, 0.3 mg kg−1), and Pb (2.5, 2.1, 1.8 mg kg−1), all respectively. B. napus extracted
or accumulated the highest quantity of Cd, Cr, Ni, and Pb in response to wastewater (1.9,
1.2, 0.5, 3.2 mg kg−1), 1:1 combined (1.6, 0.9, 0.4, 2.7 mg kg−1), and normal water (1.5, 0.7,
0.4, 2.6 mg kg−1) and E. sativa has the lowest contents. The plant responses reflect that the
irrigation water type may be one of the strongest controls on heavy metal concentrations
in each of the four, test plants. Another reason that water type is one of the strongest
controls is that plants/roots absorb water from soil following the rise in negative water
potential in plants. The higher the concentration of a metal in water, the higher could be
the corresponding accumulation in plants. The reason is the mineral metals are uptaken by
roots and mobilized to and accumulated in the stem and leaves, e.g., [41] with sap-flow
and via the mass flow of water [42,43]. Though, the metal extraction (e.g., Ni, Pb), root
accumulation, and subsequent transport to and accumulation in stem and leaves may be
suppressed by the competitive concentrations of contemporary metals and/or nutrients in
soil/water, for example, [44,45]. Differential uptake and accumulations may also be the
results of exclusion or inclusion mechanisms, for example, [46]. However, few plants, for
example, B. napus have evolved as a hyperaccumulator of Cd and Pb [47], which supports
our finding of plant accumulations of the same metals in addition to Zn, Cu, Fe, and Cr
we found accumulated in root > stem > leaf. The difference in plant metabolisms may also
be one of the reasons different water types produced different metal content responses in
plants [34]. But studying the plant metabolism, physiology or phenology was beyond the
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scope of this experiment. Other drivers of plant metal concentration, such as soil texture,
are already published by authors [29]. Moreover, in this experiment, the soil texture may
not be a contributor to the difference in plant response to different water types because we
used a single homogenous soil/texture under controlled conditions (pot experiment in a
greenhouse). As some of the experimental materials (soil texture, ECiw, pHiw) were the
same for all treatments, therefore we agree with (Indoriaetal.(2013) [48]) who reported that
plant genes involved in tolerance to heavy metals in Brassica plants are different from Eruca
plants while the genes for tolerance to other biotic or abiotic stresses may not be different.
However, the genes for plant tolerance to salinity and excessive concentrations of Pb and
Ni may modulate each other’s functions in some plants [49,50].

The increases in metal concentrations of root > stem > leaf were higher in response
to wastewater compared to canal water. The influences of 1:1 mixed water on the metal
contents of plant parts were diverse. Mechanisms involved in the movement of heavy
metals along the soil–root–stem–leaf continuum comprise the uptake by roots and trans-
portation into the root cells via transmembrane carriers for nutritional ions—the metals are
further diffused into the xylem vessels and unloaded into the xylem sap, thereby reaching
the aboveground parts of plants [40,51,52]. That is why most of the BAC and MIRS ratios
were also found to be ≥ 1, except for Cd, which was similar to the previously reported
data [45]. The exceptional response of plants to Cd uptake, transport, and accumulation
might be the result of dominance by the contemporary nutrient or other competitive toxic
metal concentrations [44,45]. In the absence of competition, the Cd is reported to have high
water solubility and mobility through plant parts [44]. Cd concentrations in plants/parts
(in response to different waters) we present are aligned with earlier research findings,
e.g., [18,23,45]. Non-significance of BTC, MISR, MIRS, and MISL for Cd in this study com-
pares with previous research findings (although involving different crop plants) reported
by Baker [19].

4.3. Metal Extraction or Accumulation by Plants

Extraction of heavy metals was significantly different among plants: the highest by
B. napus followed by B. juncea whereas, E. sativa extracted the lowest amounts of metals (not
different from B. rapa), though root accumulated the highest amounts of metals followed
by stem and the lowest by leaf in all crop plants (Figure 1). More specifically, B. napus
had significantly higher metal extraction or accumulation compared to E. sativa for Zn
(71%), Cu (69%), Fe (78%), Mn (79%), Cd (101%), Cr (57%), Ni (92%), and Pb (49%).
The hyperaccumulation function of B. napus has been reported by Rattan, Datta [45],
and is comparable with the findings of this study. Some exceptions were also recorded,
for example, B. napus was not different from E. sativa for the accumulation of Ni, and
B. Juncea for Mn. Likewise, B. juncea and B. rapa were similar in Cr concentrations. Overall,
phytoextraction capacities were in the order of: B. napus > B. juncea > B. rapa > E. sativa
in plants and root > stem > leaf in plant parts. The BAC, BTC, MISR, MIRS, and MISL
values of all metals were also highest for B. napus except for Mn, which was the highest in
B. juncea; however, the lowest Mn values were found in B. rapa which findings agree with
those reported by Broadley et al. (2001; [53]) but disagree with Neilson and Rajakaruna
(2012; [54]) who concluded that the rhizosphere processes, soil management, and the role
of chelators may be more important than the physiological mechanisms (given in above
paragraph) for the extraction and accumulation of metals. Contrary to their report, many
accept that most crops accumulate heavy metals because of mass flow, exclusion, and/or
inclusion mechanisms along the soil–root–stem–leaf continuum [47].

4.4. Metal Transfer or Accumulation along the Root-Stem-Leaf Continuum

Different water types produced different transfer or accumulation responses (BAC
and BTC) in plants. Wastewater produced the highest values followed by the 1:1 combined
water and canal water in that order (Table 3). Further, the metal transports or accumu-
latios (MISR, MIRS, MISL) increased as the irrigation water heavy metal concentrations
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increased—potentially, owing to the consistently higher negative water potential in the
leaves compared to the potentials in stem and roots [55]. Additionally, dynamic evapo-
transpiration from leaves may result in in situ metal accumulations followed by lower
accumulations in the stem and roots [55] in that order.

The four test plants had variably ≥1 BAC, BTC, MISR, MIRS, and MISL values which
reflect that some crops were more efficient than others for the extractions, transports, or
accumulations of some studied metals in response to the different water types. 1:1 BAC-BTC
relationships showed that B. napus had the significant extraction, transport, or accumulation
capacity for the largest number of test metals, including Zn, Cu, Fe, Mn, and Cd contents
(Figure 2). The next greatest number of metal transports or accumulations (Mn, Cr) were
shown by B. juncea and only Fe accumulation was found in B. rapa. Besides, these plant- and
metal-specific, BAC-BTC significant regression models, the Pearson correlation coefficients
shown by different crops were mostly very strong with a range of 0.76–0.99. Contrastingly,
B. rapa did not show transfer–accumulation relationships for Cr and Cu, B. napus had no
such relationship for Cr, and similarly, E. sativa did not reflect the relationship for Cd and
Pb—reasons could be diverse based on previous reports, for example, the direct leaching
nature of Ni, Cd, and Pb from coarse soils [40,56]. More specifically, the transitional nature
and 10 valence electrons of Ni prefer long-term chelation with root exudates and/or organic
acids secreted or present in the rhizosphere. Therefore, Ni or other metals leach or percolate
with the mass flow of water or adhere to the root surface (due to the proton pump) until
they are mineralized with free electrons required to move through the root membrane of
the plant [56,57].

While most MIRS–MISL correlations (R2) for the studied metals and crops were
positive and significant, we found some relationships were negative but meaningful, for
example, Mn MIRS–MISL relationship in E. sativa and Ni MIRS–MISL relationship in
B. juncea. Based on most ratios ≥1 which reflect effective movement and/or accumulation
from soil to root or root to stem or stem to leaf. The higher the coefficient value or ratio, the
greater would be the phytoremediation or bioaccumulation efficiency of a crop [19,26–28],
and the greater would be the risk to the health of humans consuming these vegetables.
Further, there were significant correlations between most MIRS–MISL which reveal that
movements or accumulations of most metals were maintained along the root-stem-leaf
continuum, except the movements or accumulations of Mn in E. sativa and Ni in B. juncea
were in the reverse direction—from leaves to roots. Mehes-Smith and Nkongolo [58]
justified the exception of more Ni or other metal accumulations in roots than aboveground
parts. Exposure to toxic metal irrigation water disturbs the plant cytological stability
and causes significant mitotic disruption which leads to a heavy accumulation of toxic
metals in roots. Dierssen, Herault [59] added that long-term exposure of roots to excessive
metal concentrations may cause a variety of severe phenotypic syndromes. While the metal
accumulation we debate, the plant/parts senescence or maturity could be one of the reasons
for lower accumulation in aboveground plant parts [60,61]. While this research spanned
only one growing season, repeated measures (seasons) research with the addition of soil
texture and salinity variables may show consistency between the regression significance and
Pearson correlation for most metal transports or accumulations along the root-stem-leaves
route to generalize the results of this work. Further research is strongly recommended
to investigate the edibility or valorization of the food crops irrigated with wastewater
containing toxic metal concentrations.

5. Conclusions

The multivariate, toxic metal phytoextraction or accumulation we studied with the
predictors of water and crop has important implications for (1) urban and suburban farmers
who use wastewater for crops and/or planning to remediate their polluted soils, and
(2) industrial ecologists who seek to remediate toxic heavy metal contaminated lands
or treat contaminated waters using treatment wetlands in industrial settings. Irrigation
with industrial wastewater contributes to an overall increase (potentially toxic levels)
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in heavy metal concentrations in plant roots > stem > leaf of all study crops such that
B. napus > B. juncea > B. rapa > E. sativa. Overall, the BAC, BTC, MISR, MIRS, and MISL
of the four plants or their parts were also affected by the wastewater irrigation in the
same order. Therefore, these crops may not be used for human or animal consumption
when grown with industrial wastewater of heavy metal concentrations ≥ permissible
limits. Rather, these plants may be used for effective remediation of wastewater irrigated,
heavy metal-contaminated soil. While this research spanned a single growing season, more
repeated measures (seasons) research works with the addition of soil texture and salinity
variables may show consistency between the BAC-BTC regression significance and Pearson
correlation for most metal transports or accumulations along the root–stem–leaves route
to support the results of this work. Further research is recommended to investigate the
edibleness and/or valorization of the food crops irrigated with wastewater.
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Abstract: The conversion from native forest to other land-use systems can decline the soil organic
carbon (SOC) in tropical soils. However, conservationist management could mitigate SOC losses,
promoting the functioning and stability of agricultural soils. This study aimed to address the influence
of conversion from native forest to different land-use systems on SOC fractions in Northeastern
Brazil. Topsoil soil samples were collected in areas under pasture (PAS), no-tillage (NT1 and NT2),
eucalyptus (EUC), and native forests of Cerrado in Northeastern, Brazil. Total organic C, microbial
biomass (MBC), particulate (POC), and mineral-occluded organic C (MOC), as well as fulvic acids
(C-FA), humic acids (C-HA), and humin (C-HUM) fractions were accessed. The results showed that
land conversion maintained similar levels of humic fractions and total organic carbon (TOC) stocks in
the PAS, NT1, NT2, and EUC as compared to native Cerrado. Soils with the input of permanent and
diverse fresh organic material, such as NT2, PAS, and EUC, presented high levels of MBC and POC,
and the lowest C-FA:TOC and C-HA:TOC ratios. The land conversion to agricultural systems that
include cropping rotations associated with pasture species such as Mombasa grass and eucalyptus
prevents topsoil losses of active C compartments in the Cerrado of the Brazilian Northeast. It suggests
that sustainable and conservationist management should be emphasized to maintain and improve
the status of soil organic C.

Keywords: Cerrado; no-tillage; soil quality; oxisols

1. Introduction

The conversion of native forests to agricultural land-use and management systems
has promoted changes in soil properties and functions [1,2] mainly leading to a decline in
soil organic C (SOC) [3]. This is particularly important to tropical soils since they present
naturally low SOC content and significant C losses after the adoption of intensive land
use [4]. Indeed, previous studies have shown that the conversion of tropical forests to
intensive land use decreased by about 25% to 32% of the SOC content [5–7]. On the other
hand, conservationist land uses can decrease the C losses and bring positive effects on SOC
content [8,9].

SOC is an essential component for the suitable functioning and stability of soils,
influencing their chemical, physical, and biological properties [10,11]. This component
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presents different fractions, being characterized as humic and non-humic, which have
different recycling times and forms of protection [12]. The humic fractions (HF) represent
the greatest fraction of SOC, which is highly persistent and stable [13], and contains three
main compartments known as fulvic acids (C-FA), humic acids (C-HA), and humins (C-
HUM) [14]. On the other hand, non-humic fractions (NHF) consist of a wide range of
soluble substances and present more sensitivity to changes due to their rapid turnover [15].
Thus, the distinct characteristics presented by these SOC fractions may confer higher or
lower stability, mainly against the effects of the conversion of native forests to different
land-use and management systems.

Interestingly, it is well-known that land-use change affects the SOC content, especially
in the topsoil layers. For example, a meta-analysis performed by Angers et al., and Luo
et al. [16,17], demonstrated that the conservationist no-tillage (NT) system increased SOC
concentration in the upper topsoil layers and the effects of NT on SOC stocks were particu-
larly significant at a depth of 0.10 m. Similarly, Haddaway et al. [18] found that significant
differences in SOC stocks across different soil management systems were noticeable in
the upper soil layer and the effects disappeared when considering the full profile up to
150 cm depth. Increased SOC content in the topsoil is a relevant aspect of soil quality, con-
sidering that the soil surface is a vital interface associated with mechanisms that affect soil
productivity and its environmental quality [19,20]. However, little information is available
about the effects of the conversion from native forest to different land-use systems on SOC
fractions in the uppermost layer of tropical soils. This is important since each fraction
distinctly influences the soil functioning [21]. In addition, the assessment of SOC fractions
will provide knowledge about how different land-use or management systems affect the
potential losses, accumulation, mineralization, and humification processes of SOC [22,23].

In Northeastern Brazil, different land-use systems are adopted, such as no-tillage,
silviculture, and pastures, which can distinctly influence the SOC status. For instance,
previous studies in Brazil found that no-tillage practices increased the SOC content as
compared to conventional farming [24], while the pasture system increased the SOC content
as compared to a native forest [25]. In silvicultural systems, Araujo et al. [26] observed that
the cultivation of eucalyptus did not reduce the SOC content as compared to native forests.

Although studies have reported positive or no significant changes in no-tillage, silvi-
culture, and pastures on SOC content [27], little is known about the effects of these systems
on SOC fractions and stocks in the topsoil of a Cerrado from the Northeast of Brazil. Here,
we hypothesize that SOC and C fractions in the topsoil of areas converted from native Cer-
rado vegetation in the Brazilian Northeast are differently influenced by distinct agricultural
systems. We also hypothesize that topsoil C status in well-managed agricultural systems
can be maintained at similar values to those found in native vegetation. Our objective was
to study the influence of no-tillage, eucalyptus, and pasture on SOC fractions and stock in
soils from Northeastern Brazil.

2. Materials and Methods

2.1. Study Site

This study was carried out at Farm New Zealand, Uruçuí, PI, Brazil (07◦33′08′ ′ S
and 44◦36′45′ ′ W; 378 m above sea level). The climate is Aw (Köppen) and the average
temperature and rainfall are 27 ◦C and 817 mm, respectively [28]. The rainy season extends
from November to May and the dry season, from June to October. The soil is classified as
Oxisol (Yellow Latosol) [26]. In this study, four management systems were evaluated as
follows: pasture (PAS); no-tillage with soybean, under maize straw, in a soybean/maize
succession (NT1); no-tillage with maize, under grass straw, in a soybean/maize/Mombasa
rotation (NT2); and eucalyptus (EUC) (Figure 1; Table S1). As a reference, we evaluated a
native Cerrado forest (NF).
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Figure 1. Map of Farm New Zealand showing the evaluated areas. PAS: Pasture species (Mombasa);
NT1 and NT2: No-tillage system; EUC: Eucalyptus; NF: Native Cerrado forest.

The management systems PAS, NT1, and NT2 started in the 2004/2005 cropping
season after the conversion of a native Cerrado to agricultural land use. After native forest
removal, all areas received the application of lime (6 Mg ha−1), which was incorporated
at a depth of 0.22 m, using a 28 in disc plow. The area under EUC was implanted in the
2005/2006 cropping season using clones of Eucalyptus urograndis planted in the spacing
of 3 m × 1.5 m (totalizing ~2200 plants per h), with each row spaced 14 m between them.
Between the rows, rice followed by cowpea was sown and fertilized with 300 kg ha−1 of
NPK 10-30-10. In the 2006/2007 cropping season, soybeans were sown using fertilization
of 350 kg ha−1 of NPK 5-20-20. After soybean harvesting, Mombasa grass was sown for
grazing. Fertilization during the implantation of the pasture was done using 150 kg ha−1

of NPK 06-21-06, containing 12% Ca, 3% S, and 0.3% Zn (w/w). Topdressing fertilization
in the Mombasa grass between EUC rows was performed in March/2006, January/2007,
and January/2008, with 200 kg ha−1 of NPK 20-00-20. The Mombasa grass was used for
grazing at a stocking rate of 2.4 cow units ha−1 until 2009 and remained fallow from 2010
to 2017.

The NT1 area was cultivated with soybeans for two years following the conversion
from native Cerrado. In 2007, maize was sown, followed by soybean (2008), millet (2009),
maize, for two years (2009 and 2010), and cotton (2011). From this point, a maize/soybean
succession was established until 2017, when soybeans were cultivated. In NT2, after native
Cerrado conversion and in the same area, soybeans were sown followed by Mombasa
grass used for grazing at a density of 2.4 animal unit ha−1. This was repeated from 2006
to 2009. After 2010, a sequence of soybean/millet, cotton, maize, and soybean was used,
and in 2016 Mombasa grass was sown followed by maize. The PAS area followed the same
crop sequence as in NT1 until 2015. Mombasa grass was implanted in 2016 in the area for
grazing at a density of 2.4 animal units ha−1. In 2017, forage grass was desiccated with
glyphosate and maize was cultivated.

The areas NT1, NT2, and PAS were fertilized according to the requirements of each
plant species cultivated [29]. In 2011, dolomitic limestone was applied at 2.5 t ha−1.
In 2015, gypsum was applied at 1 t ha−1, along with mono-ammonium phosphate at
160 kg ha−1, potassium chloride at 120 kg ha−1, ammonium sulfate at 250 kg ha−1, and
urea at 230 kg ha−1.

2.2. Soil Sampling and Chemical Analysis

Soil sampling was performed in May 2017, at the end of the rainy season. The area
within each management system was divided into five transects 20 m spaced from each
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other. In EUC, as a strategy to cover the complete system in a more representative way, each
transect included samplings from the eucalyptus rows, the eucalyptus canopy projection
outside the rows, and between the eucalyptus rows (Figure S1). Within each transect,
five soil subsamples were taken (0–0.10 m depth) at points 20 m spaced apart. The five
subsamples collected in each transect were pooled together to form a composite soil sample.
In total, five replications (each one representing the composite sample from transects)
were considered in each treatment (consisting of a total of 25 soil samples) covering an
area of approximately 1 ha. Soil samples were sieved (2 mm) and homogenized for soil
analysis. Soil pH was evaluated in a 1:2.5 soil/water extract; Ca2+, Mg2+, and Al3+ were
extracted with KCl 1 mol L−1 − Ca2+ and Mg2+ were determined by atomic absorption
spectrometry and Al3+ by titration; potential acidity (H+Al) was determined via extraction
with 0.5 mol L−1 of calcium acetate and quantified by titration; and K+ and available
P were extracted with Mehlich-1 (H2SO4 0.0125 mol L−1 and of HCl 0.050 mol L−1)—
the determination of K concentration was made through flame photometry and P was
determined by colorimetry [30]. The values of the chemical properties are shown in
Table S2.

2.3. Analysis of SOC Fractions

The soil microbial biomass carbon and nitrogen (MBC) were analyzed by the irradiation–
extraction method [31,32] and the soil basal respiration was determined by quantifying
CO2 released after 7 days of incubation, under aerobic conditions in soil samples, with
moisture content adjusted to 60% of field capacity [30]. The metabolic quotient (qCO2) was
obtained by the relationship between the soil basal respiration and MBC, according to the
methodology described by Alef [33].

Total organic carbon (TOC) contents were determined by the 990.03 combustion
method [34], employing an auto-analyzer, Leco CN628 (Leco Corp., St. Joseph. MI, USA).
Carbon stock (C-stock) was obtained by the method of soil mass correction, using the soil
bulk density (Ds) measured in the areas of each treatment and the native Cerrado forest
as a reference [35]. This approach eliminates the influence of different soil bulk densities
in over- or under-estimating the total C-stock across soil management systems. C-stock
was calculated using the expression: C-stock= (TOC × Ds × ts), where ts represents the
thickness of the soil layer considered.

Humic substance fractioning was performed according to the differential solubility
technic, using the concepts of humic fractions established by the International Humic
Substances Society, developed by [36], by obtaining the values of fulvic acids (C-FA),
humic acids (C-HA), and humins (C-HUM). Physical fractioning of soil organic matter was
performed according to [37], by obtaining the values of particulate organic carbon (POC)
and mineral organic carbon (MOC).

2.4. Statistical Analysis

The soil was very homogenous across the different treatments. The data referring
to soil biological attributes, carbon stocks, and chemical and physical fractioning of soil
organic matter were checked for normality and homogeneity of variances and submitted
for a one-way ANOVA, according to a completely randomized design. When significant,
data were compared using the Tukey test (5% of probability). Additionally, a multivariate
analysis was performed to compare the structure of SOC fractions among treatments
using the principal components analysis (PCA) on log-transformed data. To explore the
relationship between soil C fractions and microbial attributes, Spearman’s rank correlation
coefficients were applied, and the correction was made using Benjamini–Hochberg false
discovery rate (FDR) method. Heatmaps were generated to further check for correlations.
Significant (p < 0.05) positive and negative correlations are represented in blue and red,
respectively. All statistical analyses were performed using the R software [38].

88



Soil Syst. 2023, 7, 11

3. Results

The results showed no significant differences in humic fractions (C-HA, C-FA, and
C-HUM) between the evaluated areas (Figure 2). In contrast, the microbial fraction (MBC)
varied between sites. The topsoil in pasture and eucalyptus presented higher MBC values
(124.7 and 117.3 mg kg−1, respectively) than NT1 (54.6 mg kg−1) and the native forest
(69.9 mg kg−1), while NT2 (97.7 mg kg−1) had similar MBC values than the other sites.

Figure 2. Microbial biomass carbon (MBC) (A), humic acid (C-HA) (B), fulvic acid (C-FA) (C), and
humin (C-HUM) (D) fractions in the 0–0.10 m depth. Vertical lines on the bars indicate standard errors
of means (n = 5). Treatments with different letters on the bars are significantly different (p ≤ 0.05) by
the Tukey test. PAS: Pasture species (Mombasa); NT1 and NT2: No-tillage system; EUC: Eucalyptus;
and NF: Native Cerrado forest.

The values of MOC, TOC, and C-stock in topsoil did not vary between the areas under
different management systems and the native forest. However, POC values in the topsoil
were higher under native forest (0.047 g kg−1) than under NT1 (0.022 g kg−1) (Figure 3). The
POC values under NT2 (0.026 g kg−1), pasture (0.027 g kg−1), and eucalyptus (0.031 g kg−1)
did not differ from each other, and native forest and NT1.

The ratios between C-fractions and TOC content showed variations between sites,
except for the C-HUM:TOC ratio (Figure 4). The topsoil values of MBC:TOC were higher
under pasture (1.15), NT2 (0.86), and eucalyptus (1.09) than under NT1 (0.41) and NF (0.48).
In contrast, the highest topsoil values of C-HA:TOC and C-FA:TOC were observed under
NT1 (8.32 and 3.31, respectively) as compared to pastures (6.13 and 2.16, respectively),
and eucalyptus (4.85 and 1.77, respectively). Topsoil C-HA:TOC values in NT1 were also
higher than those observed in the native forest (5.57), while C-FA:TOC in NT1 was higher
than those observed in NT2 (2.10). The topsoil values regarding C-HUM:TOC did not vary
among sites.

The PCA analysis explained 99.1% of the total variation in the first two axes of the
graph and clustered the samples into two main groups (Figure 5A). Group 1 comprised
pasture and eucalyptus that were correlated with MBC and MBC:TOC. Group 2 consisted
of NT1 and native forests that were correlated with humic fractions, POC, and MOC.
The heatmap showed the correlations among SOC fractions (Figure 5B). MBC correlated
positively with MBC:TOC ratio and negatively with C-FA:TOC and C-HA:TOC ratios. The
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C-FA and C-HA fractions correlated negatively with the MBC:TOC ratio and both fractions
correlated positively with MOC. The C-FA:TOC ratio exhibited a positive correlation with
C-HA:TOC.

Figure 3. Particulate organic carbon (POC) (A), mineral organic carbon (MOC) (B), total organic
carbon (TOC) (C), and carbon stock (C-Stock) (D) in the 0-0.10 m depth. Vertical lines on the bars
indicate standard errors of means (n = 5). Treatments with different letters on the bars are significantly
different (p ≤ 0.05) by the Tukey test. PAS: Pasture species (Mombasa); NT1 and NT2: No-tillage
system; EUC: Eucalyptus; and NF: Native Cerrado forest.

Figure 4. Microbial biomass carbon to total organic carbon (MBC:TOC) (A), humic acid to total
organic carbon, (C-FA:TOC) (B), fulvic acid to total organic carbon (C-HA:TOC) (C), and humin
to total organic carbon (C-HUM:TOC) (D) ratios in the 0–0.10 m depth. Vertical lines on the bars
indicate standard errors of means (n = 5). Treatments with different letters on the bars are significantly
different (p ≤ 0.05) by the Tukey test. PAS: Pasture species (Mombasa); NT1 and NT2: No-tillage
system; EUC: Eucalyptus; and NF: Native Cerrado forest.
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Figure 5. (A) Principal component analysis biplot comparing the structure of SOC fractions among
treatments. The dashed lines in the graph indicate significant clusters (PERMANOVA, p < 0.05).
(B) Heatmap showing the Spearman’s rank correlation coefficients and statistical significance between
SOC fractions. Blue and red colors indicate significant positive and negative correlations, respectively
(p < 0.05).

4. Discussion

In general, land-use changes did not reduce TOC stocks under the conditions of this
study, although previous studies have reported changes in TOC stock following land
conversion from native forests to croplands in tropical soils [39–43]. Despite these previous
studies, TOC stocks and their humic fractions remained at similar levels in PAS, NT1, NT2,
and EUC as compared to the native Cerrado. The results showed a high standard deviation
which probably occurred due to some variation along the transect [44], which contributed
to the increase of the standard deviation. However, the statistical analysis was robust
to show significant differences. Although no differences were observed in TOC stocks,
MBC and POC fractions showed distinct responses according to the different agricultural
systems (p < 0.05). These results are partly in line with the hypothesis that SOC and C
fractions are differently influenced by distinct agricultural systems.

Changes in land use, vegetation cover, and soil management practices can increase
or decrease TOC status in the soil, which depends on several factors. Plant biomass is the
primary C source of the soil and, therefore, its quality and abundance strongly drive the
dynamic of soil organic matter (SOM) [45]. Thus, an increase in SOM is observed when
the rates of organic C inputs and incorporation are greater than the decomposition [46].
The SOM turnover occurs through the action of microbial-enzyme accessibility to the
substrate, and the physical protection of soil C in aggregates plays an important role in
controlling this process [40,47,48]. In this study, areas under land-use change presented
diversification and abundance of plant biomass. The soil under NT1, NT2, and PAS were
cultivated under crop rotation including legume (soybean) and grasses (maize and millet
in NT1, while maize, millet, and pasture in NT2). Moreover, Mombasa grass was cultivated
in PAS in 2016 and 2017. The management practices used in these areas ensured that a
sufficient volume of organic residues in the soil environment was protected against fast
decomposition due to the lack of soil disturbance. Particularly, the root system from grasses
may have played an important role in TOC accumulation, as root biomass is considered
the main source of C in the soil [48,49]. In EUC, the absence of a significant effect on TOC
compared to NF could also be explained by the presence of Mombasa between rows and
the low decomposition rate of eucalyptus leaves, as reported by Pinheiro et al. [39]. The
management systems adopted following land conversion from the native forest in our
study were based on sustainable practices such as crop rotation involving legumes and
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grasses or the adoption of perennial crops such as eucalyptus and Mombasa. The results
obtained bring evidence that these management practices ensured the maintenance of
soil C status after the land-use conversion, which is an essential condition for agricultural
sustainability and terrestrial environmental stability [50], especially in highly weathered
tropical soils [51]. Moreover, the land-use types studied, especially PAS, NT2, and EUC are
some of the agricultural components of the crop-livestock-forest integrated systems, which
is a technology increasingly used in intensive grain production systems in the Brazilian
Cerrado. Our results therefore reinforce the agronomic and environmental feasibility of
these systems in a climate change scenario.

Higher topsoil values of MBC in PAS and NT2 compared to NT1 and NF were probably
a result of the inclusion of Mombasa grass in these systems, which ensured a high input
of organic sources to microbes due to the exudation from the roots [52]. Moreover, grass
leaves contain a greater portion of labile C fractions, while forest residues contain more
recalcitrant fractions [53]. Soil microbes preferentially utilize grass-derived C as food since
it is easily decomposed, allowing a further increase in SOC cycling and converting more
external C into SOC [54]. The input of highly degradable substrates (plant litter with
high proportions of labile fractions) on the soil surface possibly boosted microbial growth,
leading to high MBC values (50). The soil under EUC also showed high values of MBC
(119 mg/kg), which is possibly related to the high input of plant litter and the favorable
environment provided by the trees, specifically reducing soil temperature, and maintaining
high soil moisture [55]. Besides, eucalyptus rows were surrounded by Mombasa grass
that was kept under fallow for eight years, which contributed with input of fresh organic
material into the soil.

Land-use conversion to agricultural systems that involved crop rotation and pasture
species such as Mombasa grass (NT2, PAS, and EUC), maintained POC values similar to
those found in native forests. Similar trends were observed by de Moraes Sá et al. [41]
in areas converted to pasture, where POC stocks did not change over time. Particulate
organic carbon is a labile SOM fraction originating from newly decomposed litter biomass,
greater root systems, and root exudates [56]. Although representing a small proportion of
the TOC, this labile C fraction is an important component of active C pools [57]. Besides,
it is considered the most sensitive indicator for land-use change because POC consists of
fresh organic materials or materials with early stages of decomposition [55,58,59].

Pasture, NT2, and EUC were more efficient in incorporating organic C in the soil
as microbial biomass than NT1 and NF, as indicated by the highest MBC:TOC ratios on
these land-use systems. Conversely, amongst land areas converted from native forest,
NT1 showed the highest proportions of humic substances in relation to TOC, notably for
H-FA and H-HA. The lowest MBC:TOC in NT1 is consistent with the limited availability of
permanent labile organic C for microbial activity, as also demonstrated by the lowest POC
values in this management system and reinforced by the negative correlation of MBC:TOC
with H-FA and H-HA. Soil MBC is a very important component in tropical soils because
it represents an active pool of available nutrients for plant uptake [60], and was strongly
correlated with MBC:TOC. Thus, changes in MBC:TOC are indicative of the organic matter
input to the soil, microbial incorporation efficiency, soil carbon loss, and stabilization of
SOC by mineral fractions [61]. Our data suggest that the high and continuous inputs of
fresh material, especially by the root system of Mombasa grass (in NT2, PAS, and EUC) and
eucalyptus plant residues (in EUC) were responsible for the more pronounced dynamic of
C incorporation into microbial biomass. The importance of plant root systems in ensuring
high MBC:TOC values is corroborated by [62], who stated that the MBC:TOC ratio is highly
dependent on C inputs from the rhizosphere.

While high C inputs to the soil by root systems of pasture species favored an increased
MBC:TOC ratio, the high C-FA:TOC and C-HA:TOC values observed in NT1 were con-
ditioned by an opposite pattern, i.e., a lower efficiency in providing continuous input
of fresh organic matter, especially from the root systems [63]. Such a pattern resulted in
an exhaustion of the labile C fractions (e.g., POC and MBC) in NT1, leading to a more
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pronounced remaining proportion of humified C fractions compared to TOC. Humic sub-
stances represent a significant portion of total SOC and play an important agronomic role
significantly influencing the quality and productivity of agricultural soils [21]. Despite
that, the data from NT1 suggest that the higher proportion of humic substances in relation
to TOC in this area compared to other land-use systems is a result of a lesser capacity to
produce fresh material or the production of lower quality plant residues in NT1.

An important remark regarding NT1 is that with a few exceptions, a soybean-maize
crop succession prevailed in this system. This sequence of crops is mentioned in the lit-
erature as a combination that ensures improved environmental conditions and increased
profitability [64]. Nonetheless, our data suggest that for the conditions of extensive produc-
tion systems in the Cerrado of Brazilian Northeast, the exclusive monocultures of soybean
and maize in succession are not effective in ensuring a topsoil pool of active C fractions.
This statement is reinforced by the data from Luo et al. [17], who found that increasing
cropping frequency is a more efficient strategy to increase C input agroecosystems.

The changes in soil C status found in our study may partly be a consequence of the
thin topsoil layer considered. We showed that intensive agricultural systems combining
crop rotation and the use of pasture grasses and eucalyptus increases the contents of active
C pools (MBC and POC) in the topsoil. A broad set of studies converge with our findings,
showing that major changes in SOC status in no-tillage systems occur close to the soil
surface, in the 0.5–0.10 m [16,17,65] or the 0.15 m soil layer [18]. The continuous input of
fresh organic material in the uppermost soil layers promotes high biological activity [18]
leading to more immediate changes in the C status. On the other hand, in deeper soil layers,
there is a lower fresh material input and higher recalcitrance of soil C forms compared to
topsoil, making C forms unavailable to microbial communities [66]. These limitations at
deeper soil layers make changes in C status slower.

On one hand, our results showed that management-dependent changes in topsoil C
status might be useful to allow the comprehension of the dynamics of soil C sequestration
in the short span. This is because changes in labile C fractions can also promote changes in
TOC contents and the uppermost soil layers can contain approximately 47–50% of the total
SOC stock found in the 0–100 cm soil layer [67,68]. On the other hand, changes promoted
by the management system can also point towards long-term trends in a soil profile deeper
than the 0.10–0.15 m soil layer both in tropical [69,70] and temperate regions [65]. Therefore,
given the restricted thickness of the soil layer considered in our study, the results cannot
be extrapolated to the whole soil profile and cannot be used as a model to estimate C
sequestration under the land-use systems evaluated.

Taken together, our findings show the importance of soil quality, the crop rotation
with more complex crop arrangements that include forage grasses, and the combination of
these forage grasses with eucalyptus trees. Our results also call for the incorporation of
these practices in intensive systems in converted areas in the Brazilian Northeast, to ensure
more intense topsoil C dynamics, with implications for productive sustainability [19,71].
Despite that, future research efforts should be directed towards a detailed survey of C
sequestration and fractions in a soil profile of 1 m or more [70]. This is necessary for a better
comprehension of the mid- or long-term effects of intensive land-use systems in the soil C
status under the conditions of the Brazilian Northeast and for a complete inventory of C
stocks in areas converted from native Cerrado to agricultural use.

5. Conclusions

This study showed that native Cerrado forest to agricultural land uses does not sig-
nificantly influence the topsoil C-stocks and the fractions of soil humic substances but
reduces the topsoil POC fraction, partially confirming our hypotheses. The adoption of
agricultural systems that involve complex cropping rotations including pasture species,
such as Mombasa grass and eucalyptus, is decisive to ensure a permanent input of diverse
plant residues, preventing the loss of topsoil active C compartments in the Cerrado of the
Brazilian Northeast. Although this study did not show significant shifts in soil organic
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C fractions, it suggests that sustainable and conservationist management should be em-
phasized to maintain and improve the status of soil organic C. In addition, further studies
should be done to monitor the pattern of soil organic C fractions in the long term.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/soilsystems7010011/s1, Figure S1: Sampling design. In
NT1, NT2, PAS and NF, five 100-m transects distant approximately 20 m between them were sampled
(A); In EUC, five 20-m spaced transects considered the transition from eucalyptus rows and spaces
between rows (B). Five samples were taken per transect (red circles) and pooled to form a composite
sample; Table S1: Historic of the crop systems applied in each area; Table S2: chemical properties
(0-0.10 m depth) of the soils.
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Abstract: Elevated cadmium (Cd) levels in cacao products have been detected in a major cacao-
producing region of Colombia, with concentrations well above those permitted for export and posing
a potential threat to human health. Geochemical and petrographic analyses of fertilizer, soil and
rocks from three farms were used to determine the origin of Cd. Parent rocks were the main source
of the Cd in soils, while organic fertilizer may have further contributed to elevated metal content
in one farm. High Cd levels in the organic fertilizer were most likely due to bioaccumulation,
since it was sourced from animals in the same area. Even though the soil pH range, elevated OM
content and the presence of Mn and K diminish bioavailability, the extremely high Cd content in soils
results nonetheless in significant uptake by the plants and subsequent accumulation in cocoa beans.
Traditional methods to reduce Cd adsorption, such as the addition of calcium, will not be effective in
this case. Instead, the selection of cacao species that are naturally low accumulators and amendment
with soil microorganisms with mineralization and biotransformation capabilities, as well as testing of
fertilizers before application, could all be cost-effective solutions to reduce Cd in the final product.

Keywords: cadmium; cacao; soil analysis; autochthonous origin of Cd; allochthonous origin of Cd

1. Introduction

Cadmium (Cd) is one of the elements that occur naturally in the crust, with reported
concentrations of 0.1–0.5 ppm [1]. Because of its mobility in soils, it is readily absorbed
by plants despite not having a metabolic function [2,3]. As a non-essential heavy metal,
it can cause toxic effects in plants, animals and humans, whether due to acute or chronic
exposure and even at low concentrations, e.g., [1–3]. Cadmium is considered to be one of
the most toxic metals for humans as it exhibits adverse effects on all biological processes,
acting as a precursor of various cancers, oxidative stress and kidney malfunction, e.g., [1–4].
It is classified as a Group 1 carcinogen as it has been associated with lung and pancreatic
cancer [5]. The metal can accumulate in organisms, particularly in bone and kidney tissue,
leading to notorious health impacts through dietary consumption [5]. As the metal does
not biodegrade, it also bioaccumulates through the food web, eventually posing a health
hazard for humans, e.g., [2–4]. Chocolate and cacao powder with elevated Cd levels can be
an important source of human exposure to the metal, impacting the health of consumers,
e.g., [6].

High levels of Cd in soils of cacao farms pose one of the greatest challenges for produc-
ing safe cocoa products in South and Central American countries [7–10]. Latin America and
the Caribbean show high Cd content in cacao beans with mean values higher than those
found in Africa and Asia and above the acceptable health limits proposed internationally
(Figure 1; [7–10]). The study area displays abnormally high Cd concentrations in beans, well
above average for the Latin America and Caribbean (LAC) region and the acceptable level
in beans (Figure 1). Aside from the potential health impacts, starting in January 2020 the
European Union enforced a new regulation for the maximum values for Cd concentrations
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in cocoa-based products, which has put a strain on South and Central American cacao
producers [11].

Since Colombia is one of the world’s major cacao producers, contributing 1.5% of the
global market, the high Cd concentration will have a sizeable impact on the country’s econ-
omy, e.g., [12]. Santander is a well-known cacao region in Colombia, historically recognized
for having vast areas of cacao crops (62,500 ha) of excellent quality and contributing the
biggest portion of cacao for export, e.g., [13]. Recently, cacao has been highlighted in the
context of post-conflict Colombia as the main substitution crop for coca plantations, with
25,000 ha having already been transformed from illegal crops into cacao [13]. It is thus
essential to understand the possible factors that may increase Cd in soils so that new cacao
farms are not established in unsuitable areas.

Cadmium can originate from bedrock, erosional-depositional and recycling processes,
as well as from anthropogenic sources [14–16]. Cd has high mobility through sediment
flows and erosion processes by water and wind, and material translocation, which results
in accumulation in sedimentary environments [17,18]. Moreover, concentrations of Cd
are higher in sedimentary rocks since this metal can also be easily adsorbed into fine
particles and porosity sites [16,19]. The Cd content tends to be higher in fine-grained acidic
sedimentary rocks [16,20,21]. The relative accumulation of Cd in sedimentary environments
may also be due to the degassing of the Earth and mantle processes, in which excess volatile
elements such as Cd are liberated and accumulated within empty spaces [22].

The anthropogenic sources of Cd are mainly related to the addition of both organic
and inorganic fertilizers, and the potential contamination from mining or construction sites,
e.g., [20]. Cd can also be reinserted into the soil through the plant’s leaves or branches, as
farmers leave plant debris as a fertilizer, thus recycling the metal into the ground, e.g., [6,9].

Even though other forms of Cd co-exist with Cd2+, contributing to the total content
of the metal in the bedrock and soil, only the ion is available for plant uptake [6,8,15].
The parent rock and the demineralization and weathering processes during pedogenesis
will determine the amount of bioavailable Cd2+ in soils [23,24]. Soils inherit many of the
bedrocks characteristics and retain a large portion of its elements; for example, carbonate
rocks with high Cd content have been shown to produce soils enriched in the metal
after pedogenesis [24]. Several soil properties can regulate Cd bioavailability; while high
electrical conductivity and salinity, as well as loamy and clayey soil textures, result in an
increase, near-neutral pH range, medium-high organic matter content or the presence of
certain elements (e.g., Mn, K) reduce its availability [4,25].

The country’s production is year-round and consists mainly of Criollo and Trinitario
varieties, which are known for their fine chocolate flavor but relatively low yield [26].
The Theobroma cacao plant bioaccumulates Cd, which is easily absorbed by its roots from
soil and water in its available Cd2+ form along with the other nutrients the plant needs,
accumulating then within the structures of the plant, e.g., [6,8,15]. The accumulation occurs
preferentially in cacao beans, followed by fruit shells, and the smallest quantity accumulates
in leaves [6,7]. It has been found that in some cases the proportion of Cd content in soil
and beans is about 1:4, but that even if the proportion varies, there is always substantial
accumulation in beans compared to soil concentration [6,7].

Previous studies show that the concentration of Cd in plant structures can vary
depending on the farm location and the soil characteristics, e.g., [9,21]. In a recent study
of Colombian cacao soils, a mean level of Cd of 1.43 mg/kg for a total of 1837 soils was
reported, well above the natural concentrations found in soils worldwide [27]. Santander
shows the second highest Cd soil concentration, with a mean of 1.90 mg/kg and a maximum
value of 27 mg/kg Cd—far beyond those of other regions in the country [27]. Perhaps not
surprisingly, average Cd concentrations as high as 4.3 mg/kg for beans have been reported
in the area, far exceeding the threshold of 0.60 mg/kg applied for cacao bean exports to
the EU and the maximum level of 1.3 mg/kg for cocoa powder proposed by the Codex
Committee on Contaminants in Food (CCCF) (Figure 1; [14,27]).
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Figure 1. Cadmium levels in cacao beans and nibs from Africa, Asia, Latin America and the Caribbean
(LAC) and San Vicente de Chucurí (SVC) (data from [10,14]). Overlaid: the ideal maximum level of
0.5 mg/kg (IML, dashed grey line); the acceptable limit in beans of 0.8 mg/kg (ALB, dashed black
line); and the maximum proposed limit of 1.3 mg/kg Cd for cocoa powder (100% total cocoa solids
on a dry matter basis) set by the Codex Committee on Contaminants in Food (MPL, dashed red
line) [14,28].

Our aim was to improve the understanding of the possible natural and anthropogenic
sources of the metal in the study area. We also analyzed soil parameters that may regulate
the bioavailability of the metal to gain a better insight into the problem and be able to
propose better solutions. Providing a sound baseline of Cd levels and sources is a first step
towards better management practices and, when needed, remediation strategies in the area.
Beyond improving the situation in the study area, it is crucial to establish the conditions for
low Cd in soils to aid with the planned cacao farm expansion to replace illicit crops.

2. Materials and Methods

2.1. Study Area

San Vicente de Chucurí is located in the Northeastern region of the department of San-
tander, Colombia, and it is known as the “cocoa capital of Colombia” (Figure 2). The annual
mean temperature is 23.7 ◦C and average annual rainfall is 1820 mm [14] with a tropical rain-
forest climate according to the Köppen-Geiger classification. The main soil types in the area
are Humic Cambisols (CMu) in both low (0–600 m.a.s.l.) and mid-altitude (600–900 m.a.s.l.)
terrains and Umbric Leptosols (LPu) in high altitudes (900–1200 m.a.s.l.) [14]. All our study
sites fall in the CMu soils category, with some soil differentiation and the presence of a
humus-rich horizon, considered ideal for cacao cultivation.

The three farms used in the study are over the geological unit b6b6-Sm within the
“Simití” formation, which is made up mainly of laminated black claystones and carbona-
ceous and locally calcareous fine-grained rocks, with a significant presence of calcareous
concretions (Figure 2; [29,30]).
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Figure 2. Maps of the study area. (a) Map of Colombia with the country’s main cities shown. The
department of Santander is highlighted in green with a star indicating the location of San Vicente de
Chucurí. (b) Geological map of San Vicente de Chucurí [29,30] with the municipality limits indicated
by the light blue line. Sample collection sites Farm 1 (red dot), Farm 2 (yellow dot) and Farm 3 (blue
dot) are indicated.

2.2. Sample Collection

A total of 37 samples (23 soils, 12 source rocks and 2 fertilizers) were collected and
analyzed at three different farms in the study area (Figure 2). All soil samples were taken
at a depth of 30 cm and each weighed approximately 1000 g. Samples from fertilizers in
Farms 1 and 2 were also collected. An organic fertilizer was used regularly (subjective
dose applied 1 to 2 times a month depending on rainfall) in Farm 1 and an inorganic one
in Farm 2 (the last application was a year before sampling). The organic fertilizer was
composed of cocoa and banana tree leaf litter, chicken and pig manure (animals were fed
with food residues and organic matter from crops grown in the farm soils) and topsoil, all
collected within the farm and managed by the farmer using a rustic composting system to
transform the residues. We did not measure the nutrient content of the organic fertilizer as
we focused solely on its Cd content; however, as its main component was chicken manure,
the nutrient content could be similar to that measured in other uses of chicken manure:
27% raw protein, 18% mineral matter, 4% Calcium (Ca) and 2% phosphorous (P).

The inorganic fertilizer was Diammonium Phosphate (DAP) which is commercially
sold. This fertilizer is used as a source of phosphorus (P) and nitrogen (N) for plant
nutrition. It is highly soluble and has an alkaline pH that develops around the dissolving
granules. Its composition is 18% total nitrogen (N), 18% ammoniacal nitrogen (NH4) and
46% water-soluble phosphorus (P2O5). This fertilizer was preferred as it was less aggressive
with seedlings and was recommended by the farmers’ technical assistants.

In Farms 1 and 2, which are plantations of less than 1 ha, the sampling was carried out
in transects with a distance of around 8 m between each point. In the first farm we collected
a rock sample at each soil sampling point, while in the second plantation only one rock
sample was collected for each transect. In Farm 3, which is more extensive (~15 ha), but
also more homogeneous, five soil samples were taken using randomized sampling with a
distance of around 12 m between each point. No rock samples were collected in this case
since soil was homogenized in the first 2 m and rock fragments were not present. As the
third farm is located over the same geological unit, we expect the parental rock material to
be of the same composition as both the other farms.
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2.3. Petrographic Analysis

Petrographic analysis was performed on 3 rock samples (from Farms 1 and 2) and 3
soils (one from each farm), selected for having the highest Cd concentrations. The samples
were processed into 6 polished thin-sections (of 30 μm thickness), and sent for analysis at
Alicante University, Spain. Samples were studied using a ZEISS Assioskop microscope and
pictures were taken with a Photometrics CoolSNAPcf digital camera and the RS ImageTM
v.1.8.6 software (Seattle, WA, USA). Mineral chemical composition was established using a
scanning electron microscope (SEM). Backscattered Electro (BSE) and X-ray spectroscopy
(EDS) images were obtained using a Hitachi microscope, model S3000N at an accelerating
voltage of 20 kV.

The XMET-7000 manual specifies all the Limits of Detection (LOD) in parts per million
(ppm), but there is no given LOD for Cd measurements [30]. The Limit of Detection relates
to repeatability, but does not indicate the instrument accuracy. LODs are dependent on ma-
trix interferences, overlapping elements, level of statistical confidence and testing time [31].
To reduce potential effects on instrument precision, we used longer than recommended
testing times (5 min) and verified that the statistical confidence level was high.

2.4. Soil Analysis

A LAQUAact-PC110 probe was used to measure the pH in soil samples. To do so, 1 g
of humid soil was placed in 9 mL of distilled water and the solution was mixed for 2 min
in a vortex and left to rest for 30 min. The probe was placed in the supernatant and pH was
measured 3 times.

In order to quantify humidity, 100 g of each soil were placed in the oven at 45 ◦C for
three days. The soil was re-weighed and the difference in mass was assumed to be water
content, e.g., [31].

To measure the organic matter (OM) content, the same dry soil samples were then
placed in the oven at a temperature of 250 ◦C for 24 h. Samples were then weighted and
the difference in mass was assumed to be combusted OM, e.g., [31].

For carbonate content, the dry-inorganic soil samples were placed in a muffle at
a temperature of 450 ◦C for 24 h. Samples were then weighed, and the mass value of
carbonate was calculated from the mass difference, e.g., [31].

All instruments within the laboratories of the Universidad de los Andes used for the
sample analysis above are calibrated on a biweekly or monthly basis by the department
technicians.

2.5. X-ray Fluorescence (XRF) Measurements

Element composition was measured in the soil, fertilizer and rock samples. For soils
and fertilizers, 250 g of fresh sample were dried in an oven at 45 ◦C for three days in
order to remove moisture, as the presence of water may influence the signal intensity and
increase instrumental error [32]. Dry samples were homogenized using a mortar and pestle
and divided in four; then, two opposite quadrants were mixed and rearranged again as a
circle. This process was repeated as many times as needed until reaching ~2 g of sample for
analysis. This was performed in order to minimize measurement variation due to sample
heterogeneity. The rocks were washed and measured directly.

The chemical elements from Beryl (Z = 4) to Uranium (Z = 92) were measured by
XRF (X-Ray Fluorescence) using an Oxford XRF 7500 probe. All samples were measured
with an XRF gun (XMET-7000) with the preprogrammed soil setting for soils and the
mine setting for rock samples. Each sample was measured a minimum of three times and
reported values in the present study represent the mean measurement with error bars
shown. The procedure with the organic and inorganic fertilizers was the same as for the soil
samples, only changing the preprogrammed setting in the XRF gun to the standard element
set. Soil samples show smaller errors, most likely due to the removal of humidity and
the grinding process which homogenized the samples and enabled a more uniform XRF
reading, e.g., [33,34]. For the rock samples the error is generally larger, most likely caused
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by measuring directly on solid rock. Nevertheless, these measurements on direct rock are
reliable as specified by the manufacturer and still fall within an acceptable standard error
3 [32–34].

2.6. Statistical Analysis

A Principal Component Analysis (PCA) was performed on the normalized soil pa-
rameters studied to provide a general view of the variability within the studied soils and
the main factors determining Cd concentrations. The data were normalized using the
corresponding mean and standard deviation as follows:

Normalized data = (Data value − Data mean)/Stdev (1)

This allows the comparison of data that have different units.
A paired-group (UPGMA) Euclidean distance cluster analysis was performed to

understand data grouping of the individual samples. All analyses were performed with
PAST 4.07 [35].

3. Results

3.1. Cadmium Concentrations

Measured Cd values ranged from 8 mg/kg ± 7 for soil in Farm 2 to 90 mg/kg ± 7
in a rock sample of Farm 1 (Figure 3). The highest value (90 mg/kg ± 7) was found in a
rock fragment collected in Farm 1, which was at double the average Cd concentration of all
other rock samples analyzed (50 mg/kg ± 3.8; Figure 3). While all farms display a range of
Cd concentrations and thus values are not significantly different between farms, generally
the highest concentrations are detected in Farm 1 (42 ± 19.3 mg/kg), intermediate ones are
found in Farm 2 (32 ± 13.3 mg/kg) and lower ones in Farm 3 (25 ± 11.7 mg/kg) (Figure 3;
Table S1).

 

Figure 3. Cadmium concentration in soil (circles), rock samples (triangles), concentrations of organic
(red dashed line) and chemical fertilizers (yellow dashed line). Red is for samples from Farm 1, yellow
Farm 2 and blue Farm 3. The Cd critical threshold for human health risks (18 mg/kg; continuous
line [36,37]) and the widely used threshold values for Cd concentrations in agricultural soils (1 mg/kg,
dotted line; [9,27] and references therein) are indicated.

Based on the farms being in the same geological setting, if we instead separate matrices
we find that the rocks have a significantly higher Cd average (54 mg/kg ± 13.9) than soils
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(27 mg/kg ± 10.1) (Figure 3; Table S1). Since the sampling of rocks was uneven between
farms, and rocks have the highest Cd concentrations, when averaging only soils we find no
significant difference between the studied Farms (Figure 3; Table S1): Cd levels for Farm 1
were found to be 28 ± 10.8 mg/kg, Farm 2 slightly lower at 26 ± 9.6 mg/kg and in Farm 3
Cd concentrations were at 25 ± 11.7 mg/kg.

In Farm 1, an organic fertilizer was used and it had the second highest Cd concentration
in the sample set (64 ± 2 mg/kg; Figure 3). In the case of Farm 2, the inorganic fertilizer
applied one year prior to the study had Cd values of 22 ± 2 mg/kg (Figure 3; Table S1).

All soils displayed values above the reported “natural” Cd levels in agricultural soils
of 1 mg/kg ([27] and references therein). The critical threshold for human health risks
(18 mg/kg; [36,37]) was also surpassed by most soils, with the exception of soil 4 in Farm 1,
soil 15 in Farm 2 and soil 19 in Farm 3 (Figure 3; Table S1).

3.2. Petrographic Analysis

Based on the petrographic analysis the bedrock types in the area were classified as
limestone, marl and shale, and in all cases, rocks were found to be carbonate-rich (Figure 4a).
This is mostly related to them being fossil-rich; abundant fragments of sea urchins and
minor bivalves, in both cases built from calcium carbonate, can be observed in thin sections
(Figure 4b).

The Backscattered electron images (BSE) of rock sample thin sections indicate an
abundance of calcite (Cc), minor quartz (Qz) and some hematite (Fe2O3) and barite (BaSO4)
(Figure 4c). The rocks analyzed also have fine-grained quartz and accessory minerals are
zircons and frankolite (carbonate-fluorapatite) (not shown).

The soil thin sections revealed an abundance of organic matter (OM) as well as un-
consolidated carbonates (Figure 4d). We observe microaggregates of OM to also contain
fragments of carbonate (Figure 4d).

 

Figure 4. Petrographic analysis images of (a) cross polarized light (XPL) image of rock sample
thin-section; (b) plane polarized light (PPL) of rock sample thin-section with abundant fragments of
sea urchins (light blue arrows) and minor bivalves (dark blue arrow); (c) Backscattered electron image
(BSE) of rock sample thin-section indicate abundance in calcite (Cc), minor quartz (Qz) and some
hematite (Fe2O3) and barite (BaSO4) grains (yellow arrows); (d) soil sample thin-section showing
mostly unconsolidated carbonate (UC) with organic matter (OM).
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4. Discussion

Santander is a well-known region for the cultivation of cacao and has been historically
recognized for having cacao crops of great extension and quality, representing 40 to 45%
of Colombian production. Addressing elevated Cd content is crucial not only as a public
health concern, but also for the potentially negative impact it will have on cacao exports,
a key economic sector for the region [26,28]. Moreover, since there are plans to expand
cacao farming in the country as a substitute for illicit crops, it is paramount to establish the
conditions that determine the presence and bioavailability of Cd in soils. Understanding
the origin and fluxes of Cd can give insight into the best management strategies for the
soil and translate into practical solutions for farmers in the region. Cadmium can be
of autochthonous and/or allochthonous origin and sources include bedrock, erosional-
depositional and recycling processes, as well as anthropogenic input; moreover, several
soil properties regulate its bioavailability [4,6,15,25].

4.1. Cadmium Levels in the Study Area

All the samples analyzed show elevated Cd values compared to both international
standards and national averages (Figures 1 and 3; [27]). In fact, the entire west flank of the
Colombian Eastern cordillera shows significantly higher Cd values in sediments and soils
(ranging from 1.8 to 74 mg/kg) than any other region in the country, resulting in a potential
health hazard (Figure 5). Even though the study farms are within an area with no reported
geochemical Cd values, we can extrapolate high concentrations from neighboring regions,
which have concentrations falling in the ranges of 1.8 to 4.6 mg/kg and 4.6 to 74 mg/kg
(in sediments; Figure 5). Additionally, values reported in other farms of San Vicente show
average Cd concentrations of 3.3 mg/kg, with farms on the east side of the municipality
having values around 2.1 to 4.3 mg/kg of total Cd and those on the west side having a
maximum of around 2.5 mg/kg total and 0.1 mg/kg of available Cd [14].

The parent rock in the study area presents unusually high Cd concentrations with
values of up to 3 times what was previously reported in Central Colombia [38]. Previously
reported anomalously high Cd levels in rocks range between 8.15 mg/kg and 21.4 mg/kg
worldwide ([21] and references therein), which is consistent with our findings of extremely
elevated Cd concentrations in the study area rocks. Rock Cd values in the studied farms,
even though always unusually elevated, vary from 30 to 50 mg/kg, suggesting hetero-
geneity of the parent material’s metal content (Figure 3). Thus, the adsorption of Cd
into fine particles and porosity sites varied within the Simití formation, probably because
of the different types of sedimentary rocks and micro-meso lithification environments
(Figure 1; [16,19]).

Total Cd content in cacao soils has been found to be mainly present as residual and
oxidable fractions, associated with the weathering of the bedrock and other pedogenesis
processes, so it follows that when the parent rock presents with extremely high Cd content,
the resulting soils will be contaminated, e.g., [16,21,23]. In our samples total Cd content
was on average 50% lower in soils than in rocks, which is a typical range of decrease after
weathering of the parent material, e.g., [16,21,38].
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Figure 5. Map of cadmium content in sediments (mg/kg) in Colombia [39]. (a) Geochemical map
of Cd for Colombia. (b) Geochemical map of Cd for Santander. (c) Geochemical map of Cd for San
Vicente de Chucurí, Farm 1 (red dot), Farm 2 (yellow dot) and Farm 3 (blue dot) are indicated.

The soil samples studied have much higher average Cd concentrations (27 mg/kg ± 10.1)
than those reported in other farms in San Vicente, which show an average of 3.3 mg/kg
total Cd in soils, as well as mean values reported for soils in Santander and generally in
Colombia [14,27]. Soil Cd concentrations in San Vicente de Chucurí are also much higher
than international average Cd concentrations in cacao soils and well above the 1 mg/kg level
usually found in soils (Figure 3; [9,27]). In fact, the measured values between 10 and 47 mg/kg
in the soils studied fall within the range of typical polluted and metal-rich soils worldwide
([21] and references therein). While elevated Cd concentrations are not necessarily available
for uptake and incorporation by the cacao plant, a correlation between geological substrate
and Cd bioavailability and/or Cd content in cacao tissues has been previously reported in
Colombia, e.g., [10]. Regardless of the specific values, it is clear that Cd in soils in the region is
very elevated and represents a threat to cacao cultivation and commercialization, which is the
basis of the local economy.
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Of even more concern is that the vast majority of our samples do not comply with
international regulations for tolerable values for mammals’ exposure, ecosystems or critical
thresholds for human health risks (Figure 3; [36,37]). Soils in the area also exceed the
Ecological Soil Screening Levels set by the EPA (Eco-SSL) (0.36 mg/kg dry weight), which
if surpassed is considered damaging to mammals and ecosystems [37]. This poses a serious
health risk for people exposed to the soils and consuming crops in this particular area, as
Cd accumulates in organisms and is potentially carcinogenic, as well as being linked to
oxidative stress and kidney malfunction [1,21]. The values reported imply possible health
issues, as Cd enters the human body through foods produced in soils that are contaminated
with the metal, and after accumulation can cause poisoning or organ malfunction [20,21].
The farmers in the region also grow subsistence crops as well as raise animals for consump-
tion, thus further increasing their exposure to the metal through bioaccumulation from
consuming crops and animal products directly linked to the contaminated soils.

It is important to note that a high variability in concentrations of the metal at several
scales has been reported [27] and is in fact observed within our study area
(Figures 3 and 5; [14,27]). Total Cd concentrations in cacao soils from Santander range
from 0.01 to 27 mg/kg, thus small-scale heterogeneity and/or additional Cd sources in our
studied farms may be a variation factor [27]. Heterogeneity was previously reported, with
farms in the east flank of the municipality having higher Cd averages than those in the
west flank (Figure 5; [14]). Metal concentrations vary significantly within Farms 1 and 2,
both smaller than 1 ha, suggesting that small-scale heterogeneity plays a significant role
in Cd distribution, most likely coupled to the heterogeneous metal content in the parent
material reported in the present study. Furthermore, additional sources of Cd may play a
role, and will be discussed in the following sections.

It is crucial to consider that only about 4% of the total metal is in Cd2+ form, and
hence bioavailable for plant uptake [6,8,14,15]. Therefore, we would expect to have about
1 mg/kg of available Cd in the study area (1.16 mg/kg in Farm 1; 1.04 mg/kg in Farm 2;
and 1 mg/kg in Farm 3). This would be a reasonably standard level of Cd in soils were it
not for the fact that the element bioaccumulates. Moreover, the high levels of Cd reported
in nibs at the study area indicate a strong uptake and accumulation by the cacao plants
(Figure 1).

4.2. Natural Cadmium Sources

Autochthonous sources are those intrinsic sources from which a component or ele-
ment might be introduced into an ecosystem, area, or in this case, plantation. Cd has high
mobility through sediment flows and erosion processes by water and wind, and material
translocation, resulting in accumulation in sedimentary plains and rivers, e.g., [17]. High
dependence of ‘total’ soil Cd has been linked to geological substrates, with the highest me-
dian concentration being found in alluvial sediments and soils developed on sedimentary
rocks [20,25].

Our sampling sites are above the geological unit b6b6-Sm within the “Simití” forma-
tion that is made of laminated black claystones, carbonaceous and calcareous fine-grained
rocks with calcareous concretions (Figure 2; [29,30]). This was confirmed by our petro-
graphic analyses that indicated the presence of limestone, marl and shale in all our samples
(Figure 4). All rocks analyzed are carbonaceous, thus they can hold substantial quantities of
Cd by adhesion and absorption into pores (Figure 4; [40,41]). Calcite will bind Cd through
cation exchanges due to the similar sizes and charges of Ca and Cd [7,8,40,41]. This is
supported by the significant Pearson correlation between Cd and Ca in rocks (Pearson
correlation = 0.79, p < 0.05), which points to the calcium-rich rocks as the main source of Cd
in the present study, as has been seen in other studies [8,9,24].

Carbonate rocks with high Cd content, through the pedogenesis process, tend to
produce soils enriched in the metal [24]. According to the petrographic analysis, the humic
cambisols studied are mainly composed of unconsolidated carbonates and are rich in
humus (Figure 4d). The abundance of carbonates is further confirmed by the ignition
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analysis of soils, which shows carbonates to range from 2.2 to 6.5 g (±0.1), consistent with
soil forming from the underlying carbonate rocks. While the petrographic analysis confirms
that soils in the area were formed by weathering of the carbonate-rich parental material
rather than by transport of allochthonous material, no significant correlation is found
between the Cd contents of rocks and soils. Such a strong association between parental
material and Cd content in soils has been previously reported in other areas [20,21]. The
lack of correlation for our dataset may be due to the heterogeneity of Cd concentrations in
rocks as well as in weathering and pedogenesis processes.

Even though the carbonate rocks can have high Cd concentrations due to their porosity,
it is strongly bound in their structure, which makes it less available for plant absorption.
In fact, Ca addition has been used as a remediation strategy for high Cd concentrations in
arable land as it binds the metal, e.g., [42,43].

The analyzed rocks also show the presence of Barite (BaSO4), which has been found to
be enriched with Cd, with levels of up to 9.9 mg/kg (Figure 4c; [41]). The Barite in parental
rocks may further add Cd to the resulting soil after chemical weathering associated with
pedogenesis.

4.3. Anthropogenic Cadmium Input

Fertilization, mining, construction sites and industrial activities that introduce extrinsic
elements into the farm soils, as well as natural processes such as mass movements, water
flows or aeolian deposition coming from Cd-rich areas, all constitute possible allochthonous
sources [14,20,30]. Even though the region is known for hosting mining, there is no reported
activity near the sampling area (confirmed by the farmers), which means that it can be
ruled out as a significant source of Cd for the studied soils.

As we established that soils in the area are formed from the weathering of parental
rock, mass movements, water and eolian transport can also be ruled out as significant Cd
sources.

Another potential allochthonous source of the metal is fertilizer of sedimentary and
phosphorous origin [44]. Approximately 85% of phosphate used in inorganic fertilizers
is sourced from sedimentary deposits with high Cd levels [20,44,45]. Mineral fertilizers
have been identified as the main source of Cd in some agricultural soils and organic
waste-derived fertilizers have been shown to contribute metal content in some cases [44].

In the present study an inorganic fertilizer was used in Farm 2, but had only a
marginally higher level of average concentrations compared to Farm 3 (where no fer-
tilizer was used), which indicates a negligible effect on Cd soil content. In contrast, the
organic fertilizer added in Farm 1 seems to slightly increase the average Cd soil concen-
tration (Figure 3). Therefore, the organic fertilizer might be an additional source of Cd
in the studied soils, which is a rare case since usually those types of fertilizers are less
contaminating than chemical ones [44]. This was confirmed by the clustering of all the
samples in Farm 1 when PCA was performed (Figure 6). We see that fertilizer had the
strongest loading successfully separating Farm 1, where the organic fertilizer was applied,
from the other two (Figure 6). This confirms the much stronger impact of the organic
fertilization versus the inorganic one, which was already noted when comparing soil Cd
concentrations (Figures 3 and 6).

The organic fertilizer applied to Farm 1 contained 64 ± 2 mg/kg Cd, well above the
values for soils and most rock fragments measured in the area, and exceeding acceptable
Cd levels for fertilizers in Europe (40 mg/kg; Figure 3; [45]). The organic fertilizer was
sourced from chickens and pigs which were fed food residues and organic matter from
crops grown in the same soils, clearly resulting in the biomagnification of Cd, and thus
extremely high levels of the metal (Figure 3; [2,4]). This case is particularly worrisome since
the Cd introduced with the fertilizer will be easily absorbed by the plants and result in
further metal accumulation in cocoa beans.
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Figure 6. Principal component analysis including the main soil factors measured in the study soils.
Clusters resulting from the paired-group analysis are overlaid. Farm 1 is indicated by red dots, Farm
2 by yellow dots and Farm 3 by blue dots; analysis carried out with PAST 4.07 [35].

In Farm 2, the inorganic fertilizer was used one year prior, but no addition was carried
out close to the time of sampling. This could mean that part of the Cd added with the
fertilizer may have already been removed from the soil, and that is why the average
metal concentrations are the same as in the case of soils without fertilizer. Moreover,
Cd concentrations measured in the inorganic fertilizer are below those measured in soil
samples; thus, its addition would not be expected to raise metal concentrations significantly
(Figure 3). We also see no clustering of Farms 2 and 3 related to the fertilizer variable
(Figure 6). Despite the fact that Cd content in the inorganic fertilizer does not exceed the
international legal limits, concentrations are still higher than the upper critical threshold;
thus, it should not be used indiscriminately as it may cause Cd enrichment over time
(Figure 3; [44]). Additionally, there is no guarantee that another batch of the same fertilizer
might not have a much higher concentration of Cd, as lots tend to be heterogeneous due to
production changes [44].

The metal can also be reintroduced into the soil through falling plant leaves or
branches, and in some cases, farmers will leave plant debris as a fertilizer [8,9]. In all
three plantations most of the organic matter falling from the cacao tree was left to degrade
and decompose in situ; thus, the higher Cd concentration in top-soils (first 30 cm sampled)
may in part be due to the accumulation of the metal over the years from leaves and husks.
In farms in Central Colombia, cacao leaf litter has been found to have higher Cd content
than both cacao beans and green leaves, with an average of 85.5 mg/kg, which implies
a high level of Cadmium cycling [25,38]. This is supported by a study that coupled Cd
concentrations and isotopes in cocoa soils indicating that the use of tree litter may indeed
be an additional source of the element [46]. The use of vegetation waste originating within
the same plantation as the fertilizer will recirculate bioavailable heavy metals, though the
relative importance of this recycling process as a contributor to Cd accumulation in cacao
beans is not yet fully understood. This may make the problem worse by re-introducing
easily absorbable Cd2+ into the system, resulting in an enrichment of the element in the
root area and enhanced uptake. This could be easily avoided by shifting to cultivation
practices that recover waste away from the crops.
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4.4. Soil Factors Affecting Cadmium Bioavailability

While soil Cd content is directly correlated with the bioavailability and cycling of the
element in soils, not all the Cd present in soils will be available for uptake and incorporation.
If the metal is either not bioavailable or irreversibly bound to the soil matrix, no transfer
will take place [4]. In addition to the actual content of Cd in soils, several soil properties
affect the Cd bioavailability and consequent root uptake [4]. High electrical conductivity
and salinity concentrations, as well as loamy and clayey soil textures, result in higher Cd
availability; fortunately, none of those are found in the soils of the study area. Indeed, most
of the soil parameters including pH range, organic matter content or chemical composition
result in reduced Cd availability [4,25].

Soils in humid tropical climates have been associated with the migration of Cd by leach-
ing from the topsoil layer, which reduces concentrations in the cacao root area, e.g., [2,3].
However, we do not observe Cd leaching, which could be explained by the high slope
of the cacao plantations we examined, which causes elevated run-off versus percolation,
despite the humid climate. The lack of washing of surface soils may also be due to the pH
range, carbonates and high organic matter, resulting in strong Cd binding [4,25].

The pH values of our soils ranged between 6 and 7.8 (±0.1), with little variation
between farms and within the ideal range for retention of Cd within the soil matrix [4].
At pH higher than 5.5 the metal converts into insoluble carbonate and phosphate forms,
making it unavailable [2,3]. Even when the soil pH is in the ideal range, Cd remobilization,
absorption and accumulation in plant tissues may still occur as plants exude acids from
their roots to improve the solubility of nutrients and ions, creating small acid pH zones
where the metal can become available, e.g., [47]. For instance, Cd has been found to be
a significant problem in cacao grown in near-neutral pH soils in the north of Peru and
Honduras [9,48]. While microheterogeneity may partly explain Cd absorption in the present
study, the high concentrations in beans are most likely linked to the extremely high levels
of Cd in soils. Nonetheless, we observe that pH is one of the stronger loading variables in
the PCA and is associated with the Cd in soils even though no significant linear correlation
could be found between the two variables (Figure 6). In a study made in cacao systems
in Ecuador, they reported that for pH values below 6.3 the beans can accumulate up to
8 times the Cd concentration found in soils, which would only be the case for two samples
in our dataset (8.7%; [46]). Most of the data fall in the intermediate pH values (57%) with a
predicted enrichment of 4-fold in the beans and the remaining 34.3% present a pH higher
than 7 with only a 3.2 enrichment [46]. This would mean an averaged 4.1 enrichment
factor for the beans in our farms. In fact, using the reported ratio of accumulation of 1:4 in
soil to beans, and based on the highest Cd content of 9.34 mg/kg reported for beans, this
would mean that only a maximum of 2.3 mg/kg of metal will be bioavailable in the soil
for plant uptake [2,14,49]. Therefore, despite the extremely high reported values, the soil
characteristics are significantly reducing the cacao plant uptake of Cd. Other studies in the
area confirm the presence of Cd rich soils coupled with a lower proportion of the metal in
the cacao tree structures [10,38].

While we find no correlation between Cd content in soils and manganese (Mn) or
potassium (K), the PCA results show a strong loading of the K in the separation of cluster III
(Figure 6). While the presence of both these elements may not alter the total Cd measured
in soils, they have been shown to reduce plant Cd incorporation, probably due to ion
competition [9,25]. As we were not able to measure the Cd content of beans, we cannot
directly test this hypothesis. However, based on a ratio of 47.5 Mn to 1 Cd, well above the
necessary 20 to 1, we assume that the presence of Mn in the studied soils will likely result
in reduced Cd intake by plants [9,25]. We also find high K concentrations that work in a
similar way, increasing ion competition and therefore decreasing Cd adsorption.

Organic soils have high sorption affinity for Cd: up to 30 times higher than mineral
soils [2]. Soil OM will efficiently bind Cd2+, especially if associated with pH levels between
5.5 and 7.5 [4]. Organic matter is known to have a significant surface area and micropores
that can serve as sorption sites to retain humidity and nutrients, but also the positively
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charged Cd2+ [4]. The sampled soils had from 1.7 to 7 (±0.1) grams/kg of OM, with Farm
1 having the highest values (Figure 7). While data generally show the tendency, only Farm
1 showed a significant negative correlation with Cd content in soils (Figure 7). This may
be because soils in Farm 1 have more bioavailable Cd, which is the one preferentially
sequestered in OM. It may also be that due to factors such as salinity or more clay-rich
textures, which were not considered in the present study, that will affect Cd presence and
availability.

 

Figure 7. Correlation between cadmium in soils and organic matter content. Farm 1 is indicated in
red, Farm 2 is indicated in yellow and Farm 3 is shown in blue. A linear fit has been added only for
Farm 1 and the 95% confidence interval is shown; the void red dot has been excluded as an outlier.

Since factors such as the pH, organic matter content and the presence of carbonates
mitigate the plant’s uptake of the metal as they buffer and absorb the element, we conclude
that the Cd availability is considerably below what it potentially could be, given the metal
concentrations found in the area’s soils. Without these mitigating soil characteristics, the
exposure and availability of the metal would likely pose a much higher health risk and
could mean even higher accumulation in cacao beans [1,4,21]. This would ultimately make
them toxic and not suitable for consumption or commercialization.

The adsorption of Cd has also been reported for hematite and has been shown to be
pH dependent with an exponential increase above pH values of 7 [50]. Our soils display an
average pH of 6.9 and thus some of the Cd could be adsorbed into the hematite present
(Figure 4c). However, this hypothesis could not be corroborated with the correlation
between Fe and Cd, most likely because there are other iron sources besides hematite.
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4.5. Suggested Mitigation Strategies

Solutions should be cost-effective and be a true aid for cacao farmers so that they can
produce cacao beans with no or lower Cd values to sell to manufacturers, and potentially
export. A Cd mitigation hierarchy approach should be implemented, by considering actions
from farm to final product that are adapted to the specific conditions of the cacao value
chain in question [14,48,51].

Eradicating the addition of organic fertilizers to minimize the amount of bioavailable
Cd accumulation might be an easy and effective strategy [44] but, of course, a better
approach would be to test fertilizers both chemical and organic in nature to guarantee that
they have low metal values and can be applied as needed.

While the addition of soil amendments that alter pH, calcium or soil organic matter
content to reduce the bioavailability of Cd for the cacao plants is widely used, it would
not be useful in this particular case [8,52]. Amendments would not have an impact in the
present study area since the soil parameters are already optimal for Cd sequestration.

Another potential solution is leaching, which can remove fertilizer and contaminant
components over time [9]. The leaching or washing would move the Cd lower into the soil
profile where the roots of the trees cannot uptake it (deeper than 100 cm) [53,54], stopping
the accumulation in their structures. However, as we have seen, the chemical characteristics
of the soils will strongly bind Cd to the matrix and prevent effective leaching of the element.

The selection of cacao species that are naturally low accumulators of Cd or with low
Cd transfer from vegetative parts into the beans has high potential to keep Cd accumulation
in cacao beans at levels that are safe for consumption [6]. However, this strategy can only
be applied for new producers or for existing farms when they renovate their trees, and thus
would have a limited impact in the study area.

Demineralization processes in cacao soils, linked to both biological and physical routes,
are under consideration as solutions that would reduce the availability of the metal by its
mineralization or biotransformation, e.g., [49–52]. Cadmium-tolerant bacteria (CdtB) and
other microorganism existing in these Cd enriched cacao soils have been identified, with
about 26 phylogenetically diverse bacteria (Actinobacteria, Alphaproteobacteria, Bacilli,
Betaproteobacteria, Gammaproteobacteria) already described and under study for their
biotransformation capabilities [8,50,52].

5. Conclusions

In all soil, rock and fertilizer samples in our study area, high levels of Cd were found,
with the majority of them by far exceeding the limits set by international regulations.

The concentration of Cd in soils is determined by the geological substrate as an
autochthonous source. The petrological analysis indicates the presence of Cd-bearing
minerals and sedimentary rocks with high porosity that can hold Cd.

Fertilizers also showed a positive correlation with the Cd content in soils as the main
allochthonous source, which can be managed with better practices. Testing fertilizers for
heavy metals before their application should be a standard practice.

Even though the pH range, OM content and presence of Mn and K in the soils
significantly diminish Cd bioavailability, there is still a high metal content in cocoa beans
of the area.

We consider the selection of cacao species that are naturally low accumulators of Cd
and the trial of microorganism with biotransformation and mineralization capabilities to
be relatively fast and cost-effective solutions to the observed soil Cd enrichment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/soilsystems7010012/s1, Table S1: Content of cadmium (Cd) for
rocks and soils in mg/Kg. The error of the measurements is indicated (ε).
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Abstract: Combined paper mill biosolids (PB) and forest-derived liming by-products improve soil
properties, but their residual effects following several years of application have hardly been inves-
tigated. A 13-year (2009–2021) field study was initiated at Yamachiche, QC, Canada, to assess the
residual effects of PB and liming materials on the properties of a loamy soil. The PB was applied dur-
ing nine consecutive years (2000–2008) at 0, 30, 60, and 90 Mg wet·ha−1, whereas the 30 Mg PB·ha−1

rate also received one of three liming materials (calcitic lime, lime mud, wood ash) at 3 Mg wet·ha−1.
No amendment was applied during residual years. Past liming materials continued to increase soil
pH but their effect decreased over time; meanwhile, past PB applications caused a low increase in
residual soil NO3-N. Soil total C, which represented 40% of added organic C when PB applications
ceased, stabilized to 15% after six years. Soil Mehlich-3-extractable contents declined over the thir-
teen residual years to be not significant for P, K, and Cu, while they reached half the values of the
application years for Zn and Cd. Conversely, Mehlich-3 Ca was little affected by time. Therefore,
land PB and liming material applications benefited soil properties several years after their cessation.

Keywords: liming; organic matter; paper mill biosolids; residual effect; trace metals

1. Introduction

Every year in North America, large amounts of paper mill biosolids (PB) from
treated effluents (7.1 Mg dry) are generated from the forest industry along with lim-
ing materials, such as wood ash (WA) and lime mud (LM) (6.6 Mg dry) [1,2]. Adding
these residues to cropland improves soil organic matter content, pH, and major nutrient
phyto-availability [3–5]. As long as they respect the local regulatory standards for metal
concentrations [4], they can be efficiently and more ecologically used on fields rather than
being disposed of in landfill [6].

The application of PB has been largely evaluated for its impact on soil organic matter
and N and P contribution to crops in the first year of application and in the subsequent
year [3,4,7,8]. However, the residual effects of past PB application on soil properties
have been little investigated for a longer period of time, especially after several years
of application. Longer-lasting soil organic C improvement has been reported following
repeated applications of PB during a few years [9–12], but few studies addressed how long
soil C may be improved after PB cessation. Using municipal biosolids, Cogger et al. [13]
reported increases in soil total C and Bray-1 extractable P that were maintained for nine
years after the end of a 10-year application. They noted, however, a significant decrease in
fall NO3-N during the residual period. In contrast, other studies on municipal biosolids
reported between 25% and 40% loss in soil organic C within 10 years following the cessation
of repeated applications [14–16].

The residual effect of forest-derived liming materials has also been examined, but
much more so after a one-time application. Some studies reported no significant change in
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soil pH occurring over time with lime mud (LM) and wood ash (WA) three years following
a one-time application [17,18]. Moreover, Arshad et al. [17] observed that WA provided
75% more available P than agricultural lime during all the residual years and attributed
that to the rise in organic P mineralization, reduced P fixation, and increased P solubility.

The soil bioavailability of metals once material application ceases is a main concern
in agriculture and has been part of many studies on municipal biosolids. It was reported
that biosolids continue to decompose after cessation and may release the adsorbed metals
into the soil solution, particularly in the first five years [16], although the reverse was
also observed with the occlusion of metals in Fe-oxides or chemisorption [19]. Biosolid
decomposition can also lead to a decrease in soil pH, making metals more available [20].
By contrast, research is yet to be carried out with PB, especially after repeated application
and with liming materials. Compared with municipal biosolids, PB mostly represents a
low risk for soil metal contamination [21,22] with pollutants rarely exceeding regulatory
limits [23,24]. During the years of application, PB adds C and mineral components to soil,
thus increasing sorption sites and binding metals in insoluble forms [25]. Despite low
inherent metal concentrations, some increases in metal availability in agricultural soils
were observed following a fresh addition of PB or deinking paper sludge [26,27], but to our
knowledge the residual effects after many consecutive years of application of such products
have never been evaluated and would deserve additional study to see any potential impact
on soil metal accumulation.

The present study reports the residual effects of the application of PB and forest-
derived liming materials on main soil properties and metal availability. We hypothesized
that upon material decay and following the cropping season, soil main properties (organic
matter, pH, major nutrients) would decrease while metal availability would increase with
time. A companion paper that evaluated the effects on plant parameters, including yield
and nutrient accumulation, has been previously released [28]. In this study, the liming
materials were added to PB with a view to counteract possible soil acidification related to
the mineralization of organic N from PB.

2. Materials and Methods

2.1. Site and Treatment History

The study was carried out at Yamachiche (lat. 46◦17′ N, long. 72◦48′ W, alt. 10 m),
Quebec, Canada, on a flat, imperfectly drained Chaloupe loam soil (fine, mixed, frigid
Typic Humaquept, according to U.S. soil classification). This study was part of a long-term
experiment in which the different materials were applied in early summer at sidedress
from 2000 to 2008, and residual effects were followed from 2009 to 2021. The site was
under minimum tillage until 2018, including the years of material application, with spring
harrowing to prepare the seedbed for annual field crops. In 2019, the site was converted
into a perennial hay crop.

The different treatments, plot design, and cultural practices for the years of applica-
tion have been previously detailed in [29]. Concretely, PB was applied at 0, 30, 60, and
90 wet Mg·ha−1, whereas the 30 Mg PB·ha−1 rate received also one of the three following
liming materials each at 3 wet Mg·ha−1: calcitic lime (CL), LM, and WA. Typically, PBs
are applied at a rate of 30 Mg wet ha−1 year−1 in Québec with some additional fertilizer,
N, to meet crop requirements [30]. The 60 Mg PB ha−1 rate corresponded to rate without
N addition, whereas the 90 Mg PB ha−1 simulated long-term nutrient accumulation. The
experimental layout consisted of plots of 3 × 10 m replicated four times in a randomized
complete block design.

Material characteristics were reported previously [29] and summarized for the last
six years of application (2003–2008) in Table 1. Globally, the PB had a good fertilizing
potential with a low metal concentration. For their part, WA and LM had a high total K
and Ca content, respectively, but both exceeded the provincial Cd criterion for unrestricted
agricultural land use (3.0 mg·kg−1). However, these materials were applied at 50% of the
mandated provincial limit [31].
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Table 1. Main chemical characteristics of applied papermill biosolids and liming materials
(mean ± standard deviation of 2003–2008 application years).

Attribute Units PB LM WA CL

pHwater 5.0 ± 0.9 10.6 ± 1.9 12.3 ± 0.5 9.2 ± 0.5
Moisture g·kg−1 FM 677 ± 51 280 ± 34 199 ± 97 11 ± 9
Total C g·kg−1 DM 438 ± 5 - - -
Total N g·kg−1 DM 21.9 ± 5.8 0.3 ± 0.3 0.3 ± 0.1 0.1 ± 0.1
Total P g·kg−1 DM 3.5 ± 0.8 1.6 ± 0.7 5.4 ± 1.8 0.5 ± 0.2
Total K g·kg−1 DM 0.6 ± 0.1 1.6 ± 2.2 20.4 ± 8.0 1.9 ± 0.6
Total Ca g·kg−1 DM 7 ± 2 263 ± 41 137 ± 26 235 ± 24
Total Cu mg·kg−1 DM 7 ± 3 20 ± 10 33 ± 8 3 ± 0
Total Zn mg·kg−1 DM 57 ± 20 196 ± 42 364 ± 41 3 ± 1
Total Cd mg·kg−1 DM 0.7 ± 0.2 4.1 ± 0.9 5.2 ± 1.2 2.0 ± 0.1
Total Mo mg·kg−1 DM 1.3 ± 0.7 0.1 ± 0.1 0.0 ± 0.1 0.1 ± 0.1

PB, paper mill biosolids; LM, lime mud; WA, wood ash; CL, calcitic lime; FM, fresh matter; DM, dry matter.

2.2. Field Operations during Residual Years

In residual years (2009–2021), no amendment was applied to the plots except for the
mineral N treatment. Annual field crops were grown from 2009 to 2018 and comprised,
successively, dry bean (Phaseolus vulgaris L.), winter wheat (Triticum aestivum L.), grain corn
(Zea mays L.), malting barley (Hordeum vulgare L.), winter wheat, soybean (Glycine max (L.)
Merr.), winter rye (Secale cereale L.), soybean, winter wheat, and spring barley. For 2019
to 2021, a forage mixture of timothy (Phleum pratense L.), meadow bromegrass (Bromus
biebersteinii Roem. and Schult.), and birdsfoot trefoil (Lotus corniculatus L.) was planted
as a companion crop with spring barley. For all annual field crops, grains were harvested
while straw residues were returned to the field, except for small cereals (wheat, barley, rye)
where the straw was sold to other farmers. Forage was harvested three times during each
growing season.

2.3. Soil Sampling and Analysis

After each crop harvest (the third cut for forage) in residual years (2009–2019), soils
were sampled (composite of five cores) to 30 cm depth. Samples were kept moist at 4 ◦C
for pH and NO3-N determination or air-dried and sieved to <2 mm for other soil analysis.
The soil pH and NO3-N analysis was performed each year, whereas total C, Mehlich-3-
extractable P, K, and Ca, and bio-available metal (Cu, Zn, Cd, Mo) concentrations were
measured at a 3 years interval, namely, in 2011, 2014, and 2017. Additional soil sampling
was carried out after the first forage cut at the beginning of June 2021 to determine the
effect in the course of the 13th year on soil pH and total C, major nutrient (P, K, Ca), and
metal (Cu, Zn, Cd) concentrations. For this sampling, Mo availability was not determined
since most soil pH ≤ 6.0, which makes Mo barely available to plants [32].

The pH was determined in a 1:2 soil to water ratio. Results from the 10 first residual
years (2009–2018) have been reported in [28], and updated here with two more samplings
showing a further decrease, where the liming materials reached 0.3–0.6 units over the
untreated control for the last sampling (Figure 1).

The NO3-N concentration was extracted with 2.5 g field-moist sample and 20 mL
1 mol·L−1 KCl with mechanical agitation for 30 min before filtration [33]. The concen-
trations were determined through the Cd-Cu reduction method using a continuous-flow
injection auto-analyzer (QuickChem 8000 FIA+ analyzer, Lachat Instruments, Loveland,
CO, USA). A subsample of dried soil was finely ground to 0.20 mm and then analyzed for
total C determination on a LECO TruSpec CN (Leco Inc., St. Joseph, MI, USA).

Soil P, K, Ca, and metal (Cu, Zn, Cd) concentrations were extracted with the Mehlich-3
solution [34]. Metal concentrations (except 2021 samples) were also extracted using DTPA
(Cu, Zn, Cd [35]) or water (Mo [36]). Single multielement laboratory Mehlich-3 extrac-
tion is relatively simple, cost-effective, and provides generally reproducible results [37].
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Concentrations of available P were determined by colorimetry (DU720, Beckman Coulter,
Mississauga, ON, Canada) with reaction with the ascorbic acid–molybdate complex [38],
whereas concentrations in other elements were determined by the inductively coupled
plasma optical emission spectrometer procedure (Optima 4300DV, Perkin Elmer, Shelton,
CT, USA).
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Figure 1. Direct and residual effects of liming materials applied during nine consecutive years on
the soil pH in the 0 to 30 cm layer. Vertical bars represent the LSD (5%). • control (0N); � combined
paper mill biosolids applied alone at 30 Mg wet·ha−1 or with 3 Mg wet·ha−1 of � lime mud, Δ wood
ash, or � calcitic lime.

2.4. Statistical Analysis

All data were first analyzed using the univariate procedure to see their normality
and then subjected to a Bartlett’s test; Zn (2011, all methods) and Mo (2014) were log-
transformed to improve variance homogeneity. Data analysis was performed for separate
years to see any effect due to material decomposition using the MIXED procedure of SAS
(SAS Studio v.1.21). Main treatment effects were compared using orthogonal linear contrast
for PB rate and single degree-of-freedom contrasts for comparison of PB 30 Mg·ha−1 alone
vs. PB 30 Mg·ha−1 + liming, and for CL vs. LM + WA, and LM vs. WA within the
PB 30 Mg·ha−1 + liming treatments. Statistical significance was set as p < 0.05.

3. Results and Discussion

3.1. Soil Total C

Soil total C continued to benefit from PB after the cessation of land application, but
the extent decreased once the C was mineralized (Figure 2). From a respective increase of
3.7, 7.9, and 9.2 g·kg−1 compared to the control in fall 2008, it was 2.4, 3.9, and 5.4 g·kg−1

in fall 2011, and 1.4, 2.3, and 2.8 g·kg−1 at 13 years after the end of application (spring 2021)
with the 30, 60, and 90 Mg PB·ha−1 rates, respectively. This corresponded roughly to an
estimated ~40% of the added organic C being present at the end of continuous application,
which fell to 25% after three residual years, and was around 15% thereafter. Based on
regression analysis, the model showed a significant decrease in soil C in the first 6 years and
then it stabilized at 9.5 years after PB cessation. This indicates that repeated PB application
for several years had a long-lasting positive impact on soil total C. It also suggests that a
more stable and recalcitrant form could account for the soil total C content some years after
PB cessation. Mao et al. [22] estimated that resistant C added with paper waste contributes
significantly to the long-term soil-stable C.
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Figure 2. Direct and residual effects of paper mill biosolids (PB) application on the soil total C content
in the 0 to 30 cm layer. Vertical bars represent the LSD (5%). Different letters within a sampling date
represent difference at p = 0.05 according to an LSD test. Data for years of application come from [29].

Previous works reported that repeated annual application of PB for three or more
years promoted a sustained increase in soil C which was less apparent with a single
application [9–12,39]. Cogger et al. [13] applied municipal biosolids continuously for
10 years to a tall fescue (Festuca arundinacea Schreb.), obtaining an increase in soil C
equivalent to 28% of material C added, but the increase in soil C was nearly the same (27%
of added C) at the end of the nine-year residual period, suggesting soil C stabilization.
By contrast, other studies reported between 25% and 40% of soil organic C losses within
10 years after repeated sewage sludge application for 6 to 11 years [14–16]. In this study,
by using a linear function of soil total C data versus time after PB cessation at 0, 3, 6,
and 9 years for each PB rate treatment (before C stabilization occurring at 9.5 years), we
estimated that for the 60 Mg PB·ha−1 rate, which summed 70 Mg C·ha−1 for the total
period of application, net soil C losses reached 0.57 g·kg−1 per year (Figure 3).
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Figure 3. Soil total C losses per year from 2008 to 2017 in the paper mill biosolids (PB)-amended plots
as a function of the total amount of organic C applied by each treatment in 2000–2008 which totalled,
respectively, 0, 35, 70, and 86 Mg·ha−1 for each PB rate [29].
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3.2. Soil NO3-N

Soil NO3-N concentrations at harvest were increased by the residual PB rate, notably
when long-season crops were grown, such as grain corn in 2011 and soybean in 2014, or
when grain yields were low, as in 2017 with winter wheat (Figure 4) [28]. However, the
increases over the control in those years were much smaller, averaging 2.0 mg·kg−1 for
the 90 Mg·ha−1 rate, which were nine times lower that the levels found in the years of PB
application [29]. Considering the benefits in plant N accumulation for the first years after
cessation [28], it is not expected that PB would cause large environmental NO3-N leaching
losses in residual years. Cogger et al. [13] observed a rapid decline in fall NO3-N levels
with municipal biosolids, which reached the level of zero-N treatment three years after
application cessation.
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Figure 4. Residual effects of paper mill biosolids (PB) application on the soil NO3-N concentrations
in the 0 to 30 cm layer at crop harvest. Asterisks indicate significant differences at p = 0.05 between
the 90 Mg ha−1 rate and the control except in 2013 (60 Mg ha−1 rate vs. control).

3.3. Soil Available P, K, and Ca

Soil available P, as determined by the Mehlich-3 extraction, was significantly increased
by the PB rate at the third and ninth residual years but not thereafter (Table 2). This increase
in soil P translated into higher crop P accumulation up to five years after PB cessation [28].
This meant that PB constituted an efficient source of P for plants and recycled P for a
period surpassing the years of application, which has to be considered in fertilizer P
recommendations [40]. Cogger et al. [13] found small changes in soil Bray-1 P even nine
years after municipal biosolids cessation.

Past liming material application generally increased soil Mehlich-3 P in residual years
except 2021 (Table 2). This was related to the increased soil pH, mobilization of P following
labile organic carbon added from previous PB, and also a supply of P from WA [3,41,42].
Soil pH exerts an effect on P availability through increasing competition of OH- with PO4

3−
ions for binding sites, stimulating microbial activity at neutral pH, and complexing P
(precipitation/sorption) with Ca, Fe, and Al ions [43,44].

Soil Mehlich-3 K was not affected by PB in residual years (data not shown) as it was in
the years of application [29], indicating that this material was a poor source of K for crops.
However, WA increased soil Mehlich-3 K three years after cessation (+43 mg·kg−1 when
30 Mg PB·ha−1 received WA) but not thereafter. This material comprises large concentra-
tions of highly bioavailable K [3,41,45]. Upon crop uptake and likely leaching due to the
low binding of K to soil particles, this study indicated that the soil Mehlich-3 K increase
was relatively short-lived after cessation of WA [46].
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The CL and LM treatments still had significant effects on soil Mehlich-3 Ca in residual
years, followed by WA (Table 2). The high contribution of added Ca from CL and LM to
soil Mehlich-3 Ca was reported during incubation (82% and 97%, respectively), whereas
it was 68% for WA [41]. Despite PB decay and without addition of fresh amendment, our
study showed a stability in Ca availability in residual years.

Table 2. Effect of residual application of paper mill biosolids and alkaline materials on the soil
Mehlich-3-extractable P and Ca in the 0 to 30 cm layer.

Treatment
Mehlich-3 P (mg·kg−1) Mehlich-3 Ca (mg·kg−1)

2011 2014 2017 2021 2011 2014 2017 2021

Control (0N) 69 b 75 b 66 c 65 a 1095 d 1256 c 1097 c 1123 c
PB 30 Mg·ha−1 71 b 77 b 68 c 62 a 1224 cd 1302 c 1161 c 1230 bc
PB 60 Mg·ha−1 92 ab 81 ab 75 bc 69 a 1279 cd 1430 c 1285 bc 1384 bc
PB 90 Mg·ha−1 101 a 94 ab 97 ab 78 a 1251 cd 1403 c 1275 bc 1283 bc

PB 30 Mg + 3 Mg LM ha−1 102 a 113 a 107 a 89 a 1738 ab 1912 ab 1710 a 1738 a
PB 30 Mg + 3 Mg WA ha−1 94 ab 86 ab 85 abc 68 a 1481 bc 1597 bc 1422 b 1393 b
PB 30 Mg + 3 Mg CL ha−1 90 ab 103 ab 91 abc 83 a 1788 a 1995 a 1774 a 1813 a

LSD (5%) 26 32 26 28 273 318 230 242

Treatment
Statistical analysis (F-value)

2.1 1.5 2.6 * 0.9 6.9 *** 6.0 *** 9.2 *** 8.0 ***

Contrasts
PB—linear 7.7 * 1.5 5.3 * 0.9 1.4 1.2 3.0 2.6

PB vs. PB + liming 6.0 * 3.6 6.3 * 2.7 17.4 *** 18.3 *** 27.8 *** 19.5 ***
CL vs. LM + WA 0.6 0.1 0.2 0.1 2.5 3.3 4.8 * 6.1 *

LM vs. WA 0.4 3.0 3.1 2.6 3.8 4.3 6.8 * 8.9 **

PB, paper mill biosolids; LM, lime mud; WA, wood ash; CL, calcitic lime. The years 2011, 2014, 2017, and 2021
correspond to 3, 6, 9, and 13 years after the end of material application. Statistical significance at 5%, 1%, and 0.1%
is denoted by *, **, and ***, respectively. Means within a column followed by the same lowercase letter are not
statistically significant at p = 0.05 according to an LSD test.

3.4. Soil Metal Availability

In the years of application, four metals (Cu, Zn, Cd, and Mo) were closely followed,
considering their total concentrations in the materials [26]. Copper was the least affected
metal. Although no significant effect was detected during the years of application [26], the
past PB rate induced a linear effect on Mehlich-3-extractable Cu in 2011 and 2014 and on
DTPA Cu in 2014 (Table 3). This meant that Cu was released into the soil in residual years
with PB decomposition, which can be attributed to Cu being most preferentially sorbed to
organic matter [47].

Soil Zn availability was largely increased by the PB rate in all residual years (Table 4).
Soil Zn further increased three years after the last repeated application (fall 2011) and then
sharply declined in the sixth year (fall 2014), with fewer variations thereafter (Figure 5A). Soil
Cd availability was also increased by the PB rate in residual years (Table 5), but unlike Zn, it
decreased soon after application ended and subsequently maintained a fairly constant level
throughout those years (Figure 5B). At the time of PB cessation (fall 2008), mean increases in
soil available Zn and Cd represented, respectively, 76 and 92% for Mehlich-3 extraction and 55
and 107% for DTPA extraction of the total amounts of each metal added during the years of
application. These percentages decreased in residual years to constitute around half the values
found in the final application year at the last sampling (36 and 49% for Mehlich-3 and 29 and
67% for DTPA). During the time of application, PB and soil interact to form sorbing sites that
retain metals in the soil [25]. Once PB application ceases, PB organic C continues to mineralize
at a slower rate, which releases adsorbed metals into the soil solution, but metals may also react
with oxides (Fe, Al, Mn) in PB and soil, rendering them less soluble and then less available to
plants [14,48]. Trace metals sorbed to oxide surfaces would remain sequestered for a longer
period than those complexed by organic C [49]. In this study, metals such as Zn were more
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available to plants in the earlier years after PB cessation than during the time of application,
likely due to the decomposition of PB, which was still quite significant (Figure 2) [50], and
the mobilization of metals by the dissolved organic C produced [51]. Organically bound
Zn fraction represented a significant pool in the PB-amended soil, contrarily to Cd [47].
Afterwards, the soil Zn availability was reduced, sorbed to inorganic and very recalcitrant
organic components in the soil–residual biosolids mixture [49].

Table 3. Effect of residual application of paper mill biosolids and alkaline materials on the soil-
available copper in the 0 to 30 cm layer.

Treatment
Mehlich-3 Cu (mg·kg−1) DTPA Cu (mg·kg−1)

2011 2014 2017 2021 2011 2014 2017

Control (0N) 3.1 c 4.7 bc 5.2 a 4.5 a 7.1 b 4.7 bc 5.1 a
PB 30 Mg·ha−1 4.1 abc 4.5 c 4.9 a 4.6 a 7.7 ab 4.4 bc 4.8 a
PB 60 Mg·ha−1 5.0 a 5.1 bc 5.4 a 5.3 a 9.0 a 4.7 b 5.0 a
PB 90 Mg·ha−1 4.3 ab 5.5 a 5.5 a 4.8 a 8.1 ab 5.6 a 5.1 a

PB 30 Mg + 3 Mg LM ha−1 4.1 abc 5.4 ab 5.4 a 5.3 a 7.6 ab 4.4 bc 4.8 a
PB 30 Mg + 3 Mg WA ha−1 4.4 ab 5.2 bc 5.4 a 4.8 a 8.1 ab 4.9 b 4.9 a
PB 30 Mg + 3 Mg CL ha−1 3.3 bc 4.6 bc 4.9 a 4.2 a 6.9 b 4.0 c 4.3 a

LSD (5%) 1.2 0.8 0.9 1.2 1.7 0.7 0.8

Treatment
Statistical analysis (F-value)

2.3 2.0 0.7 0.8 1.1 4.2 ** 1.0

Contrasts
PB—linear 6.5 * 6.3 * 1.3 0.7 2.5 10.1 ** 0.0

PB vs. PB + liming 0.2 3.5 1.1 0.2 0.1 0.0 0.2
CL vs. LM + WA 3.4 4.0 1.8 2.8 1.7 4.5 * 2.7

LM vs. WA 0.4 0.4 0.0 0.7 0.3 2.2 0.1

PB, paper mill biosolids; LM, lime mud; WA, wood ash; CL, calcitic lime. The years 2011, 2014, 2017, and 2021
correspond to 3, 6, 9, and 13 years after materials application ending. Statistical significance at 5% and 1% denoted
by * and **, respectively. Means within a column followed by the same lowercase letter are not statistically
significant at p = 0.05 according to an LSD test.

Table 4. Effect of residual application of paper mill biosolids and alkaline materials on the soil
available zinc in the 0 to 30 cm layer.

Treatment
Mehlich-3 Zn (mg·kg−1) DTPA Zn (mg·kg−1)

2011 2014 2017 2021 2011 2014 2017

Control (0N) 6.4 bc 6.3 bc 5.6 bc 5.2 bc 4.0 bc 3.4 bcd 2.8 bc
PB 30 Mg·ha−1 5.9 bc 5.9 bc 5.5 bc 4.9 bc 3.9 bc 3.5 bc 2.8 bc
PB 60 Mg·ha−1 8.5 ab 7.1 ab 7.0 ab 5.5 bc 5.6 ab 4.1 b 3.6 ab
PB 90 Mg·ha−1 11.2 a 8.4 a 7.8 a 6.9 a 7.4 a 5.2 a 4.0 a

PB 30 Mg + 3 Mg LM ha−1 6.8 bc 6.9 abc 6.5 abc 6.0 ab 3.6 bc 3.4 bcd 2.9 bc
PB 30 Mg + 3 Mg WA ha−1 6.5 bc 5.8 bc 5.9 bc 4.9 bc 3.8 bc 3.0 cd 2.7 c
PB 30 Mg + 3 Mg CL ha−1 5.7 c 5.5 c 4.9 c 4.7 c 3.0 c 2.5 d 2.0 c

LSD (5%) 3.2 1.5 1.6 1.3 2.8 0.9 0.8

Treatment
Statistical analysis (F-value)

3.1 * 3.5 * 3.0 * 2.9 * 3.7 ** 7.1 *** 4.6 **

Contrasts
PB—linear 12.6 ** 10.5 ** 11.3 ** 8.4 ** 11.4 ** 19.6 *** 12.7 **

PB vs. PB + liming 0.2 0.1 0.3 0.3 0.5 2.0 0.8
CL vs. LM + WA 1.0 1.7 3.7 2.1 1.5 3.3 4.7 *

LM vs. WA 0.1 2.4 0.6 3.4 0.1 0.6 0.1

PB, paper mill biosolids; LM, lime mud; WA, wood ash; CL, calcitic lime. The years 2011, 2014, 2017, and 2021
correspond to 3, 6, 9, and 13 years after materials application ending. Statistical significance at 5%, 1%, and 0.1%
denoted by *, **, and ***, respectively. Means within a column followed by the same lowercase letter are not
statistically significant at p = 0.05 according to an LSD test.
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Figure 5. Direct (2008) and residual (2011, 2014, 2017, 2021) effects of paper mill biosolids application
on the soil Mehlich-3 Zn (A) and Cd (B) concentrations in the 0 to 30 cm layer. Vertical bars represent
the LSD (5%). Different letters within a sampling date represent difference at p = 0.05 according to an
LSD test. Data for 2008 come from [26].

Past addition of CL decreased the soil-available Cd and, to a lesser extent, the soil-
available Zn in residual years (Tables 4 and 5). Their concentrations in the amended
soil were similar or slightly lower than those in the unamended control after application
cessation. This was related to the long-term positive effect of CL on soil pH (Figure 1) [32],
low cumulative metal supply, and lower labile extracted fractions in this treatment [47]. It
was reported that the soil pH variations induced by the addition of sewage sludge and
liming were a dominant factor in metal solubility [52].

Soil water-soluble Mo responded positively to liming materials in all residual years,
but we observed a general decline, from 4 to 6 μg·kg−1 over the 30 Mg PB ha−1 rate
applied alone at the last year of application, to 3 to 5 μg·kg−1 after three residual years,
and 1–2 μg·kg−1 after nine residual years (Figure 6). Even at these low concentrations,
increased soil Mo related to past liming addition induced substantial Mo concentrations
in soybean grains [28]. For all the duration of the residual years, CL treatment provided
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the highest soil Mo concentrations. In this study, a regression analysis indicated that at a
pH > 6.2, there is a steady increase in soil water-soluble Mo (Figure 7). O’Connor et al. [53]
reported that Mo sorption becomes negligible above pH 6. Moreover, following addition of
liming materials, the sorptivity of Mo in acidic soils is partially reversible due to the high
solubility of Al-molybdate [54].

Soil water-soluble Mo did not respond to the PB rate in residual years (data not shown)
as it did in application years [26]. Previous studies with municipal biosolids, which were
richer in Mo than PB, indicated only a small effect on soil Mo sorption due to the presence
of Fe and Al oxides but a change in soil pH that can affect Mo retention and release [55].

Table 5. Effect of residual application of paper mill biosolids and alkaline materials on the soil
available cadmium in the 0 to 30 cm layer.

Treatment
Mehlich-3 Cd (mg·kg−1) DTPA Cd (mg· kg−1)

2011 2014 2017 2021 2011 2014 2017

Control (0N) 0.057 bc 0.069 c 0.068 c 0.067 b 0.071 bc 0.061 bc 0.063 bc
PB 30 Mg·ha−1 0.073 ab 0.074 bc 0.081 ab 0.073 ab 0.082 ab 0.073 ab 0.075 ab
PB 60 Mg·ha−1 0.082 a 0.084 ab 0.089 a 0.083 a 0.090 a 0.076 a 0.078 a
PB 90 Mg·ha−1 0.083 a 0.083 ab 0.088 a 0.084 a 0.096 a 0.080 a 0.083 a

PB 30 Mg + 3 Mg LM ha−1 0.069 abc 0.090 a 0.084 ab 0.082 a 0.072 bc 0.068 ab 0.071 abc
PB 30 Mg + 3 Mg WA ha−1 0.070 abc 0.073 c 0.082 ab 0.078 ab 0.069 bc 0.062 bc 0.070 abc
PB 30 Mg + 3 Mg CL ha−1 0.053 c 0.065 c 0.075 bc 0.076 ab 0.059 c 0.054 c 0.059 c

LSD (5%) 0.019 0.010 0.011 0.011 0.017 0.013 0.013

Treatment
Statistical analysis (F-value)

2.9 * 6.1 *** 3.4 * 2.3 4.6 ** 4.6 ** 3.1 *

Contrasts
PB—linear 8.9 ** 11.3 ** 16.8 *** 11.6 ** 10.3 ** 10.3 ** 10.2 **

PB vs. PB + liming 1.6 0.3 0.0 1.5 5.0 * 5.5 * 2.8
CL vs. LM + WA 4.5 * 14.9 *** 3.1 0.6 2.5 4.8 * 4.6 *

LM vs. WA 0.0 12.6 ** 0.2 0.7 0.2 1.2 0.0

PB, paper mill biosolids; LM, lime mud; WA, wood ash; CL, calcitic lime. The years 2011, 2014, 2017, and 2021
correspond to 3, 6, 9, and 13 years after the end of material application. Statistical significance at 5%, 1%, and 0.1%
is denoted by *, **, and ***, respectively. Means within a column followed by the same lowercase letter are not
statistically significant at p = 0.05 according to an LSD test.
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Figure 6. Direct (2008) and residual (2011, 2014, 2017) effects of liming materials application on the
soil water-extractable Mo concentrations in the 0 to 30 cm layer. Vertical bars represent the LSD (5%).
Different letters within a sampling date represent difference at p = 0.05 according to an LSD test. Data
for 2008 come from [26].
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Figure 7. Relationship between soil pH and soil water-extractable Mo content for all treatments (PB
rates and PB + liming materials) across time samplings.

4. Conclusions

This study aimed to determine the residual effects, over a thirteen-year period, of nine
consecutive years of application of PB and liming materials on main soil properties and
metal availability. During this period, soil pH was higher in past amended CL and LM
plots, but gradually declined over time to represent 0.3–0.6 units over the untreated control
at the end of the study. The past PB addition continued to improve soil total C, but its effect
also declined to stabilize at around 15% of total added organic C after six years. Past PB
rate also increased soil NO3-N, but the contribution was negligible, indicating a low risk
of leaching. Soil Mehlich-3 P and K decreased in residual years to be not significant at the
end of the study, while liming materials continued to positively affect Mehlich-3 Ca. Three
years after cessation, the availability of Cu and Zn increased due to PB decomposition
and then decreased thereafter. Conversely, the availability of Cd diminished soon after
PB cessation. By the end of the residual study, the availability of Zn and Cd reached half
the values of those at the end of the material application year, while no more effects were
detected for the availability of Cu. For its part, the level of soil water-soluble Mo decreased
as the soil pH dropped back towards the control value. Therefore, our study indicated that
land application of PB and forest liming by-products promoted soil properties up to 9 years
after treatments ceased without increasing the metal availability.
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Abstract: Agriculture faces a significant challenge in maintaining crop production to meet the calorie
demand of the ever-growing population because of limited arable land and climate change. This
enforces a search for alternative multifarious agricultural-based solutions to meet the calorie demand.
In search of alternatives, agricultural soil management has been highlighted and is expected to
contribute to climate change mitigation through soil carbon sequestration and reduce greenhouse
gas emissions through effective agricultural management practices. The addition of biochar to the
soil significantly improves the soil nitrogen status, soil organic carbon, and phosphorus, with greater
effects under the different tillage systems. This symbiosis association could further change the
bacterial structure in the deeper soil layer which thus would be important to enhancing productivity,
particularly in vertisols. Biochar also has an environmental risk and negative consequences. Heavy
metals could be present in the final food products if we use contaminated raw materials to prepare
biochar. However, there is a need to investigate biochar application under different climatic conditions,
seasons, soil tillage systems, and crop types. These indicate that the positive effect of proper biochar
fertilization on the physiology, yield formation, nutrient uptake, and soil health indicators substantiate
the need to include biochar in the form of nutrients in the crop production sector, especially in light
of the changing climate and soil tillage systems.

Keywords: biochar; carbon sequestration; conservation tillage; conventional tillage; greenhouse gases

1. Introduction

In agriculture, crop production is a prominent sector intended to ensure food security,
enhance food self-sufficiency, and supply input for different industries worldwide. How-
ever, there is a need to enhance the productivity of the crop production sector to satisfy the
calorie demand of the world’s ever-increasing population. Hence, to meet this demand,
the producers should keep in mind the soil health of where the crops are grown and the
environment in which the living things survive, since soil management is an important
aspect affecting the functionality of the soil [1–3]. However, these aims have been hampered
due to improper agronomic management practices and environmental degradation. It has
been observed that the degradation of soil, due to the loss of soil carbon (C) and nitrogen
(N) pools, is decreasing crop productivity and intimidating food security [1]. Tillage is
one of the critical components of agricultural systems and practices, commonly working
internationally in croplands to reduce climatic and soil restrictions, even though sustaining
several ecosystem services is an issue [4]. This practice can affect several soil-mediated
processes, such as soil carbon sequestration (SCS) or depletion, water pollution, and green-
house gas (CO2, CH4, and N2O) emissions [4]. Maximum and intensive tillage without
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proper residues and crop nutrient management practices is among the reasons for the loss
of soil C and N pools and the decreased productivity and quality of the crops [1].

In addition to tillage’s effect on the soil nutrient status, it can also further influence
N2O emissions by affecting the nitrification and denitrification processes, influence CH4
emissions by affecting methanotrophs [5], and impact the quantity and composition of the
soil organic matter [6]. Increments of N2O and CH4 are greenhouse gases with a global
warming potential of approximately 300 and 30 times that of CO2 [7,8]. However, both
CH4 and N2O emissions could be counterbalanced through the positive benefits gained by
soil carbon sequestration practices. Hence, enhancing soil organic carbon through proper
implementation of agronomic crop management practices is very important to increasing
organic matter inputs into the soil, reducing the decomposition of soil organic matter, and
oxidizing soil organic carbon; each of these, or a combination of them, act as an alternative
agronomic practice for a sustainable agriculture production system designed to enhance
overall crop productivity [9,10].

A number of agronomic practices, such as biochar application, have been previously
proposed to be aimed at mitigating greenhouse gas emission and simultaneously improv-
ing the yield and quality of crops. Biochar is fine-grained charcoal made up of a stable
carbon-based material and applied to soils to realize the net carbon sequestration, which
is encouraged principally for balancing the effect of climate change and maintaining the
soil fertility status to improve the yield of the crops [1]. It can be prepared from organic
materials, including paper mill sludge, crop and forestry residues, and poultry waste. The
adoption of biochar is gaining growing attention as a sustainable technique that helps im-
prove soil fertility in weathered and degraded soils [11]. It consists of a stable C compound
produced via pyrolysis and gasification [12,13]. Biochar mainly subsidizes the stable SOC
pool, although fresh crop residues add to the more bio-accessible fraction of the soil C
reserve. This is why the decomposition of biochar proceeds naturally at a rate that is 10
to 100 times slower than uncharred biomass [12,14]. Therefore, our hypothesis is that the
combination of a soil tillage system and biochar application can have a symbiotic effect on
soil carbon sequestration and crop production. Specifically, the effects of each practice may
be enhanced by the other, resulting in greater benefits than if they were used independently.
For example, the use of biochar can mitigate the negative effects of tillage on soil structure,
while the use of tillage can increase the availability of nutrients for plant growth. Hence,
the objective of the review is to illustrate the independent and symbiotic effect of soil tillage
systems and biochar on crop production, carbon sequestration, and other soil properties.

2. Materials and Methods

Several techniques were implemented to assure a high-quality literature review. The
first step was selecting the topic or the title and placing the subtitles under the main topic.
This review paper’s subtitles include ‘the effect of conventional tillage systems on crop
production’, ‘the effect of conservation tillage systems on crop production’, ‘carbon seques-
tration as influenced by those tillage systems and the role of biochar for crop production’,
‘the effect of biochar in the environment’, and ‘soil carbon sequestration’. Then, based on
the selected titles, the second step was collecting different scientific articles from different
sources, such as Google® Scholar, PubMed, ResearchGate, Web of Science, and Scopus.
Thirdly, the selected articles were organized based on their relevancy and latest publication
year. Following thorough reading of the selected articles, a review was composed based on
the ideas that were relevant to the topics. Only English-language articles were taken into
consideration for this review.

3. Overview of Soil Tillage System and Its Role in Agriculture

Identification of an environmentally friendly and crop-yield-sustaining tillage strat-
egy is required to remedy the growing concern for food security through enhanced soil
management practices [15]. The mechanical alteration of soil for crop production, also
known as tillage, has dramatically changed soil properties, including soil temperature,
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infiltration, and evapotranspiration. This intentional soil disturbance during tillage causes
an impact on the ecosystem and the growing of crops [15,16]. It is an important component
of agricultural technology [17–20] because it alters the primary soil layer’s root zone, the
soil is nourished with mineral or organic fertilizer and plant leftovers, and a good seedbed
is made [20,21]. Soil tillage is a crop production factor contributing up to 20% [22,23] and
affecting the sustainable use of soil resources through its influence on the physical and
chemical properties of soil [24]. This indicates that tillage is a fundamental crop produc-
tion practice that emphasizes forming a good seedbed for germination and subsequent
plant growth; there are changes in the soil bulk density and resistance, improving soil
aeration and providing ideal conditions for plant life. Hence, based on this information,
our intentions are concerned with conservation tillage and the conventional tillage systems
as follows.

3.1. Effect of Conservation Tillage on Soil Properties

Conservation tillage can be defined as a crop management strategy that leaves at
least 30% of the crop residue on the soil’s surface after planting to prevent soil erosion by
water [25]. Conservation tillage systems are a part of the practice of managing agricultural
leftovers on the soil’s surface with minimum or no tillage. The techniques are also referred
to as direct drill, stubble mulching, eco-fallow, restricted tillage, reduced tillage, minimum
tillage, and no tillage. These approaches to plant residue management have three main
objectives: lowering energy use, saving soil and water, and often leaving enough plant
residue on the soil’s surface to minimize wind and water erosion [26]. It is worth men-
tioning that conservation tillage also has the potential to reduce the negative effects of soil
disturbance and nutrient loss, which arise due to erosion, increased rainfall infiltration,
reduced subsurface compaction, and maximized soil organic carbon (SOC) accumulation,
with this mitigation positively affecting many soils’ physical and chemical properties [27].

The magnitude and the level of influence of conservation tillage practices on soil
nutrient status have been observed as divergent, according to a given set of environmental
conditions. In an environment where wind erosion is an issue, conservation tillage refers to
any strategy that keeps at least 1000 pounds per acre of crop residue from small grains on
the surface during the crucial erosion period [28]. It has been observed that conservational
tillage practices can also attain the highest organic matter accumulation, result in the
maximum root mass density (0–15 cm soil depth), and improve the physical and chemical
properties of the soil. However, bulk densities were reduced due to the tillage practices,
having the highest reduction of these properties and the highest increase of porosity and
field capacity, particularly at zero tillage. Zero tillage with 20% residue retention, is suitable
for soil health and attaining the optimum yield [23]. According to [1], conservation tillage
with proper nutrient management and crop residues improves rice yield by 51.1–52.2%.
This indicates that conservation tillage contributes significantly to improving grain yield
compared to conventional tillage. On the other hand, the no-tillage system can also
provide several benefits, including enabling the growers to manage more significant areas
of cropland with less total input [29], reducing the soil erosion caused by wind and water,
and enabling the accretion of soil organic carbon (SOC) and an improved soil structure [30].
Although the no-tillage system provides all of the aforementioned benefits, there are some
concerns about the long-term sustainability due to the accumulation of herbicide-resistant
(HR) weed populations, compacted soil, soil cracks, and varmint (Taxidea taxus) holes
causing a rough surface for field operations; the stratification of pH, nutrients, and SOC in
the first few cm of the soil profile are additionally problematic [31]. These conditions can
lead to a decrease in the plant’s ability to supply and absorb nutrients as well as an increased
risk of nitrogen (N) and phosphorus (P) losses in surface runoff to the environment [32].

In comparison with conventional tillage, conservation tillage, such as no-tillage or
reduced tillage measures, tends to increase the soil’s moisture-holding capacity and improve
water permeability. Although the soil is susceptible to wind and water erosion [4], the
application of minimal tillage systems increases the organic matter content from 0.8% to
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22.1% and the stable aggregate content in the water from 1.3% to 13.6%, at 0 to 30 cm
deep, compared to the conventional tillage system [33]. This effect could further affect
soil water purification and retention functions, particularly under no-tillage conditions [3].
Similarly, two studies [34,35] reported that conservation tillage, such as no tillage and
reduced tillage, increases soil organic matter and total soil nitrogen by 18.7% [36,37] and
the reverse is true in conventional soil tillage systems (Table 1); (Figures 1 and 2). This
indicates that conservation tillage is very important for improving soil productivity, and
ultimately, crop yield.

Table 1. Effect of soil tillage systems on soil organic matter and soil bulk density.

Tillage Techniques
0–8 cm 8–30 cm 30–40 cm

OM Bd OM Bd OM Bd

DS 1.99 a 1.29 f 1.72 bcd 1.47 b 1.61 cd 1.52 a

MT 1.82 b 1.33 e 1.54 d 1.45 bc 1.24 e 1.51 a

CT 1.79 bc 1.39 d 0.76 f 1.41 cd 1.24 e 1.51 a

NB: DS = Direct sowing, MT = Minimum Tillage, CT = Conventional Tillage, OM = Organic Matter, Bd = Bulk
density, letters a, b, c, d, e, f = the significant difference of tillage techniques on organic matter and bulk density [35].

Figure 1. The total nitrogen content in the 0–25 cm soil layer, depending on the soil tillage system
(average Agriculture of 2014–2016), were CT: Conventional Tillage, RT: Reduced Tillage, NT: Non-
Tillage, *: level of significance difference [37].

3.2. Effect of Conservation Tillage on Crop Production

Conservation tillage is a farming practice that aims to minimize soil disturbance during
planting, thereby reducing erosion and maintaining soil structure and fertility. One of the
primary benefits of conservation tillage is the increased crop productivity. By reducing soil
disturbance, conservation tillage helps to maintain the structure of the soil, which allows
for better water infiltration and retention. This, in turn, leads to improved soil fertility
and nutrient availability, which can result in increased crop yields. Numerous studies
have examined the effect of conservation tillage on crop productivity and production. For
instance, one study [38] found that conservation tillage practices, such as no till and reduced
tillage, can increase crop yields by 10–20% compared to conventional tillage methods.
Similarly, a meta-analysis [39] revealed that conservation tillage practices increased crop
yields by 4.6% on average across different crops and regions. Moreover, a study conducted
in the United States found that conservation tillage practices increased corn and soybean
yields by up to 3.3% and 0.74%, respectively, compared to conventional tillage methods [40].
However, the effect of conservation tillage on crop productivity and production may vary
depending on soil type, climate, crop type, and management practices. For instance,
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A meta-analysis of 63 worldwide studies found that conservation tillage increased cereal
crop yields but had no discernable effect on legume crop yields [41].

Figure 2. The effect of different soil tillage systems on soil organic Carbone (SOC), total soil nitrogen
(TSN), and C: N ratio; NT = No tillage, RT = Reduced tillage, and CT = Conventional tillage [36].

In addition to increasing crop productivity, another benefit of conservation tillage is
that it can reduce the need for herbicides and other chemicals. By maintaining a permanent
soil cover, conservation tillage helps to suppress weed growth, which can reduce the need
for herbicides. For instance, a study conducted in Australia found that conservation tillage
resulted in lower herbicide use and reduced weed pressure, compared to conventional
tillage methods [42].

3.3. Effect of Conventional Tillage on Crop Production

Conventional tillage refers to practices considered standard for a specific location and
set of crops with the primary intention to bury crop residues. It refers to plowing (inverting
the soil) followed by secondary tillage activities, such as tilling and harrowing [43]. This
practice is usually considered the basis for determining the cost-effectiveness of erosion
control measures [44]. Conventional tillage is used for turning and plowing a deep layer of
soil, combining and destroying plant debris, exposing soil pests to the sun to control them,
demolition, and ground leveling; this kind of tillage causes excessive soil fragmentation,
collapse, and compaction.

On the contrary, conventional tillage also leads to erosion, run-off, impoverishment,
and drying out of the land [35]. This could affect soil organic matter and soil bulk density
at different soil depths. For instance, as presented in Table 1, the soil organic matter is
significantly affected by the conventional tillage system compared to direct seeding and
minimum soil tillage systems [34,35]. This implies that a conventional tillage system could
affect crop yield and soil productivity, mainly through the decline of soil organic matter
status. In addition, under conventional tillage practice, the soil organic carbon and total
nitrogen levels were the lowest, leading to the highest C: N ratio (Figure 2).

The conventional soil tillage system affects not only the production and productivity
of crop yields but also the total cost of technology implementation during crop implanta-
tion [45]. This means that the cost of fuel consumption, the cost of mechanized services,
and the time taken to plow the land require maximum costs compared to the conservation
soil tillage system.
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3.4. Effect of Soil Tillage System on Soil Carbon Sequestration

It is internationally accepted that global climate changes result from human interven-
tion in the biogeochemical cycles of water and materials, and soil carbon sequestration
practices are considered necessary interventions intended to limit these changes [3]. Soil
organic carbon (SOC) plays a significant role in agricultural ecosystems, including soil
fertility, soil tilth, nutrient cycling, soil sustainability, and crop productivity, by influencing
the physical, chemical, and biological aspects of the soil [46–49]. Soil organic carbon storage
in soil-crop ecosystems represents the net balance between the soil carbon breakdown
processes brought on by microbial oxidation and the continuous carbon (C) accumulation
caused by inputs of crop biomass [49–51]. A positive imbalance results in soil carbon seques-
tration when carbon dioxide inputs to the soil outweigh carbon dioxide outflow [52–54]. By
changing the quantity and quality of crop residues in the soil, the microbial dynamics, and
the supply of nutrients, soil and crop management practices (such as tillage, crop type and
variety, rotation, chemical fertilizer application, and manure application) could significantly
affect the soil organic carbon of cultivated land [46,49,50,55].

Applying agricultural practices to increase organic carbon (SOC) content in the soil
is part of a “climate-smart” agricultural approach that sequesters CO2 from the atmo-
sphere [56]. In addition to significantly impacting soil health and agricultural production,
the loss of SOC exacerbates climate change. When the soil organic matter (SOM) breaks
down, carbon-based greenhouse gases are released into the atmosphere. If this happens at
too high a rate, the soil could be contributing to our planet’s warming. On the other hand,
many soils have the potential to increase their soil organic carbon (SOC) stocks, thereby
mitigating climate change by reducing atmospheric CO2 concentrations [57]. The choice
of cropping system in farming has a powerful effect on soil health, crop yield, and the
broader environment. Conservation tillage with non-inversion techniques will save soil
carbon, reduce erosion risk, and enhance soil quality. In addition, it has been demonstrated
that conservation tillage sequesters more carbon and total soil nitrogen than conventional
tillage (Figure 2).

Stable, well-structured topsoil developed by long-term conservation farming leads
to more energy-efficient systems by reducing the energy requirements for farming [58].
Among the significant agricultural strategies, soil organic carbon sequestration is promi-
nent in mitigating greenhouse gas (GHG) emissions, food security enhancement, and
agricultural sustainability improvement [59]. According to [12,54] one description, a key
carbon sequestration strategy to enhance food security and agricultural sustainability im-
provement includes (i) restoration of degraded soil through conversion to agricultural
land; (ii) application of recommended management practices, such as conservation tillage
agriculture, organic farming using manure, and compost; and (iii) using biochar as a
soil improver.

4. General Overview of Biochar in Agriculture

Biochar is a type of charcoal that is produced through the thermal decomposition of
organic material in the absence of oxygen, a process known as pyrolysis [13]. It is also
a multifunctional carbon substance, which is used to solve soil fertility and climate change
issues [60]. It is considered a novel soil treatment and carbon sequestration pathway that
has improved soil structure and ecosystems function due to its complex physical and
chemical properties [61]. Due to its importance, the effect of biochar on carbon emissions
and sequestration has attracted much attention in recent years. However, additional
research on the implications of biochar from an atmospheric-food perspective is required.
Biochar has received widespread attention as a viable solution to solving the problems
of food security and climate change in agroecosystems, but many questions surround
this strategy’s potential influence on crop productivity, soil carbon sequestration, and
global warming [62]. The application of biochar offers greater advantages regarding soil
properties and crop yields in degraded tropical soils compared to those in temperate
regions [63,64]. It also improved crop yields more markedly in nutrient-poor and infertile
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soils than in healthy and fertile soils [65]. Biochar production can enhance biochar’s carbon
sequestration potential by up to 45% [66]. Another study described that biochar has the
potential to capture and store between 0.6 and 11.9 gigatons of carbon dioxide annually,
with the primary determining factor being the accessibility of biomass resources for the
production of biochar [67] (Figure 3). Additionally, studies have found that the potential
for GHG mitigation from biochar increases over time. Specifically, the studies estimate
that by 2030, biochar could mitigate between 1 and 1.8 billion metric tons of CO2 per
year [14,68–70]. By 2050, this potential increases to between 1.8 and 4.8 billion metric
tons of CO2 per year [71–73], and by 2100, the range is estimated to be between 2.6 and
4.8 billion metric tons of CO2 per year [74]. These estimates suggest that biochar has the
potential to be an important tool for mitigating GHG emissions and addressing climate
change, especially as its use is scaled up over time. Due to its high stability and large-scale
production potential, the application of biochar has a high potential for long-term SOC
sequestration and is limited only by the available biomass [75–79].

 
Figure 3. Costs and carbon sequestration potentials for biochar. Estimates and ranges at the top and
bottom end of the distribution are labeled; the data can be further explored in our online supporting
material available at https://mcc-apsis.github.io/NETs-review/ accessed on 22 May 2018 [67].

4.1. Making, Production, Processing, and Digestion of Biochar

The production, processing, making, and digestion of biochar offer a wide range
of opportunities for sustainable agriculture, waste management, and energy production.
However, it is important to carefully consider the feedstocks, processing methods, and
application rates of biochar to ensure its effectiveness and minimize any negative impacts
on the environment (Table 2).
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Table 2. Short Summary of Making, Production, Processing, and Digestion of Biochar.

Process Description Reference

Making

Biochar can be made from a wide range of feedstocks, including agricultural residues, forestry
wastes, and even municipal solid waste. The choice of feedstock and pyrolysis conditions affects
the properties of the biochar and its suitability for different applications. For example, biochar
made from hardwoods may have a higher carbon content and be more stable than biochar made
from softwoods.

[80,81]

Production

Biochar is produced through the process of pyrolysis, which involves heating biomass in the
absence of oxygen. This process converts the biomass into a carbon-rich material that is resistant
to decomposition. The temperature of pyrolysis affects the properties of the biochar, such as its
porosity and surface area.

[13]

Processing
After biochar is produced, it can be processed to improve its properties for specific applications.
This may involve crushing, sieving, or adding amendments to the biochar. For example, biochar
can be impregnated with nutrients to make it more effective as a soil amendment.

[82]

Digestion

Biochar can be used as a feedstock for anaerobic digestion, a process that converts organic matter
into biogas. When biochar is added to an anaerobic digester, it can improve the performance of
the system by providing a surface for bacterial growth and removing inhibitory substances from
the digester.

[83]

4.2. Effect of Biochar on Soil Properties

Biochar is a type of charcoal that is created by heating organic materials, such as wood,
agricultural waste, and other types of biomasses in the absence of oxygen. The resulting
material is rich in carbon and is used to improve soil fertility, water retention, and carbon
sequestration. Biochar has been found to improve soil structure by increasing the amount
of pore space and reducing soil compaction. This allows water to penetrate deeper into
the soil, reducing runoff and increasing water retention. In one study [84], the addition
of biochar to soil increased the water-holding capacity by up to 18% compared to control
soils. It has been also used to increase the nutrient use efficiency of plants. For instance,
another study [85] revealed that biochar increased the utilization efficiency of nitrogen
(NUF), phosphorus (PUE), and potassium (KUE) in quinoa plants and could be utilized as
an organic fertilizer for crops [86]. Additionally, according to another study [87], biochar
application has a positive effect on soil properties, as evidenced by an increase of 1.5 times
Mn in soil and 1.4 times total organic carbon, as well as the neutrality observed in soil pH
and the availability of P and cations, total N, and other extractable soil nutrients other than
Mn during a two-year trial in Idaho, United States. In connection with this, an optimistic
effect was detected when biochar was applied throughout three consecutive years of field
trials: a minor increase in soil pH and increased potassium nutrient levels [88]. Moreover,
a positive effect was also observed on soil pH, P, available SOC, hydraulic conductivity,
water-holding capacity, N content, NH4 + -N and NO3-N in soil, soil microbial enhancement,
and enzyme activity through the use of biochar during a 5-year field trial in the subtropical
region of Jianxi, China [89]. These studies suggest that a biochar amendment is a practical
approach to improving soil structure, carbon content, soil availability, the efficiency of
nutrient use, and the influence on soil microbes.

The addition of biochar to soil has been shown to increase soil carbon sequestration,
which can help mitigate climate change. In a previous study [90], the addition of biochar
to soil increased carbon sequestration by up to 0.4 t C/ha/yr. Similarly, biochar signifi-
cantly improves soil quality, carbon sequestration, and greenhouse gas (CO2, N2O, CH4)
emission reduction [91,92]. In addition, other study demonstrated that applying biochar
might decrease soil nitrous oxide (N2O) emissions by 28%, with the total being depleted
to 60% [62,93–97]. Moreover, Biochar has been found to enhance soil microbial activity by
providing a habitat for beneficial microorganisms and improving soil nutrient availability.
According to one study [98], the addition of biochar to soil increased the activity of soil
microorganisms by up to 46%. Furthermore, it has unique adsorption and desorption mech-
anisms that control nutrient leaching [99] and can enhance plant productivity, particularly
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when coupled with other organic products, such as manure and compost; sewage sludge
can be used as a soil amendment [100]. In contrast, there has been a lot of diversity and
confusion in the results about the impact of biochar on crop output, soil organic carbon
(SOC), and greenhouse gas emissions [101]. This suggests that further research is needed
with other agronomic practices, such as soil tillage, to fully understand the effects of biochar
on agricultural systems.

The amount of biochar required to increase soil organic carbon stock depends on
various factors, including the frequency of application. Studies have shown that repeated
applications of biochar increase soil organic carbon stock more than a single application.
For example, some studies have found that one application of biochar can increase the
soil organic carbon pool by 26%, while consecutive applications can increase it by an
average of 55% [79,102]. Moreover, different types of biochar have different effects on soil
properties [101]. The structural components of the raw materials used to produce biochar
can affect its ability to modify soil properties [103]. Therefore, it is essential to consider the
characteristics of the biochar before applying it to the soil.

4.3. Effect of Biochar on Crop Production and Crop Quality

Biochar has been shown to have beneficial effects on crop production and crop quality.
It has a high surface area and a porous structure, which allows it to absorb and retain
water and nutrients, and to provide a habitat for beneficial microorganisms. This can
lead to increased crop yields and improved crop quality. Several studies have reported
the positive effects of biochar on crop production. For instance, research conducted by
one researcher [94] found that improved crop productivity raised yields by an average of
11.0%. Another study [104] found that the addition of biochar to unfertilized soils at rates of
10 t ha−1 and 40 t ha−1 increased rice yields by 12% and 14%, respectively; rice yields
increased by 8.8% and 12.1% at the same rates of 10 t ha−1 ha and 40 t ha−1 in soils with
N fertilization, respectively. Similarly, it can increase plant productivity by an average
of 10%, due to the increased water-holding capacity and nutrient availability of the soil,
but the impact on yield can vary depending on factors such as soil type, environment,
and management conditions [61,90]. Furthermore, a study conducted in Brazil found
that biochar application increased soil pH and improved nutrient availability, resulting
in increased sugarcane yield and quality [105]. It can also alter the levels of available
nutrients in the soil, which can increase the plant’s ability to absorb carbon dioxide from
the atmosphere [106]. In addition to its effects on soil and nutrient availability, biochar can
also have direct effects on plant physiology and biochemistry, leading to improvements in
plant growth and health [107].

Biochar has also been shown to improve crop quality. For example, a study conducted
in Malaysia discovered that combining biochar with other soilless media boosted growth
and yield without harming the post-harvest quality of lowland cherry tomatoes [108]. In
addition to its effects on soil fertility and crop quality, biochar has also improved drought
tolerance in maize plants [109]. Overall, the use of biochar has shown promise as a tool for
improving crop production, crop quality, and disease suppression, while also potentially
contributing to climate change mitigation efforts.

4.4. Effect of Biochar on the Environment

Biochar has been touted as a potential tool for mitigating climate change by seques-
tering carbon in the soil, improving soil fertility, and reducing greenhouse gas emissions
from agricultural practices (Table 3). However, the environmental impact of biochar pro-
duction and use is not fully understood and requires further research. According to some
researchers [110,111], biochar may naturally contain pollutants that were either added by
the feedstock (such as heavy metals) or co-produced during (improper) pyrolysis (such as
polycyclic aromatic hydrocarbons). This leads to increased soil acidity and the leaching of
heavy metals into the environment. Similarly, another study [13] found that biochar pro-
duced from feedstocks with high concentrations of heavy metals, such as chicken manure,
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could potentially lead to increased concentrations of heavy metals in the soil and water. In
general, further research is needed to fully understand the environmental implications of
biochar production and use.

Table 3. Short Summary of General Effect of Biochar on Soil, Yield, and Environment.

Biochar Effect Reference

Improves soil fertility [98,112]
Increases crop yields [82,90]
Reduces greenhouse gas emissions [74,81]
Improves water retention [113,114]
Reduces soil erosion [113,114]
Enhances nutrient cycling [81,98]
Suppresses soil-borne pathogens [90,98]
Improves soil structure [112,114]
Reduces leaching of nutrients [105,115]
Reduces leaching of pollutants [116]
Improves plant growth and health [117,118]
Increases carbon sequestration [13,74]

4.5. Biochar Dose Optimization for Crop Yield and Cost

Biochar is a valuable soil amendment that can improve soil fertility, increase its
water-holding capacity, and reduce greenhouse gas emissions. However, the optimal dose
of biochar required for achieving maximum yield and cost-effectiveness is unclear and
depends on various factors, such as soil type, crop type, and biochar properties. Therefore,
building an optimization model can help determine the optimal dose of biochar required
for maximum yield and cost-effectiveness. Several studies have explored the relationship
between biochar dosage, yield, and cost indicators. For example, some researchers [119]
have determined the optimal biochar dose for sugar beet yield. They found and recommend
that the maximum yield was achieved at a biochar dose of 10 t ha−1 year−1 with minimum
production cost. Additionally, another researcher [120] found the dose of biochar needed
for the highest productivity and cost-effectiveness in maize yield. The study discovered
that adding 1% biochar resulted in a 22% increase in maize yield, which could generate
EUR 620 per hectare in revenue on a maize purchase price of EUR 117 per ton. However,
other factors, such as fluctuating costs, government subsidies, environmental restrictions,
and market demand, could also affect the economics of biochar production and application.
Moreover, a three-year agronomic trial was conducted with maize and mustard farming to
study the economic viability of biochar addition. The study found that the optimal dose was
determined to be 15 t ha−1 based on several considerations, including agronomical factors,
such as crop yield; economic factors, such as cost-benefit analysis; and environmental
factors, such as carbon sequestration [121].

5. Interactive Effects of Tillage System and Biochar Application on Soil and
Crop Productivity

Organic nutrient amendments and tillage systems have been frequently suggested
as critical aspects of food security under the changing climate, however, responsible
agronomic-based solutions should follow a food system and circular economy approaches.
The adaptation of minimum tillage in combination with organic amendments, including
biochar, may sustain the soil health indicators i.e., increase nitrogen status, soil organic
carbon, and phosphorus [122] to support crop growth and environmental sustainability
by reducing soil erosion and carbon emissions [123]. It is also worth mentioning that
a combined effect of biochar application and deep tillage has significantly decreased bulk
density, increased the air capacity of the soil, and enhanced the soil organic carbon content
and available phosphorus, which subsequently enhances the grain yield of crops [124,125].
Higher yield, soil organic matter, soil available nitrogen, phosphorus, and potassium have
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been also observed under conservation tillage compared with the conventional tillage
system [126].

However, the extent and magnitude of the combined effect of tillage and biochar
application on crop yield and soil health indicators was found to be inconsistent. For
instance, the application of biochar had a more profound effect on crop yield and the
productivity of the soil under reduced tillage than under other tillage operations [127].
Higher soil productivity under deep tillage could be due to an invert and a complete mixture
of the soil, which further turned the top soil layer into the deeper soil profile, and facilitated
the decomposition rate of biochar [128]. These techniques directly influence soil microbes by
adding nutrients and indirectly influence them by changing the soil characteristics [129,130].
On the other hand, biochar and conservation farming (CF), which incorporates basin tillage,
residue retention, and crop rotation, may assist in reducing the detrimental effects of
conventional agriculture [131]. This implies that there is a symbiotic relationship between
tillage practices and an exogenous application of biochar, although the magnitude and
level of influence of tillage practices rely on the soil and environmental conditions.

6. Conclusions

Agriculture is the backbone of the worldwide economy as it supports different crop
yields and animal products. To obtain the required amount and quality of crops, the soil
health and the environment should be sustained by undertaking different activities. Among
those actions, appropriate agronomic practices, such as proper soil tillage systems and
multifunctional use of nutrient application systems, have a significant role in increasing
the quality and productivity of the crop yield, improving soil health, and increasing en-
vironmental protection as well. Specifically, soil tillage is one of the critical components
of agricultural systems and practices, commonly working internationally in croplands to
reduce climatic and soil restrictions, even though sustaining several ecosystem services is
an issue. It is a crop production factor contributing up to 20% and affecting the sustainable
use of soil resources through its influence on the physical and chemical properties of soil.
The system of tillage is categorized into conservation tillage or conventional tillage systems.
Conservation tillage attains the highest organic matter accumulation, achieves the maxi-
mum root mass density (0–15 cm soil depth), improves physical and chemical properties of
the soil, sequesters more carbon, and can increase crop yields by 4.6% on average across dif-
ferent crops and regions compared to conventional tillage systems. In addition, biochar is a
multifunctional carbon substance, which is used to solve soil fertility and climate change
issues. It is considered a novel soil treatment and carbon sequestration pathway that has
improved soil structure and ecosystems function due to its complex physical and chemical
properties. The use of biochar can enhance soil fertility, reduce soil erosion, decrease soil
nitrous oxide (N2O) emissions by 28% (down to 60%), promote microbial activity, increase
carbon sequestration, and increase crop yields by 11% on average.

Therefore, it is clear that the soil tillage system and biochar application have a sym-
biotic and asymmetric relationship that can promote soil carbon sequestration, improve
soil properties, and improve crop yields. The interactive effect of soil tillage and biochar
showed a positive effect on crop yield and soil properties in conservation and conventional
tillage systems. However, the extent and magnitude of the combined effect of tillage and
biochar application on crop yield and soil health indicators was found to be inconsistent.
This means it is difficult to detect the most advantageous soil tillage system with the com-
bination of biochar to improve soil health indicators, environmental protection, and crop
yield. Thus, to detect the most appropriate soil tillage system with the combination of
biochar, further research will be needed in different environments, soil types, seasons, and
crop types.
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Abstract: In the last two decades, there has been a significant shift in focus towards soil health by
international institutions, organizations, and scholars. Recognizing the vital role of soil in sustaining
agriculture, ecosystems, and mitigating climate change, there has been a concerted effort to study and
understand soil health more comprehensively. In this study, a bibliometric analysis was performed
in order to determine the research trend of the articles published in the Scopus database in the last
26 years on soil health experimental studies and agronomic practices conducted in field conditions on
agricultural soils. It has been observed that, after 2013, there has been a significant increase in research
articles on soil health, with the USA and India research institutions ranking as the most productive on
this topic. There is an asymmetry in international cooperation among research institutions, as well as
for scholars. In addition, the research topic is gradually shifting from the effects of soil management
strategies, especially nutrient management, on soil organic carbon and yield to the study of the
impact of soil management on biochemistry and microbiological soil activities and greenhouse gas
emissions. Future research should focus into more integrated approaches to achieve soil indicators
enabling to evaluate the impact of sustainable management practices (e.g., cropping practices) on
soil health.

Keywords: bibliometric analysis; soil health; agronomic practices

1. Introduction

In the last decade, soil health (from now on abbreviated as SH) has become a key topic
in policy and research agenda. This soil health emphasis can be seen as a response to the
alarming, degraded state of soils in European Union (EU) and elsewhere and also a push
towards innovative sustainable management practices.

EU gave a great contribution to this result by building a series of initiatives. For
instance, the EU “Soil Health and Food” Mission (recently renamed as “A Soil Deal for
Europe”) delivered substantial funding to SH research [1,2]. In addition, the EU established
the “new EU Soil Strategy” (COM/2021/699 final), which is already the legal instrument
towards soil protection and sustainable soil management in all EU countries; thus, it has a
very different formal status from the Soil Mission reporting.

Finally, a new EU soil law proposal has just been proposed to the EU Parliament under
the name “Soil Monitoring and Resilience (Soil Monitoring Law)” (COM/2023/416 final).
The proposal set the definition of soil health as follows “‘soil health’ means the physical,
chemical, and biological condition of the soil determining its capacity to function as a vital
living system and to provide ecosystem services”. Thus, a healthy soil is evaluated in view
of its provision in delivering a set of ecosystem services which require to be measurable.
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Soils health and its delivery of ecosystem services play also a key role in Sustainable
Development Goals (SDG) in terms of contributing to food production (SDG2: “zero
hunger”), good health and wellbeing (SDG3), water quality (SDG6: “clean water and
sanitation”), sustainable production (SDG12: ”sustainable consumption and production”),
carbon capture and greenhouse gas emission (SDG13: “climate action”), and soil health
and biodiversity preservation (SDG15: “life on land”).

In last year, there have been many disputes about whether we «should» or «should
not» use the term Soil Health [3,4]. Actually, this is not completely new; for instance, similar
discussion appeared on the term «Soil & Land Quality» before and after FAO established
the definition (1974). For the sake of this specific contribution, we agree with Janzen
et al.’s [5] proposal on the use of “soil health metaphor” which states that “as long as soil
health helps unearth better ways of knowing and sustaining land, let us use it, honing and
redefining it as we learn”. Thus here, we claim that the use of “Soil Health” can be a great
help in our joint effort to overcome the huge divide between us scientists, experts, and
citizens.

One key item in implementing SH is the “how” to measure it. It is well established that
SH indicators require to fulfil the following criteria [6,7]: (i) easy to measure; (ii) measurable
with practical, rapid, and inexpensive measurement methods; (iii) sensitive to variations in
management without being reflective of merely short-term variation; (iv) relevant to soil
ecosystem services; and (v) informative for management. In general, soil health indicators
are based on physical, chemical, or biological measures [8]. It is not surprising that a
multitude of soil-health indicators have been proposed.

Moreover, to these soil indicators are affected by management practices. In fact, agro-
nomic practices have a significant impact on soil health and thus on sustainable agriculture
and environmental conservation [9,10]. More specifically it has been demonstrated that
practices’, such as crop rotation [11], conservation tillage [12], cover cropping [13], and
nutrient management [14], impact on soil health.

Attempting to put some order in the entire matter, Jian et al. [15] analysed over
500 studies on soil health and quality on 354 geographic sites (42 countries). They found
42 SH indicators and 46 SH background indicators (e.g., climate, elevation, soil type).

Between them, it is important to highlight those indicators produced after large SH
initiatives, between them the Comprehensive Assessment of Soil Health by the Cornell
Framework [16], the National Soil Health Institute (www.soilhealthinstitute.org, accessed
on 20 November 2022) [17] and the US Department of Agriculture [18]. The EU Soil
Mission indeed proposed a list of SH indicators [1] including soil pollutants, % carbon,
soil structure, soil biodiversity, soil nutrients, and soil water regimes, but currently no soil
moisture depletion, thresholds, and scores are yet established. Most interestingly, the EU
Soil Mission, in order to progress further in implementing SH concepts, promoted the joint
work of land users and scientists in the so named “Living Labs” where an interdisciplinary
approach is foreseen. The aim being to establish by 2030—in EU countries—an effective
network of 100 living labs and lighthouses (https://www.soilmissionsupport.eu/ll-lh, on
20 November 2022) to co-create SH knowledge, test solutions, and demonstrate their value
in real-life conditions. Being a new initiative, the value of this new end-user engagement
approach is yet to be demonstrated.

Considering the complex scenario described above, it is not surprising that there is no
unified approach to assess the soil health with indicators, thresholds, scores that can be
determined by standard operational methods under practical conditions (e.g., considering
costs and time constrains). In fact, different indicator systems are being used by institutions
and by scientists with rather separate activities referring to various subdisciplines soil
chemistry, soil physics, soil biology, and paedology, while at the same time there is a
lack of unified approach. It seems fundamental to put some order to the entire matter
which currently the SH research scenario looks rather chaotic with a very large number of
different indicators working in different settings. Indeed, outstanding SH reviews have
been produced, e.g., [3,19,20], but despite this evidence, the very large development of
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many and diverse SH papers requires both update of reviews and in-depth analysis of
SH indicators from different perspectives. This is crucial if current SH policies must be
implemented. Indeed, policies require coherent operational approach to be profitably
implemented also to large territories.

Considering this scenario and the key issue of SH indicators, in this specific contribu-
tion we aimed to produce some understanding on SH indicators by bibliometric analysis
focused on SH research evolution in the period 1996–2021. We produced such analysis
giving special emphasis on SH experimental studies and agronomic practices conducted in
field condition on agricultural soils because we believe that an in-depth analysis must start
from the analysing the large number of SH experimental work already produced in last
decades as a preliminary step towards more comprehensive SH assessments. In addition,
considering the current development of soil policies in the world (e.g., SDG, USA, EU) we
have analysed these results also in view of countries, continents, research institutions, and
scientists where SH research was produced.

The remaining sections of this work are organized as follows. Material and Methods
are presented in the next main section, which details the search strategy used to gather
the relevant literature, criteria for inclusion and exclusion of studies, and data extraction
procedure. Then, the study issue is discussed in light of the major findings of the bibliomet-
ric analysis, such as publishing trends, authorship patterns, and co-occurrence author’s
keywords analysis.

2. Materials and Methods

2.1. Methodology

The search was conducted on January 2022, using a bibliometric analysis as a statistical
tool to evaluate the scientific literature related to the field of study. A Bibliometric analysis
is a quantitative research method that involves the systematic examination of scientific
publications to uncover patterns, relationships, and trends within the scientific literature. By
applying statistical techniques and data visualization tools, bibliometric analysis provides
valuable insights into the structure and dynamics of the academic community, aiding
researchers, institutions, and policymakers in decision making and strategic planning [21].
Despite its virtues, bibliometric analysis is still relatively new field in agricultural research.
In the last 20 years (from 2003 to 2023), just 110 and 43 research publications on bibliometric
analysis, were published in agronomy and soil science, respectively, according to the Web
of Science database.

2.2. Data Source and Search Criteria

The bibliometric analysis performed in this study follows the protocol established
by the Collaboration for Environmental Evidence (CEE) as defined by Pullin et al. [22].
There-fore, bibliometric analysis was performed using specific inclusion and exclusion
criteria for selecting papers. Four selection criteria were evaluated for selecting papers
for the bibliometric analysis: (I) studies conducted only under field conditions, but not
under green-house conditions, pots, laboratory, and mesocosm; (II) studies that focused on
agricultural soils and excluded grassland, forest, mining soils and urban soils; (III) studies
included cropland and excluded potted plant, soilless culture, hydroponics, and aquaponic,
and (IV) studies that focused on agronomic management except land cover, land use,
cropping patterns, and integrated farming system. In this last selection, it was important
to exclude both papers not oriented towards farm experiments but more generic towards
landscape scenarios and papers involving farm fishing system.

The research question inquiry for this bibliometric analysis (How agricultural practices
impact on soil health?) was formulated utilizing the PICOL (Population/Intervention,
Comparator/Outcome and Location) model (Table 1), as outlined in the CEE protocol.
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Table 1. The eligibility criteria in relation to research question key elements.

PICOL Description

Population

Studies: Study in open-field with experimental design and model and excluded greenhouse, laboratory and
mesocosm

Soil: Agricultural soils and excluded grassland, forest, mining soils and urban soils

Crops: Study included cropland and excluded potted plant, soilless culture, hydroponics and aquaponic

Intervention All agronomic management except land cover, land use, cropping patterns and integrated farming system

Comparator Impacts and/or benefits

Outcome Soil health indicators

Location All the world

The PICOL framework was used to incorporate the term of “soil health” into the
title, abstract, and keywords of the literature gathered via the Scopus database and to
identify articles that were written in English, between 1980 and 2021 in peer-reviewed
journals and limited to these Scopus subject area: Agricultural and Biological Sciences,
Environmental Science, Biochemistry, Genetics and Molecular Biology, Earth and Planetary
Sciences, Immunology and Microbiology, and Multidisciplinary.

2.3. Screening

After performing the initial search, a total of 3327 articles were identified and were
subsequently added to Endnote software (Version 20.2.1, Clarivate Analytics). Figure 1
describes the procedure for selecting articles. After applying the aforementioned inclusion
criteria to select titles, abstracts, and full-text studies, a total of 2342 articles were excluded.
As a consequence, only 985 documents fulfilled the eligibility criteria and were considered
for the bibliometric analysis.

Figure 1. Prisma flowchart depicting the article selection procedure (n represent the number of
studies).
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2.4. Data Analysis

This study aims to analyse the research evolution of 985 scientific papers focusing on
the influence of agronomic practices on soil health over a 26-year period (1996–2021). To
achieve this objective, various bibliometric indicators are applied including the number of
publications per scholar, number of citations, number of countries, number of institutions
and journals, H-index, the journal impact factors as well as keyword co-occurrence analysis
across different time periods.

The quantitative analysis was carried out using SciVal data platform, developed by
Elsevier, a tool that evaluates the research performance, identify collaboration opportunities,
and discover emerging trends within their field based on the Scopus database [23,24]. To
create a network of co-occurrence author’s keywords, we used VOSviewer [25].

3. Results and Discussion

3.1. Evolution of Scientific Production

A comprehensive selection process was conducted to identify 985 research papers
pertaining to soil health in agricultural soils. These papers were chosen based on pre-
determined eligibility, inclusion, and exclusion criteria for the purpose of conducting a
bibliometric analysis. The Table 2 shows the evolution of scientific experimental papers
published on soil health under agricultural soils since 1996 until 2021. The analysis of the
key attributes of scholarly articles pertaining to soil health in this table is conducted in five
distinct periods, each encompassing a duration of five years, except for the final period
which spans six years.

Table 2. Characteristics of scientific production from 1996 to 2021.

Period Articles Authors Coutries TC TC/A Journals

1996–2000 7 22 5 410 58.6 5
2001–2005 26 110 13 1386 53.3 22
2006–2010 53 220 16 2993 56.5 38
2011–2015 162 681 29 4145 25.6 83
2016–2021 737 3151 66 12,229 16.6 209

TC: Total citations on 25 June 2023; TC/A: Citations per article.

The data reveal a noticeable increase in research interest regarding soil health in
agricultural soils over the analysed period. This trend is particularly evident in the last six
years (2016–2021), during which more than 70% and 50% of the total scientific publications
and total citations on this topic were published and cited, respectively. It is observed that
there has been a more than 100-fold and 30-fold increase in the number of articles and total
citations during the recent period, respectively, in comparison to the initial five-year period
(1996–2000). The impetus behind this could be after the United Nations General Assembly,
at its sixty-eighth session on 20 December 2013, declared 2015 as the International Year
of Soils (A/C.2/68/L.21). The scientific production in this research topic experienced a
good annual growth rate of 24.26%, with a clear expansional trend of scientific production
since 2011 until 2021 (Figure 2). However, in the 2010s, the importance of soil health has
been recognized in various international frameworks, such as the Sustainable Development
Goals (SDGs), particularly Goal 15: Life on Land. The goal includes a target (15.3) to achieve
a land degradation-neutral world by 2030, highlighting the importance of healthy soils for
sustainable development [26]. The number of published research papers has fluctuated
over the last 26-years, reaching a peak of 246 during 2021, where the total citations peaking
at 2662 in 2019 (data not shown).

In spite of the notable expansion in the quantity of articles and citations, there has
been a contrasting trend observed in the number of citations per document. Over the past
six years, there has been a significant decline of 70% in the citations received per article, in
comparison to the initial years (Table 2). The decline in the number of citations received
per article over time can be attributed to several factors such as increased competition
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between scholars. When the number of published articles continues to grow, the pool of
potential citations for each article becomes larger. With more research being conducted and
published, it becomes increasingly challenging for any single article to stand out and receive
a high number of citations. Moreover, over time, researchers have become increasingly
specialized in their fields, which may lead to a narrower focus and a decrease in the number
of articles they cite. This increased specialization can result in smaller, more focused citation
networks. It’s important to note that while the number of citations per article may decline,
it does not necessarily indicate a decrease in the quality or impact of the research. It may
simply be a reflection of the changing landscape of scholarly communication and the
growth of the research community.

Figure 2. Evolution of the number of articles, total citations, and exponential variation between
periods. The dot line refers to the calculated exponential curve fitting the data (number of articles).

The observed increase is noteworthy in relation to various bibliometric indicators,
including the number of authors. In the initial period (1996–2000), there were 22 authors,
with an average of 3 authors per article. However, in the most recent six-year period, the
number of authors has increased 143 times (Table 2). It is worth noting that despite this
significant growth, there has been no significant variation in the average number of authors
per article (4 authors per article).

It can be noted that in the first five years, articles from only five countries were
submitted, but that number has increased more than 13 times in the last six years.

On the other hand, the documents were published in 250 distinct sources. In the
initial period, the articles were published in a total of five journals. However, during the
subsequent period from 2011 to 2015, there was a substantial increase in the number of
journals, reaching a total of 83. Over the course of the last six years, this number further
rose to 209 journals.

Most of the bibliometric indicators mentioned above show a very considerable increase
in the relevance of this field of study over the previous ten years, further highlighting the
strength of the current trend in this line of research.

3.2. Analysis of Scientific Production
3.2.1. Subject Area and Journals

Over a span of 26 years (1996–2021), a comprehensive analysis was conducted on
985 research articles that investigated the impact of agronomic practices on soil health
in agricultural soils. These articles were classified into 22 distinct subject areas as per
the Scopus database. Figure 3 shows that 51.9% of research articles were placed in the
subject area of Agricultural and Biological Sciences, while 21.3% were classified in the
Environmental Science category. Afterwards, the most important categories are Earth
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and Planetary Sciences (6.1%), Immunology and Microbiology (4.7%), and Biochemistry,
Genetics, and Molecular Biology (3.5%).

Figure 3. Donut chart of relative publication per Scopus subject Area. Source: SciVal.

Therefore, across the time period studied (1996–2021), Figure 4 illustrates the evolution
of the seven key subject areas as Scopus links articles on the research topic. Only four
thematic areas (Agricultural and Biological Sciences, Environmental Science, Earth and
Planetary Sciences, and Immunology and Microbiology) had articles published during the
whole 26-year period under consideration. Agriculture, Biology, and Environmental aspects
were believed to be the most pertinent in the analysis of the effect of soil management on
soil health, although Microbiology, Biochemistry, Genetic and Molecular biology cannot be
overlooked in soil health.

Figure 4. Packed bubbles of the growth trend of the main Scopus subject Area per period. Source:
Tableau.

Table 3 shows the most 20 prolific journals for the number of articles on the research
topic. A total of 60% of these top 20 journals with the highest scientific production are
found in the first quartile (Q1) of CiteScore index in 2022 with impact factor ranging from
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2.4 (Archives of Agronomy and Soil science and Journal of Environmental Quality) to
9.7 (Soil Biology and Biochemistry). On the other hand, 55% of this group of journals are
located in Europe (mostly Netherlands), 25% in North America (USA), 15% from Asia
(India) and the last 5% come from Australia. Since 1996 until 2021, a total of 985 research
articles have been published across 250 journals. Notably, the most 20 prolific journals
receiving 416 articles, which accounts for 42% of the overall scientific production. During
the time frame of our investigation, we identified two journals, Applied Soil Ecology
and Soil and Tillage Research, which together accounted for 9.54% and 20.51% of all
articles published and overall Total citations, respectively. Moreover, these two journals
are considered among journals with high number of citations per article with 41.4 and
51.1 citations per article for Applied Soil Ecology and Soil and Tillage Research, respectively.
Moreover, they have the highest H index for articles published on soil health with 24 and
27 for Applied Soil Ecology and Soil and Tillage Research, respectively. Therefore, during
the last 6 years analysed (1996–2000), 307 articles on the research topic were published in
the 20 most prolific journals, but the five articles on this topic were spread among 5 prolific
journals over the first 5 years (1996–2000). In addition, as seen by the increase in research
papers and the broad range of journals, impact of soil management on soil health has
become an attractive subject for more journals and authors over time.

3.2.2. Most Productive Authors

Using bibliometric metric indicators such as number of publications, total citations,
and average citations per article, Table 4 lists the 10 most productive authors on soil health
in our research topic. The ten authors in question have published 101 articles and have
been cited 2348 times, accounting for 10.25% and 11.09% of total publications and citations,
respectively.

It is noteworthy that authors of Asian origin present higher productivity in the field
of research, with India (70%) and Pakistan (10%), being particularly prominent. North
America, specifically the United States, accounted for 20% of the represented authors.

The most productive author is Das, Anup, from ICAR Research Complex for NEH
Region, with a total of 16 articles published during 14 years (2008–2021) and receiving a
total of 255 citations, who has the highest H-index of 11, followed by Jat, Mangai Lal with a
total of 12 research articles, who is also the author with the highest number of citations and
the highest number of citations per articles, with a total of 778 and 64.83, respectively.

Finally, two Asian authors, Farooq, Muhammad A. from University of Agriculture,
Faisalabad and Jat, Mangi Lal from International Maize & Wheat Improvement Center,
showed a higher percentage of international co-authorship during the period analysed
(1996–2021), with 87.5% and 50.0%, respectively (Table 5). The prominence of Asian authors
among the top 10 most relevant contributors is evident, a trend that is likely reflected in the
numbers and supported by bibliometric analysis. This evidence highlights the importance
of soil health research, especially in Indian Research Institutes. However, it is crucial to
maintain perspective regarding their publications, primarily confined to local journals
and limited international impact. This serves as a reminder that while numerical metrics
highlight certain patterns, considering the qualitative aspects of influence is equally vital.

3.2.3. Most Productive Countries and Affiliations

Only 37.44% of the nations across the globe (73 countries) have contributed to this
particular field of research. Figure 5 shows that 48.34% of research articles are found
in Asia (642 publications), followed by North America (338 publications, 25.45%), and
Europe (174 publications, 13.10%). These three continents together represent 87% of papers
published in the soil health research field. In contrast, our bibliometric analysis reveals that
Oceania, Africa and South America exhibit the lowest number of publications with 75, 51,
and 48 articles, respectively.
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Table 4. Top 10 most relevant authors on soil health from 1996 to 2021.

Authors A TC TC/A Institution C FA LA H Index

Das, Anup 16 255 15.94 ICAR Research Complex for
NEH Region India 2008 2021 11

Jat, Mangi Lal 12 778 64.83
International Maize & Wheat

Improvement Center
(CIMMYT)

India 2004 2020 10

Babu, Subhash 11 136 12.36 ICAR Research Complex for
NEH Region India 2013 2021 8

Sainju, Upendra M. 11 117 10.64 United States Department of
Agriculture (USDA) USA 2018 2021 5

Ghimire, Rajan P. 10 131 13.10 New Mexico State University USA 2019 2021 5

Yadav, Gulab Singh 9 168 18.67 ICAR Research Complex for
NEH Region India 2013 2021 7

Dwivedi, Brahma S. 8 252 31.50 ICAR—Indian Agricultural
Research Institute India 2003 2020 7

Farooq, Muhammad A. 8 135 16.88 University of Agriculture,
Faisalabad Pakistan 2017 2021 5

Singh, Vijendra K. 8 242 30.25 Central Research Institute for
Dryland Agriculture India India 2003 2021 8

Kumar, Sandeep 8 134 16.75 Indian Institute of Technology
Guwahati India 2018 2021 6

(A): number of articles; (TC): number of citations; (TC/A): number of citations per article; (C): Country; (FA): First
article; (LA): Last article.

Table 5. International co-authorship of top 10 most relevant authors on soil health from 1996 to 2021.

Authors C IC IC (%) Cited Publications

Das, Anup India 3 18.8 16
Jat, Mangi Lal India 6 50.0 12
Babu, Subhash India 1 9.1 11

Sainju, Upendra M. USA 3 27.3 8
Ghimire, Rajan P. USA 1 10.0 8

Yadav, Gulab Singh India 2 22.2 9
Dwivedi, Brahma S. India 1 12.5 8

Farooq, Muhammad A. Pakistan 7 87.5 6
Singh, Vijendra K. India 2 25.0 8
Kumar, Sandeep India 1 12.5 8

(C): Country; (IC): International collaboration.

There is a growing recognition of the importance of soil health in policy and research
arenas, and many countries and organizations have adopted soil health targets and strate-
gies. For example, in Asia, soil degradation and nutrient depletion are major concerns
due to intensive agriculture, population pressure, and climate change. The Food and
Agriculture Organization (FAO) has identified several hotspots of soil degradation in Asia,
including the Indus–Ganges basin, The Mekong Delta, and the Yangtze River Basin [27,28].
To address these issues, governments and research institutions in the region are investing
in soil conservation and management practices, such as no-till farming, crop rotation, and
agroforestry [29–31]. On the other hand, in North America, soil health has become a major
focus for sustainable agriculture and conservation efforts in recent years. The USDA’s
Natural Resources Conservation Service (NRCS) has launched a Soil Health Partnership to
promote the adoption of soil health practices, such as cover cropping, reduced tillage, and
nutrient management [32]. There is also a growing body of research on the impacts of soil
health on crop yields, carbon sequestration, and ecosystem services.
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Figure 5. World map displaying the distribution of publications and total citations by country. Source:
Tableau.

In Europe, soil health is a key priority under the EU’s Common Agricultural Policy
(CAP) and the European Green Deal. The EU has set targets for improving soil organic
matter content, reducing erosion, and promoting biodiversity in agricultural landscapes.
There are also several research networks and initiatives focused on soil health, such as
the Soil Care project (https://www.soilcare-project.eu/, accessed on 20 July 2023) and the
European Soil Partnership (https://www.europeansoilpartnership.org/, accessed on 20
July 2023).

Table 6 shows the most 10 prolific countries in terms of number of publications, total
citations, and number of citations per article. India has the highest number of articles
published and cited on the research topic, with a total of 342 articles and 6716 citations. The
United States follows closely with 279 articles and 6506 citations, while China ranks third
with 114 articles and 3050 citations. Additionally, it is noteworthy that India, the United
States, and China possess the highest H-index values in relation to articles published on
soil health, with respective scores of 41, 40, and 31. This observation suggests that these
three countries play a prominent role in driving scientific research related to soil health.
These three countries collectively accounted for 55% of the total published articles.

On the other hand, it is worth noting that Canada and Bangladesh are ranked first in
terms of the number of citations per article, with a rate of 27.3. However, during each of
the time periods analysed, India, the USA, and Australia consistently published scientific
articles. Since the third 5 year period (2006–2010) under consideration, both China and the
United Kingdom have made contributions to this research field, but Bangladesh did not do
so until after 2011.

Based on the data presented in Table 7, it can be observed that Germany exhibits the
highest level of international collaboration, accounting for 92.59% of its articles (25 out
of 27) being written in collaboration. The United Kingdom follows closely with 81.82%
(18 articles), while Bangladesh demonstrates a collaboration rate of 80% (20 articles). Brazil
and Australia also engage in international collaboration, with rates of 72% (18 articles) and
60.81% (45 articles), respectively.
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Table 6. Top 10 most productive countries on soil health from 1996 to 2021.

Country A TC TC/A H Index
R (A)

1996–2000 2001–2005 2006–2010 2011–2015 2016–2021

India 342 6716 19.6 41 5 (1) 1 (11) 1 (26) 1 (92) 2 (212)
United States 279 6506 23.3 40 1 (3) 2 (6) 2 (10) 2 (21) 1 (239)

China 114 3050 26.8 31 - - 3 (5) 7 (5) 3 (104)
Australia 74 1747 23.6 24 2 (2) 3 (2) 5 (3) 3 (13) 4 (54)
Pakistan 60 955 15.9 17 - 11 (1) 14 (1) 5 (8) 5 (50)
Canada 52 1422 27.3 19 - 4 (2) 6 (3) 4 (8) 6 (39)

Germany 27 647 24.0 13 - 5 (2) - 8 (4) 8 (21)
Bangladesh 25 682 27.3 15 - - - 6 (5) 9 (20)

Brazil 25 488 19.5 13 - 6 (1) 10 (1) 13 (2) 7 (21)
United Kingdom 22 450 20.5 13 - - 16 (1) 12 (3) 11 (18)

(A): number of articles; (TC): number of citations; (TC/A): number of citations per article; R: Rank.

Table 7. Top 10 most productive countries and international collaboration from 1996 to 2021.

Country NC Main Collaborators IC(%)
TC/A

IC NIC

India 24 United States, Australia, China, Canada, Germany 14.91 34.5 17.1
United States 34 India, Pakistan, China, Australia, Canada 26.88 28.8 21.3

China 32 India, United States, Pakistan, Australia, Canada 53.51 29.0 24.1
Australia 26 United States, India, China, Pakistan, Canada 60.81 25.6 20.6
Pakistan 19 United States, China, Australia, Canda, Germany 53.33 22.0 8.9
Canada 10 United States, India, China, Australia, Pakistan 40.38 23.3 30.1

Germany 28 United States, India, China, Australia, Pakistan 92.59 22.7 39.5
Brazil 15 United States, India, Australia, Canda, Germany 72.00 19.8 18.7

Bangladesh 15 India, China, Australia, United Kingdom, Netherlands 80.00 25.9 33.0
United Kingdom 19 United States, India, China, Australia, Pakistan 81.82 23.6 6.5

NC = number of collaborations; IC(%) = percentage of articles made with international collaboration; TC/A:
number of citations per article; IC: International collaboration; NIC: no international collaboration.

At only 14.91%, India has the lowest percentage of international cooperation. It should
be noted that, with the exception of Canada, Germany, and Bangladesh, all countries in-
cluded in the list of the most 10 productive countries exhibit a higher number of citations for
articles produced through international collaboration compared to those produced without
collaboration. Scientific collaboration is a reaction to the growing professionalization of
science as noted by Beaver and Rosen [33]. As a result, international co-authored articles
receive more citations than domestically co-authored articles because they receive more
citations overall [34,35].

Figure 6 illustrates the international cooperation network among major countries,
which is established through co-authorship analysis. According to Figure 6, the number
of countries engaged in international collaboration related to the research topic is limited
to 70. The countries have been grouped into seven clusters based on their specific fields
of collaboration. These nations are categorized into seven clusters based on their areas
of cooperation. Eighteen nations made up the first cluster (red), which was led by India.
This cluster, which also included two of the top ten prolific countries namely Pakistan and
Bangladesh. There was a total of 38% published articles coming from this cluster. The
second cluster (green) is led by South Africa and includes 15 countries with 80 articles,
which represents 6% of the total number of published articles, and included countries such
as France, Belgium, and Mexico. The third cluster in blue, with a total of nine countries and
it is led by Germany, with 86 articles (6.5% of the total articles). This group included Spain,
Argentina, and Denmark. The fourth cluster (yellow), is led by Brazil and represent 4.97%
of the total. This cluster included United Kingdom, in addition to Switzerland, Indonesia,
Poland and Iraq. The fifth cluster (purple), is led by China with 250 articles (18.83% of the
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total articles). The fifth cluster included Australia and Canada. The sixth cluster in Sky
blue, is led by Italy and include Netherlands, Russian Federation and Mali. This cluster
represents 3.46% of published articles. Finally, the seventh cluster (Orange) is led by the
United States and represents the 21.76% of published articles on research topic during the
last 26 years (1996–2021). This cluster included Nigeria, Jordan, and Sri Lanka.

Figure 6. Country collaboration network visualization map. Colour: represents a cluster of country
collaboration in the soil health research field; Nodes: represent countries (node size based on number
of publications); Links: represent collaboration between two countries. Source: VOSviewer (clusters
resolution 0.5; minimum cluster size 1 and no merge small clusters).

Our research topic on the impact of soil management on soil health under agricultural
soils during the last 26 years (1996–2021) produced by 250 different affiliations. According
the Table 8, the United States Department of Agriculture (USDA) form the United States is
the most prolific institutions with 88 published articles and 2025 citations in this research
topic. This institution shares the highest H-index of 24 with ICAR—Indian Agricultural
Research Institute from New Delhi, India. In addition, 12.5% of articles from USDA were
published with international co-authorship.

The nation with the greatest presence in this ranking is India, with five affiliations.
Among the institutions considered, ICAR -Indian Agricultural Research Institute from
New Delhi is the institution with the second highest number of articles of 71, which 19.7%
from international co-authorship. In addition, this institution has the second most citations
with 1612 total citations. The other four Indian institutions exhibit varying proportions
of international co-authorship. For instance, Indian Council of Agricultural Research
and ICAR—Indian Institute of Soil Science; Bhopal have published more than a third of
their articles with international co-authorship. Conversely, ICAR—Research Complex for
North Eastern Hill Region in Umiam and Punjab Agricultural University have the lowest
percentage of international co-authorship, with 9.5 and 5.6%, respectively. The majority of
articles having international co-authorship (more than 60%) are published by the Chinese
Academy of Sciences and the University of Agriculture in Faisalabad, Pakistan.
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Table 8. Top 10 most productive affiliations on soil health from 1996 to 2021.

Institution C A TC TC/A H Index IC(%)
TC/A

IC NIC

United States Department of Agriculture (USDA) USA 88 2025 23.01 24 12.5 21.1 23.3
ICAR—Indian Agricultural Research Institute,
New Delhi India 71 1612 22.70 24 19.7 41.0 18.2

Indian Council of Agricultural Research India 60 1278 21.30 21 30.0 38.6 13.9
ICAR—Research Complex for North Eastern Hill
Region; Umiam India 31 379 12.23 12 9.7 33.0 10.0

Agriculture and Agri-Food Canada Canada 29 558 19.24 14 27.6 24.3 17.3
University of Agriculture; Faisalabad Pakistan 28 483 17.25 13 64.3 23.8 5.4
Chinese Academy of Sciences China 22 593 26.95 11 68.2 31.1 18.0
Cornell University USA 21 534 25.43 12 28.6 11.5 31.0
Punjab Agricultural University India 18 261 14.50 7 5.6 2.0 15.2
ICAR—Indian Institute of Soil Science; Bhopal India 18 579 32.17 12 33.3 30.3 33.1

(A): number of articles; (TC): number of citations; (C): Country; IC (%) = percentage of articles made with
international collaboration; TC/A: number of citations per article; IC: International collaboration; NIC: no
international collaboration.

It is worth mentioning that, apart from two institutions based in the United States and
two institutions based in India, all affiliations listed among the top 10 most productive insti-
tutions demonstrate a greater number of citations per articles resulting from international
collaboration relative to those produced without collaboration.

3.3. Keywords Co-Occurrence Network Analysis

A total of 985 articles containing 2460 author keywords were taken into account for
this study. The 20 most frequently used author keywords in the 985 research articles
related to soil health during the period 1996–2021 are shown in Table 8. We expected soil
health to be one of the most prominent keywords on the list (240 articles, 24.4% of total
articles), as it was one of the most frequently searched terms. In the first five years of the
analysis (1996–2000), this keyword occurred in five articles. It peaked in the last six years
(2016–2021), when 169 documents included this term. On the other hand, it is interesting
that we additionally identified yield, soil organic carbon and soil enzyme activity as three
soil health indicators among the top five keywords. The term “yield” ranked second in the
list with 100 documents (10.2% of all articles). Therefore, the yield is considered as part
of the soil ecosystem service and it is an important indicator of soil health, as it directly
relates to the capacity of the soil to sustain agricultural production and provide food for
human populations [36,37]. It occurred for the first time with one document in the second
year period (2001–2005). However, it has increased to 44 papers since 2016. Moreover, both
soil organic carbon and soil enzyme activity provide information about nutrient cycling,
soil structure, water retention, carbon sequestration, and the overall biological activity in
the soil [38–40].

Monitoring these indicators helps assess soil health, make informed management
decisions, and promote sustainable agricultural practices. Soil organic carbon first appeared
in 1996–2000 with one document, while soil enzyme activity first appeared in 2001–2005
with one document, but by the fifth analysed period (2016–2021), they had increased to 60
and 55 documents, respectively.

According to our analysis, the half of the top 20 author keywords is associated with soil
management (Table 9). This significant contribution of these 10 soil managements highlights
the scientific community’s interest in analysing the impact of these soil management
strategies on soil health. Our findings indicate that the term “manure” as cropping practice
is ranked fourth in terms of relevance, with a total of 75 documents (7.6%) involving
this keyword, and it appears for the first time with 1 document in the first 5-year period
(1996–2000), until it reaches 43 papers since 2016.
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Table 9. Main keywords on Soil health (1996–2021).

Keyword
1996–2021 1996–2000 2001–2005 2006–2010 2011–2015 2016–2021

A (%) A (%) A (%) A (%) A (%) A (%)

soil health 240 24.4% 5 71.4% 5 19.2% 15 28.3% 46 28.4% 169 22.9%
yield 100 10.2% 0 0.0% 1 3.8% 7 13.2% 48 29.6% 44 6.0%

soil organic carbon 85 8.6% 1 14.3% 5 19.2% 3 5.7% 16 9.9% 60 8.1%
manure 75 7.6% 1 14.3% 1 3.8% 3 5.7% 27 16.7% 43 5.8%

soil enzyme activity 68 6.9% 0 0.0% 1 3.8% 6 11.3% 6 3.7% 55 7.5%
soil microbial biomass 63 6.4% 0 0.0% 4 15.4% 8 15.1% 11 6.8% 40 5.4%

conservation agriculture 60 6.1% 0 0.0% 1 3.8% 2 3.8% 9 5.6% 48 6.5%
sustainability 59 6.0% 2 28.6% 1 3.8% 5 9.4% 10 6.2% 41 5.6%

compost 56 5.7% 1 14.3% 2 7.7% 4 7.5% 11 6.8% 38 5.2%
cover crop 56 5.7% 1 14.3% 0 0,0% 1 1.9% 5 3.1% 49 6.6%
soil quality 56 5.7% 0 0.0% 2 7.7% 8 15.1% 12 7.4% 34 4.6%
no tillage 55 5.6% 0 0.0% 2 7.7% 1 1.9% 8 4.9% 44 6.0%

soil microbial community 54 5.5% 0 0.0% 0 0.0% 3 5.7% 2 1.2% 49 6.6%
fertilization 53 5.4% 2 28.6% 0 0.0% 4 7.5% 16 9.9% 31 4.2%

soil properties 52 5.3% 0 0.0% 1 3.8% 5 9.4% 8 4.9% 38 5.2%
crop residue management 51 5.2% 1 14.3% 2 7.7% 4 7.5% 9 5.6% 35 4.7%

tillage 50 5.1% 1 14.3% 0 0.0% 8 15.1% 12 7.4% 29 3.9%
integrated nutrient

management 40 4.1% 0 0.0% 0 0.0% 1 1.9% 11 6.8% 28 3.8%

wheat 37 3.8% 0 0.0% 3 11.5% 4 7.5% 10 6.2% 20 2.7%
crop rotation 35 3.6% 1 14.3% 2 7.7% 6 11.3% 7 4.3% 19 2.6%

A: number of articles; %: Percentages of articles in which it appears.

Table 9 shows another interesting item. The time evolution of SH papers moved
from an early emphasis (e.g., years 1996–2000) on farm management (e.g., fertilization,
tillage, rotation) towards a more recent (years 2016–2021) biochemistry and microbiological
approaches. This trend depicts the progress in soil biology towards estimating soil health.

Figure 7a shows the keywords co-occurrence network analysis of 100 most relevant
keywords which appeared at least two times in 985 articles, which includes 98 nodes,
1055 links, and 2283 total link strength. Each node in the network represents a keyword, and
the size of the node reflects the number of times the keyword appeared. According to Yang
and Zhuang [41], the presence of keywords with higher occurrences within specific time
periods suggests that the corresponding topics are of significant interest and focus during
those periods. The network is organized into four clusters of keywords that share similar
topics, with the red cluster relating to management strategies and soil health indicators.
Because it is a well-developed and important theme with 57 keywords that focuses on
various aspects of soil management and soil indicators, this cluster is known as the “motor
themes”. On the other hand, the green cluster is in second spot in terms of keyword density
(26 keywords), and it includes topics linked to the crop yield and nutrient management.
This cluster focuses spatially to enhancing crop productivity and soil health using different
sustainable crop nutrition strategies such as green manure, compost, bio-fertilizer, and
integrated nutrient management. This particular cluster is categorized as fundamental
and pertinent across various research fields. The third cluster, represented by the colour
blue and containing eleven keywords, deals with soil health and biological activity. This
cluster examines the effects of wastewater irrigation and heavy metal contamination on
soil biological activity. This group reflects an isolated theme with limited relevance to
our research topic. Finally, the yellow cluster can be identified by means of four specific
keywords. This particular cluster exhibits a correlation between soil health and greenhouse
gas emissions. This cluster was viewed as a marginal and underdeveloped subject.
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Figure 7. (a) Co-occurrence network visualization of 100 most relevant keywords which appeared at
least 2 times in 985 articles. Colour: represents a cluster of keywords (please see the text for more
details); Nodes: represent keywords (node size based on number of occurrences); (b) Evolution of the
authors’ keywords on research topic from 2015 to 2019. Source: VOSviewer (clusters resolution 0.8;
minimum cluster size 1 and no merge small clusters).

From the time frame 1996–2021 here in Figure 7b, we report the focus on the evolution
of the authors’ keywords in the co-occurrence network between 2015 to 2019. Our analysis
revealed that keywords related to the impact of soil management such as crop rotation,
irrigation, and heavy metal contamination on agricultural soils appeared earlier (before
2015), while keywords related to the impact of cropping practices such as reduced tillage
on biochemistry and microbiological soil activities appeared later (in 2019).

The keywords co-occurrence analysis (1996–2021), examining the interplay between
agronomic practices and soil health, reveals a landscape rich with insights yet dotted with
significant research gaps. The overall scenario (e.g., Figure 7) depicts a strong fragmentation
of approaches with many separated analyses about the interaction between soil health
and management practices. Basically, a plethora of diverse approaches with limited to
almost none attempt of synthesis. In more detail, while the literature showcases strides in
understanding short-term impacts of individual practices, it falls short in assessing their
long-term implications. A notable opportunity lies in unravelling the effects of holistic
approaches that combine various practices, as well as in exploring understudied crops and
regions. Amid the intricate tapestry of soil health, microbial interactions emerge as a focal
point deserving deeper exploration, promising novel pathways to enhance agricultural
sustainability. There is an evident lack on the evaluation of ecosystem services which are
becoming crucial in soil health policy across the globe (e.g., EU, USA).

Moreover, the analysis hints at the need to broaden the scope beyond scientific aspects,
venturing into economic feasibility, social acceptance, and adaptation challenges. As climate
change looms large, the resilience of soil health warrants a spotlight, urging researchers
to investigate practices that fortify soil against evolving climatic pressures. The synthesis
of the existing literature through meta-analyses is a missing piece that could provide a
comprehensive overview, complementing field-scale studies that bridge the gap between
controlled experiments and real-world complexities. Collaborative efforts across disciplines
hold the potential to yield more holistic insights. Embracing technological and scientific
advancements, such as precision agriculture, remote sensing and spatially explicit decision
support systems, could further propel the understanding of agronomic impacts on soil
health. In conclusion, these research gaps present an invigorating pathway forward,
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beckoning scientists, practitioners, and policymakers to collectively foster a more resilient
and sustainable agricultural future.

4. Conclusions

This bibliometric analysis aims to provide a comprehensive review of the research
topic concerning the effects of agronomic practices on soil health. This topic has gained
significant importance in both political and scientific areas since the beginning of the
second millennium. Based on our data, scholarly production on this research topic has
increased significantly over the previous 26 years, with a spike occurring after 2013. These
findings supported those of Liu et al. [42], who discovered that since 2013, researchers
have become increasingly conscious of the significance of soil health research, and the
number of publications published has significantly grown. According to our bibliometric
analysis, it can be determined that the journal Applied Soil Ecology and Soil and Tillage
Research exhibited the highest level of productivity. The majority of research institutions
that investigate our chosen research topic are situated in the United States and India.
These nations are consistently ranked among of the most international cooperative in
their respective fields. However, when it comes to research institutions, the United States
has not achieved the desired level of bilateral cooperation, unlike certain Indian research
institutions where international institutional cooperation reached 41 percent. According
to the keywords co-occurrence analysis, our research topic is gradually shifting from the
effects of soil management strategies, such as nutrient management, on soil indicators,
particularly soil organic carbon and yield to the study of the effects of cropping practices
on soil biology and biochemistry and greenhouse gas emissions. The last two themes only
emerged in the last decade and were seen to be marginal and underdeveloped themes;
however, they might provide a promising topic for further study. Overall, our analysis
depicts a very large number of soil health research work lacking more integrated and
holistic approaches especially in view of analysing the connection between soil health and
soil-based ecosystem services.

This study has one limitation, which is that our analysis included only articles from
Scopus, and therefore our research cannot cover the entire literature on our research topic.
However, the data presented in this study still hold significant potential for understanding
the evolving patterns before and after the increase in research on the topic. Finally, this
study emphasizes the importance of incorporating additional novel approaches, such
as systematic reviews, in order to acquire a more comprehensive understanding of the
effects of soil management practices on soil health, and to establish a framework for future
research.
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Abstract: There has been limited research on the effect of eucalyptus harvest residue management on
soil organic carbon (SOC) in subtropical environments. This research evaluated the effect on soil C
indices of the following eucalyptus harvest residue managements: AR, with all forest remnants left on
the soil; NB, where bark was removed; NBr, in which branches were removed; NR, which removed all
residues; and NRs, which is same as NR but also used a shade net to prevent the litter from the new
plantation from reaching the soil surface. C stocks within the soil depths of 0–20 cm and 0–100 cm
increased linearly with the C input from eucalyptus harvest residues. In the layer of 0–20 cm, the
lowest soil C retention rate was 0.23 Mg ha−1 year−1, in the NR treatment, while in the AR treatment,
the retention rate was 0.68 Mg ha−1 year−1. In the 0–100 cm layer, the highest C retention rate was
obtained in the AR (1.47 Mg ha−1 year−1). The residues showed a high humification coefficient
(k1 = 0.23) and a high soil organic matter decomposition rate (k2 = 0.10). The carbon management
index showed a close relationship with the C input and tree diameter at breast height.

Keywords: carbon management index; forest residues; soil health; plantation forestry; carbon
sequestration

1. Introduction

Forest ecosystems have a high potential for soil carbon sequestration, around 0.4 Pg C
year−1 [1]. Among these ecosystems, eucalyptus plantations occupy roughly 25 Mha
worldwide [2], of which 7.53 Mha are in Brazil [3]. In the next decade, this forest base
should be expanded given Brazil’s low carbon emission agriculture plan, which foresees an
expansion of ~4 Mha by 2030 with planted forests, with the potential to mitigate 510 million
Mg CO2 eq of greenhouse gas emissions [4]. Much of this potential results from long-term
carbon sequestration through increased soil organic matter (SOM) [5], which ensures the
sustainability of forest production under subtropical conditions [6], especially in fragile
soils such as sandy ones.

Forest companies have considered the removal of eucalyptus harvesting residues,
given their possible use as an energy source [7]. Nevertheless, it is a practice that reduces
nutrient availability [8,9], soil microbiota activity [10], soil quality [11], and forest pro-
ductivity [11–14]. The impact of this practice on soil carbon stocks is still inconclusive.
While certain research has indicated that the removal of eucalyptus residues can reduce soil
carbon stocks [14–17], others have indicated that the impact is almost zero [18,19]. These
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differences may be related to climate [20], the number of rotations in which the residue
is removed from the area [14], soil texture and mineralogy [10,21], and the quality of the
residue contributing to the soil [22,23].

Traditionally, it has been believed that recalcitrant residues were more efficient in
accumulating C in soil, and recent evidence has revealed that higher-quality residues
(lower C/N and lignin/N ratio) can show higher efficiency in accumulating C in soil than
low-quality residues (higher C/N and lignin/N ratio) [24]. However, this effect depends
on the available mineral surface for carbon stabilization, so that in sandy soils, much of the
OM will be stabilized in the form of particulate organic C (POC) originating from more
recalcitrant plant inputs [25]. Most of the eucalyptus harvest residues consist of branches
and bark and are considered more recalcitrant because of the high content of phenolic
compounds, notably tannin, lignin, and polyphenols [26]. These components are important
in soil C retention in eucalyptus areas [10,17], especially in sandy soils characterized by a
limited capacity of stabilizing C in soil organic matter [27].

Despite the substantial volume of information from long-term experiments concern-
ing the effect of eucalyptus harvest residue management on the stocks of soil organic
carbon [15,18,19], few initiatives have sought to take advantage of these data to estimate,
for management, the rates of humification and soil organic matter losses. In this context,
using a monocompartmental model based on first-order kinetics allows the prediction of
the forthcoming development of SOC stocks until they stabilize and the amount of carbon
that should be added to maintain the initial stocks [28].

In short or medium periods, the total organic C content is not a sensitive indicator to
assess the effect of agricultural or forestry managements in the soil. Therefore, researchers
have sought to combine the lability of organic matter in this evaluation by estimating the
carbon management index (CMI). This index aggregates a carbon stock index (CSI) and a
carbon lability index (LI), making it a sensitive tool to evaluate the impact of management
practices, which also have a strong relationship with biological, chemical, and physical soil
attributes [29,30]. The CMI has been efficient in evaluating crops and forest systems [31–33].

Our initial hypothesis is that the maintenance of eucalyptus harvest residues increases
the retention of atmospheric C in soil organic matter after the rotation cycle compared to
their removal. Hence, the objectives of this research were to assess the impact of managing
eucalyptus harvest residues on the soil organic C content and stock, to evaluate eucalypt
harvest residue management using the carbon management index and to determine the
relationship between CMI and eucalyptus growth in sandy soil in subtropical Brazil.

2. Materials and Methods

2.1. Field Experiment and Treatments

The experiment was carried out in Rio Grande do Sul, the southernmost state of Brazil,
in the city of Barra do Ribeiro. The experimental area was located around the coordinates
30◦23′ S and 51◦07′ W, with an altitude of about 30 m above the sea level. The climate in
the local area is defined as humid subtropical (Cfa) according to the Köppen classification,
and the region has an annual precipitation average of approximately 1400 mm, with no
dry season. The highest average monthly temperature never exceeds 25 ◦C, and the lowest
average monthly temperature is about 14 ◦C with slight frosts. The soil is a Quartzipsament,
with sandy texture, weak structure, low capacity for water storage [34], and low cation
exchange capacity (Table S1). The experiment was implemented in 2010 using Eucalyptus
saligna (clone 2864). Each plot measuring 30 × 30 m was planted with 100 trees arranged in
a grid of 10 rows and 10 plants per row. For the measurements, we considered an inner
subplot of 18 × 18 m, containing 6 rows × 6 plants each. The experimental setup followed a
complete randomized block design with four replicates and five treatments. The treatments
were five eucalyptus residue managements, described as follows:

1. AR: all forest residues remained on the soil (i.e., bark, branches, leaves, and the litter
layer from the previous rotation), and only trunk wood was removed.

2. NB: where bark was also removed.
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3. NBr: in which branches were also removed.
4. NR: in which all eucalyptus residues were removed.
5. NRs: same as NR, but a shade net was also used to prevent litter from the new

plantation from reaching the soil surface.

2.2. Estimation of Carbon Input and Biochemical Composition Analysis of Eucalyptus Harvesting
Residue Components

When the experiment was implemented, the branches, bark, and leaves from the
previous rotation were collected and quantified in terms of their mass and ground. Based
on information about accumulated litter production in experiments conducted by Celulose
Riograndense with Eucalyptus saligna near the study region, the addition of litter accumu-
lated until the sixth year of the current cultivation, was estimated using Equation (1), as
adjusted by Witschoreck [35]:

ABP (Mg ha−1) = 8.875950 + 0.100160 x (DBH x age), (1)

where ABP is the accumulated litter production (Mg ha−1), DBH is the average diameter
at 1.30 m height obtained from trees, and age is the number of years since the eucalyptus
plantation started. For C input by the eucalyptus roots, we considered the average data
obtained by Londero et al. [36] at six years in E. saligna plantations in the nearby city of
Guaíba, and an average C content of 37.84% from the data of Ribeiro et al. [37].

All components of the eucalyptus harvest residues were submitted to biochemical
characterization. In the case of the litter from the current rotation, samples were collected
from the NR treatment plots by placing a screen approximately one meter above the soil
surface, and the litter was gathered about every two months. The C and N concentrations
were determined by dry combustion in a Flash 2000 analyzer (Fisher Scientific Inc., Waltham,
Massachusetts, EUA). Additionally, the lignin, cellulose, and hemicellulose contents of
each component were determined following the conventional procedure described by Van
Soest [38], in which the constituents of the plant tissue are separated via sequential filtration
after heating with neutral and acid detergents. Hemicellulose is solubilized after the second
filtration and is obtained by the difference between the two filtrates. The cellulose is
calcined in a muffle, leaving the lignin.

2.3. Soil Organic C Stock and Fractionation

In July 2016, during the sixth year of the eucalyptus plantation, a 1 m deep and 1 m
wide trench was opened per plot, and soil was collected on two opposite sides of each
trench, totalizing eight samples per treatment in the following layers: 0–2.5, 2.5–5, 5–10,
10–30, 20–30, 30–50, 50–75, and 75–100 cm. As the spacing between plants was 3 × 3 m,
and the trenches were opened at 0.5 m from a eucalyptus plant, one side of the trench
configured the collection in the planting line, and the opposite side configured the collection
between the planting lines. Equal amounts of soil from each sub-sample were pooled to
form a composite sample representing the overall average of the spaces between rows
and the planting row. The soil samples were oven-dried at 60 ◦C, grinded in a ball mill,
and samples of ~50 g were removed. These subsamples were grinded again in a porcelain
mortar and submitted to C analysis in a Shimadzu TOC-VCSH analyzer.

The bulk density in the same soil layer was evaluated by collecting metal rings [39].
Metal rings of 93.48 cm3 were used in the 0–2.5 cm and 2.5–5 cm layers and 102.73 cm3

for the other layers. The method of equivalent soil masses to the soil mass of the AR
treatment was used to calculate soil organic C stocks [40]. Since the soil organic C contents
of the experiment period in 2010 had been obtained using the wet digestion method
(Walkley-Black), it was necessary to convert these contents to equivalent contents using
the dry combustion method, which was the method used for the organic C analyses in
this study. Thus, a set of 10 samples of this soil with a wide variation in organic C content
was analyzed using the two methods, and a conversion coefficient of 0.66 was determined,
which corresponds to the angular coefficient of the relationship between the C contents
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determined via the wet combustion method and the total C contents via the dry combustion
method (Figure S1).

The soil samples from the layer of 0–20 cm were also physically fractionated. For
that, 20 g of air-dried and sieved to <2 mm soil and 70 mL of sodium hexametaphosphate
solution were arranged in 100-mL capacity vials and were shaken in horizontal position
for 15 h (60 cycles min−1). The supernatant was sieved on a 53-μm sieve, and the fraction
<53 μm, consisting of mineral-associated organic C (MAC), was dried at 50 ◦C, quantified
in terms of its mass, and the organic C content was analyzed in a Shimadzu TOC VCSH
analyzer. Particulate organic C (POC) was estimated as the difference between total organic
C (TOC) and MAC (<53 μm) [41].

2.4. Carbon Management Index

The CMI was calculated in accordance with Blair et al. [29], assuming that the POC
was labile C in the soil and the MAC was the non-labile fraction [42]. From this, the CMI is
obtained by multiplying the C stock index (CSI) and the C lability index (LI) as follows:

CMI = CSI × LI × 100, (2)

where CMI is the product of the CSI and LI. The CSI is obtained by the quotient between the
stock of C in the treatment under evaluation and the stock of C in the soil of the reference
treatment in the layer of 0–20 cm (Equation (3)). The LI (Equation (4)) is the quotient
between the C lability (L) (Equation (5)) in the treatment under evaluation and the L in the
reference treatment. NRs was considered to be the reference treatment for the estimation of
CMI (CMI = 100).

CSI = C stock in treatment/C stock in reference treatment (3)

LI = L in treatment/L in reference treatment (4)

L = POC/CAM (5)

2.5. Annual Soil C Retention Rates

Annual soil C retention rates were calculated by subtracting the C stock in the treat-
ment from C stock in the NRs treatment (Equation (6)), considering a period of six years.

Δ C soil (Mg ha−1 yr−1) = (C soil treatment − C soil NRs)/(6 years) (6)

2.6. Estimate of the Organic Matter Humification (k1) and Decomposition (k2) Coefficients

The fraction of added C retained in soil organic matter (k1), called the humification
coefficient, was roughly calculated from the angular coefficient of the linear regression
relating the amounts of C added annually to the annual rate of variation (dC/dt) in the soil
organic C stock in the 0–20 cm layer.

From the values of the effective addition of C to the soil by the management of
eucalyptus harvest residues (k1A) and the stocks of organic C in the 0–20 cm soil layer,
we estimated the annual rate of soil organic matter loss (k2) using the equation dC/dt
= k1A-k2C in the condition dedC/dt = zero according to the process reported by Bayer
et al. [43] and Vieira et al. [30]. In this condition, k1A = k2C and k2 = k1A/C, where C
represents the soil organic C stock in the initial condition (13.02 Mg ha−1) and A represents
the annual C addition rate required to maintain the initial soil organic C stock unchanged
over time (i.e., dC/dt = zero).

2.7. Statistical Analysis

The effects of the treatments on soil organic C levels were evaluated using analysis of
variance and the difference between the means of the treatments using the Tukey test at 5%.
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Linear regression analyses were utilized to verify the relationship between C addition in
the different managements of eucalyptus harvest residues and the stocks of total organic C
and mineral-associated organic C (POC and MAC), as well as concerning CSI, LI, and CMI.
Furthermore, linear regression analyses were employed to gain deeper insights into the
relationship between CMI and tree diameter at breast height (DBH). On the soil sampling
date, we assessed 36 trees from each plot to estimate these parameters.

3. Results

3.1. C Contribution and Composition of Eucalyptus Harvest Residues, Litter, and Roots

The C contribution to the soil varied according to the eucalyptus harvest residue
management; it varied from 2.04 Mg ha−1 year−1 in the NRs treatment, in which all residues
were removed, to 5.04 Mg ha−1 year−1 in the AR treatment, in which all residues but the
trunk wood were kept (Table 1). Of these C contributions, leaves totaled 0.03 Mg ha−1

year−1, branches accounted for 0.96 Mg ha−1 year−1, bark 0.45 Mg ha−1 year−1, the
litter from the current rotation totaled 1.56 Mg ha−1 year−1, and roots totaled 2.04 Mg
ha−1 year−1.

Table 1. Total biomass and C contribution to soil and biochemical composition of harvest residues
from the previous eucalyptus rotation and litter from the current eucalyptus rotation.

Eucalyptus Residue
Management Litter a

Composition of Harvest Residues

Leaves Branches Bark Root Total

Residue biomass (Mg ha−1 year−1)
NRs 0.00 0.00 0.00 0.00 5.41 b 5.41
NR 3.05 0.00 0.00 0.00 5.41 8.46
NBr 3.05 0.07 0.00 1.10 5.41 9.62
NB 3.05 0.07 2.17 0.00 5.41 10.70
AR 3.05 0.07 2.17 1.10 5.41 11.80

Carbon input (Mg ha−1 year−1)
NRs 0.00 0.00 0.00 0.00 2.04 c 2.04
NR 1.56 0.00 0.00 0.00 2.04 3.60
NBr 1.56 0.03 0.00 0.45 2.04 4.08
NB 1.56 0.03 0.96 0.00 2.04 4.59
AR 1.56 0.03 0.96 0.45 2.04 5.04

Biochemical composition
C (g kg−1) 501.07 ± 25.97 474.77 ± 7.1 442.53 ± 2.7 413.35 ± 9.2 - -
N (g kg−1) 11 ± 0.1 15.74 ± 0.7 1.99 ± 1.1 3.74 ± 0.2 2.8 d -

C/N 47.1 ± 2.0 30.2 ± 0.9 316.2 ± 255.8 110.6 ± 9.0 162.7 e -
Lignin (g kg−1) 274.4 ± 0.3 227.1 ± 2.8 142.5 ± 2.7 87.1 ± 0.3 - -

Lignin/N 25.8 ± 2.0 14.4 ± 1.9 112.3 ± 111.0 23.2 ± 0.8 82.9 e

Hemicellulose (g kg−1) 104.4 ± 0.3 122.2 ± 0.2 192.4 ± 0.4 158.6 ± 1.0 - -
Cellulose (g kg−1) 204.4 ± 0.9 143.3 ± 0.9 580.2 ± 2.4 450.1 ± 1.5 - -

a Addition estimated according to Witschoreck [35]; b root addition according to Londero et al. [36]. c C content in
roots 37.84%, obtained from Ribeiro et al. [37], d obtained by Guimarães et al. [44], and e obtained by Demolinari
et al. [17].

The values of C/N and lignin/N ratio in the eucalyptus harvest residue management
are shown in Table 2. In general, we observed that the C/N ratio values in the eucalyptus
residue managements ranged from 111.7 in the NBr treatment to 162.7 in the NRs treatment.
As for the lignin/N values, the values ranged from 58.1 in the NR management to 69.1 in
the NB treatment.

3.2. Effect of Eucalyptus Harvest Residue Management on Soil Organic C Content and Stocks

Eucalyptus harvest residue managements had no statistically significant effect on soil
organic C levels (Figure S2). Nevertheless, there was a trend for C contents to increase with
the maintenance of the eucalyptus harvest residues. When the layers up to 10 cm depth
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were averaged, the soil in the NRs treatment presented an organic C content that was 39%
lower than that observed in the AR treatment.

The soil organic C stocks of the 0–20 cm (r2 = 0.80, p = 0.03) and 0–100 cm (r2 = 0.82,
p = 0.03) layers increased linearly with the increase in C input by the maintenance of
eucalyptus harvest residues (Figure 1a,b). Each 1 Mg ha−1 year−1 of residue resulted in a
differential accumulation of 1.41 and 2.95 Mg ha−1 in the layers of 0–20 cm and 0–100 cm,
respectively, at the end of 6 years of cultivation. The partial and total maintenance of the
eucalyptus harvest residues in the soil (NBr, NB, and AR) determined higher stocks of C
than in the other management methods, presenting, in the layer from 0 to 20 cm depth,
organic C contents that were 30, 31, and 27% higher than in the treatment in which the
harvest residues from the current harvest were completely removed (NR) (Figure 1a). These
findings demonstrate that these three types of management, despite having low quality
components, such as bark and branches, resulted in higher soil organic carbon stocks.

 

Figure 1. Relationship between C input by eucalyptus harvesting residue management and organic
C stock in the 0–20 cm depth layer (a) and in the 0–100 cm depth layer (b).
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Table 2. C/N and lignin/N ratio of eucalyptus harvesting residue management.

Residue Management C/N 1 Lignin/N 1

NRs 162.7 82.9
NR 112.6 58.1
NBr 111.7 53.9
NB 154.6 69.1
AR 150.7 65.0

1 Ratio weighted by the amount of waste added in each treatment.

3.3. Annual Soil C Retention Rates

Annual soil C retention rates varied from 0.23 to 0.68 Mg ha−1 year−1 in the 0–20 cm
layer (Figure 2a). In this soil layer, the NR treatment exhibited the lowest soil C retention
rate (0.23 Mg ha−1 year−1), while with the AR treatment, the retention rate was 0.68 Mg
ha−1 year−1 (i.e., about threefold greater). In turn, the maintenance of the bark (NBr)
and branches (NB) determined accumulation rates that were quite similar to treatment
AR. Similar trends were observed in the 0–100 cm layer, with the annual soil C retention
rates reaching 1.47 Mg ha−1 in the AR treatment. In the intermediate treatments with the
maintenance of bark (NBr) or branches (NB), annual soil C retention rates were 0.8 and
1.0 Mg ha−1 year−1, respectively (Figure 2b). Although few studies have related soil C
retention rates to forest residue management, maintaining residues on the soil surface is
one of the main approaches to increase soil C retention rates in various rotations. The
annual soil C retention rate went from 0.5 to 1.6 Mg ha−1 in the 0–100 cm layer, reinforcing
that more than half of the C stabilization occurs in the 20–100 cm layer (Figure 2b).

3.4. Estimate of the Humification (k1) and Decomposition (k2)

Figure 3 shows the relationship between the amount of C inputted (A) by the manage-
ment of eucalyptus harvest residues and the annual rate of change (dC/dt) of the organic
C stocks in the 0 to 20 cm layer in relation to the initial stock of organic C at the beginning
of the field experiment (13.02 Mg ha−1). The angular coefficient of the equations represents
the k1, that is, the fraction (or percentage) of added C that effectively remains in the soil.
The value of k1 is 0.23, meaning that approximately 23% of the added C was integrated
into soil organic matter after one year. Knowing the value of k1, the decomposition rate
(k2) was estimated to be 0.10 year−1 (i.e., ~10% of the soil C is released to the atmosphere
as CO2 by microbial decomposition).

3.5. Carbon Lability, Carbon Management Index, and Relationship with Eucalyptus Growth

The highest C stock index (CSI) values were obtained with full (AR) and partial (NBr
and NB) maintenance of eucalyptus harvest residues, which promoted 46, 50, and 49%
increases, respectively, regarding the reference (NRs) treatment. On the other hand, the
NR treatment increased CSI by only 14% compared to NRs management (Table 3 and
Figure 4). There was a linear relationship between POC and the addition of C by eucalyptus
harvest residue management. The mineral-associated organic C (MAC) showed reduced
values compared to POC and with a slight tendency to increase values with C input by
the management of eucalyptus harvest residues. The higher proportions of organic C in
POC form in the soil in NBr and AR determined higher lability (L) and, consequently,
LI compared to NRs (Table 3). The LI in the 0–20 cm depth layer was associated with
the C input from the eucalyptus harvest residue management and ranged from 1.00 to
1.35 (Table 3). Higher values of CMI resulted in a higher diameter at breast height (DBH)
of eucalyptus, as shown by the linear regression between the two variables (r2 = 0.98,
p < 0.001) (Figure 5).
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Figure 2. Annual soil C accumulation rates in the 0 to 20 cm (a) and 0 to 100 cm (b) layers cultivated
under different eucalyptus harvest residue managements at six years of age. Boxplot shows minimum,
average, and maximum values.

Table 3. Soil particulate organic carbon (POC), mineral-associated organic C (MAC), C lability (L),
C lability index (LI), C stock index (CSI), and C management index (CMI) in the 0 to 20 cm layer of
an Quartzipsament cultivated under different eucalyptus harvest residue management, at six years
of age.

Management POC MAC L LI CSI CMI

——— g kg−1 ———
NRs 2.92 0.033 88.4 1.00 1.00 100
NR 3.33 0.032 104.0 1.17 1.14 133
NBr 4.32 0.036 120.0 1.35 1.50 202
NB 4.47 0.038 117.6 1.33 1.49 203
AR 4.42 0.039 113.3 1.28 1.46 186
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Figure 3. Relationship between the amounts of C added and the variation (dC/dt) of the soil organic
C stocks in the 0–20 cm layer cultivated under different managements of eucalyptus harvesting
residues at six years of age.

Figure 4. Relationship between the amounts of carbon added and the particulate organic C (POC)
(a) and the mineral-associated organic C (MAC) (b) of the SOC stocks in the layer of 0–20 cm of a soil
cultivated under different managements of eucalyptus harvesting residues at six years of age.
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Figure 5. Relationship between the C management index of the soil (CMI) and the diameter at breast
height (DBH) under different managements of eucalyptus harvesting residues at six years of age.

4. Discussion

The eucalyptus harvest residue managements resulted in different quantities of C
inputted annually into the soil. As hypothesized, the input of C was inversely proportional
to the removal of harvest residues, resulting in the AR exceeding the NRs by 3.0 Mg ha−1

year−1. These results closely resembled the ones obtained by Demolinari et al. [17]. The
authors emphasized the significance of retaining the eucalyptus harvest residues in the
field for the maintenance of soil C, particularly the bark, as it constitutes the most abundant
component of harvest residues.

Our results also corroborate a study conducted on sandy soils under eucalyptus
in Congo in which eucalyptus harvest residue removal also altered soil C contents by
±40% [15]. However, in soils with elevated clay content, this effect could not be observed
in the first production cycle [19,44], requiring more than one cycle with successive removal
for this effect to be observed [18]. This occurs due to the higher efficiency of the physical C
protection mechanism in clayey soils, which reduces the access of the microbial community
and, thus, the mineralization rate of SOM [28,45]. Compared with the NR treatment,
maintaining the bark (NBr) and branches (NB) promoted increments of 18 and 44% in
organic C contents in the 0–2.5 cm soil layer, respectively. Nonetheless, comparisons with
the NRs and NR treatments revealed that the removal of the forest litter promoted a 49%
reduction in the SOC contents in the 0–2.5 cm soil layer. These results possibly have to do
with the amount and the composition of the C contributed by the different components of
the eucalyptus harvest residues.

The litter is a constituent that presents in its chemical composition a low C/N ratio
in comparison to the bark and branches, although it has higher lignin levels (Table 1).
The impacts of the quantity and composition of the C contributed by forest residues
on soil C retention can be variable. On the one hand, the removal of eucalyptus litter
promotes a reduction in soil C contents [46]. On the other hand, a study by Wang et al. [23]
demonstrated that, irrespective of the amount and the composition of the litter contributed
by eucalyptus species on the soil surface, there is no impact on the SOC contents. This is
because the contribution in quantity and quality of C in soils under forests may not always
consistently lead to an increase in SOC due to differences in the biochemical composition
of residues, in soil mineralogy, and in physical protection mechanisms of SOC [47].

Typically, litter removal in forested areas reduces the organic C contents in surface
and subsurface soil layers [48]. This practice causes more significant changes in organic C
content in tropical and subtropical soils [49]. In fact, this was verified by Sena et al. [50],
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who observed, in sandy soil, a decline in the carbon content and stock in the 20 to 40 cm
layers after 90 days of complete or partial eucalyptus litter removal, evincing that removing
the litter that would accumulate during six years could rapidly reduce the soil carbon
stock. Likewise, our results demonstrate that the top layers of sandy soils are extremely
sensitive to removing residues and litter. This practice may directly affect soil C storage in
this subtropical ecosystem.

Our results indicate that roughly half of the contributed C was accumulated in the
20–100 cm layer. This may be linked to the contribution of recalcitrant residues and the
presence of the deep root system of eucalyptus [1,51]. Roots are more efficient than leaf
litter in increasing organic carbon stocks in the soil profile. This effect was demonstrated
by Pegoraro et al. [52], who observed that carbon contribution from eucalypt roots equals
50% of the total harvest residue. Furthermore, dissolved organic C can alleviate the soil
profile and stabilize subsurface layers more efficiently than surface soil layers due to the
higher soil saturation deficit [53]. However, in this extremely sandy soil (33 g kg−1 clay), it
is unlikely that the organic–mineral interaction is an effective mechanism for stabilizing
organic C in soil, with organic matter stabilization being more related to its biochemical
recalcitrance [27].

In the treatments NBr, NB, and AR, the maintenance of the eucalyptus harvest residues
resulted in higher soil organic carbon stocks, despite the low quality components, such
as bark and branches. Therefore, in the first moment, these results lead us to believe
that there is a divergence from the theory that higher quality residues, characterized by
fast mineralization rates, narrow C/N ratio, and reduced phenol concentrations, lead to
greater microbial efficiency in carbon accumulation in the soil compared to low-quality
residues, characterized by low mineralization rates and higher C/N and elevated phenol
concentrations [24].

When analyzing the annual soil C retention rates, we observed that more than half
of the C stabilization occurred in the 20–100 cm layer. This result reinforces the need
for sampling of deep soil layers (up to 100 cm), since sampling restricted to superficial
layers (20 cm) may underestimate the environmental impact of forest management systems.
Similar findings have been obtained in agricultural areas, where some researchers have
demonstrated that C accumulation in the 20–100 cm soil layer is equivalent to 30–50% of
the C accumulated in the 0–30 cm layer [32]. However, studies related to soil C retention
in areas with Eucalyptus have concentrated on the superficial soil layers and have no
thickness standardization, making it challenging to establish comparisons between different
studies. In areas of Eucalyptus, Lima et al. [54] found an average annual retention rate
of 0.22 Mg ha−1 year−1 of C over thirty years in the 0–10 cm layer, with the highest rate
obtained between the second and third rotation in areas of altitude reaching 0.57 Mg ha−1

year−1 of C. In contrast, Cook et al. [55] and Hernández et al. [56] found a retention rate
of 0.20 Mg ha−1 year−1 of C in the 0–15 cm layer in eucalyptus plantations. Possibly, the
results of these studies are underestimated due to the sampling being restricted to the
superficial soil layers. Thus, subsurface layer sampling is recommended for determining C
retention rates in soils under Eucalyptus forests.

The obtained value of k1 of 0.23 year−1 is well above the average values of k1 in
agricultural soils [30,43]. The intrinsic characteristics of the residue, such as its origin (aerial
part and root) and composition (lignin content and C/N ratio), will directly affect the soil’s
residence time. In this sense, possibly, the quality of the eucalyptus harvesting residues
contributing to the soil in the present study favors a higher humification coefficient due
to the lower lability of the material, given the presence of recalcitrant components, like
bark and branch, with an elevated C/N ratio (Table 2). Maintaining these residues on the
soil surface has resulted in a higher C transfer from these components to the soil [17]. In
addition, studies have shown that roots have a humification coefficient 2.3 times higher
than surface-contributed residues due to the higher C/N ratio [57].

Regarding the values of k2, the value of 0.10 year−1 was much higher than the average
values of k2 of 0.019 and 0.040 year−1 obtained in agricultural soils under no-till and con-
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ventional tillage, respectively [43]. The sandy soil texture is possibly one of the main factors
related to this high annual decomposition rate, because of the diminished aggregation and
physical protection of organic matter and the low stabilization capacity by organic–mineral
interactions [45].

Full (AR) and partial (NBr and NB) maintenance of eucalyptus harvest residues
resulted in the highest C stock index (CSI) values. These results reinforce the significant
contribution of eucalyptus harvest residue maintenance to soil C accumulation [14,58].
Almost all the organic carbon in eucalyptus harvest residue management is particulate
organic carbon (POC) (Table 3). This proportion of POC is higher than that obtained
in a study carried out by Oliveira Filho et al. [59] in forest and sugarcane areas under
Quartzarenic Neosol, who observed that approximately 60% of total organic C is in the
form of POC. This difference between the results may be related to the fact that their study
presented clay contents six times greater than in our study, which could favor a higher
stabilization of C in the mineral fraction of the soil.

The carbon lability index (LI) expresses the ability of management systems to preserve
labile SOM compared to the reference management [60], and it was related to the C input
from the eucalyptus harvest residue management in our research. This effect was also
evidenced by Rocha et al. [14] in eucalypt areas, who observed that removing eucalypt
harvest residues for two consecutive rotations reduced the soil’s labile C fraction. Thus,
these results demonstrate the significance of maintaining the eucalyptus harvest residues
to preserve the SOM.

The LI of NBr and AR were 32% higher than NRs. These results show that although
the bark and branch components present in the NBr and AR managements are of low
quality, they favored the LI in the soil. The increase in LI values observed in the current
investigation may be related to biochemical recalcitrance, which contributes to carbon
accumulation in the labile fraction [61], since the soil in the present study has a low mineral
surface area available for soil C stabilization [62]. These effects were also found by Puttaso
et al. [63], who observed a more significant increase in soil carbon in the labile fraction
when the frequent application of residues with moderate contents of nitrogen, lignin, and
polyphenols and low cellulose contents was performed in sandy soil. This fraction has
been utilized as an indicator to evaluate alterations in the SOM arising from the change in
use or management practices in forest systems [33].

The higher CSI and LI were reflected in the CMI. The CMI is an index that compares
the alterations in CSI and LI, reflecting the C sequestration and nutrient cycling potential.
LI was less sensitive than CSI for these two indices, and this can be seen in the smaller
range of values for LI (35%) compared to CSI (50%). On average, the three managements
with the highest CMI (NBr, NB, and AR) together had a CMI that was 97% higher compared
to the reference management NRs, demonstrating that an improvement in the soil quality
has occurred, and indicating that forest systems in which eucalyptus harvest residues are
maintained on the soil surface are more sustainable in the long term. Therefore, this index
is an excellent tool for assessing the soil quality and production systems [30].

The highly significant linear regression between the DBH and CMI demonstrates that
the CMI is a reliable quality index for soil management evaluation and show that both
lability and carbon stocks are important in soil sustainability and maintenance of euca-
lyptus growth. The CMI efficiently estimates the influence of conservation management
practices [31]. Management practices that allow the return of residues to the soil surface
contribute to increasing CMI values. In fact, this was observed in an investigation by
Chatterjee et al. [64], who observed that maintaining 10 Mg ha−1 of wheat residues in
maize-grown areas resulted in a higher CMI when compared to sites without residues.
An improvement in the CMI has resulted in increased yields of maize and rice [32]. Thus,
maintaining eucalypt harvest residues is a forest management strategy that improves the
SOM and forest productivity [11,14,46].

Given our results, we can classify the AR, NB, and NBr as superior for soil quality and
NRs and NR as inferior. Thus, adopting management strategies that promote the removal
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of bark and branches to favor silvicultural operations or the use of these components for
bioenergy production is a forest management strategy that should be avoided by forest
companies, especially in fragile soils such as sandy ones.

5. Conclusions

The maintenance of eucalyptus harvest residues is a strategy that promotes increases
in soil carbon stocks in sandy soils over the removal of harvest residues. The bark and
branches are components that help to increase the rates of carbon retention of the soil, and
it is crucial to maintain these components in the field. Therefore, extremely sandy soils
depend more on the contribution of recalcitrant residues (bark and branches) that provide
great resistance to decomposition by chemical recalcitrance.

The soil humification coefficient under eucalyptus harvest residue management was
high, as was the annual rate of SOM loss. The CMI is a sensitive indicator to evaluate the
quality of eucalyptus harvest residue management, showing a close relationship with the
addition of C and tree diameter at breast height, demonstrating that management that
reduced the soil quality also reduced eucalyptus growth.
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