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Preface to ”Agroecological Approaches for Soil
Health and Water Management”

Soils provide the foundation for food production, soil water and nutrient cycling, and soil

biological activities. With land use and land cover changes over the last century, soil fertility

depletion, greenhouse gas emissions, irrigational water scarcity, and water pollution have threatened

agricultural productivity and sustainability. An improved understanding of biochemical pathways

of soil organic matter and nutrient cycling, and microbial community involved in regulating soil

health and soil processes associated with water flow and retention in soil profile helps design

better agricultural systems and ultimately support plant growth and productivity. This book,

Agroecological Approaches in Soil and Water Management, presents a collection of original research

and review papers studying physical, chemical, and biological processes in soils and discusses

multiple ecosystem services, including carbon sequestration, nutrients and water cycling, greenhouse

gas emissions, and agro-environmental sustainability. The 15 chapters in this book cover various

topics related to soil organic matter and nutrient cycling, soil water dynamics, and related

hydrological processes across multiple soils, climate, and management. Several chapters highlight the

impacts of land use, landscape position, and land-cover change on soil health and plant productivity.

It also has chapters on greenhouse gas emissions as affected by agricultural management, roles of

soil amendments like biochar and micronutrients. Novel water management strategies, including

the use of coalbed methane co-produced water, biodegradable hydrogels, and livestock-integrated

cropping to improve soil health are also discussed. The book further incorporates modeling studies

on yield and greenhouse gas emissions and presents a review of sustainable agricultural and water

management practices.

Soil microbial communities are sensitive to adopting sustainable management practices. Chapter

1 (Coller et al., 2021) investigates the response of soil living communities to change in farming

practices from integrated pest management to organic orchard management in northeastern Italy.

This study highlights agricultural strategy that could impact the edaphic community within the

first few years of land management transition. While fungi responded quickly to the changes,

bacteria and microarthropods had lesser impacts from management and higher from abiotic factors.

Landscape positions also affect soil properties, and crop production. Chapter 2 (Sun et al., 2011)

presents the effects of landscape positions and types on soil properties and the chlorophyll content

of citrus. Soil nutrient content was higher in the footslope and terraces and lower in the upper-

and mid-slope positions. However, citrus chlorophyll content was higher in the middle and upper

landscape position compared to the footslope. Chapter 3 (Ojha et al., 2021) studied the effect of

different landscape positions (ridge, midslope, and valley) on total soil carbon (TC), total nitrogen

(TN), and carbon-nitrogen (CN) ratio, and soil pH in a mountainous district in central Nepal. The

isotopic signature of the natural abundance δ13C and δ15N were used to identify the source of C and

N. Valley soil had higher TN, CN, and soil pH values than the ridge and midslope soils. Further,

the valleys had more positive δ15N signatures than ridge and midslope, indicating higher inorganic

and organic N fertilizer inputs compared to other landscape positions. Therefore, Chapters 2 and

3 suggest the possibility of improving soil quality and agricultural sustainability through targeted

land management measures. In line with this study, Khokhar et al. (2021) in Chapter 4 reported the

effect of land slopes and maize and cowpea strip-intercropping on productivity and soil erosion in

the Shivalik foothills in northwest India. Results indicated significantly higher maize and cowpea

yield on a 1% and 2% slope than on steeper slopes. Runoff, soil, and nutrient losses were lower on 1%
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and 2% slopes than on 3% slopes. The study suggested the adoption of a strip-intercropping system

with a 4.8 m maize strips and 1.2 m cowpea strips resulted in 24% more yield over sole maize and

cowpea, increased net return, and reduced runoff and soil loss by 10.9%, and 8.3%, respectively, than

sole maize crop.

The impact of changes in land management on soil and environmental quality depend on

land-use history. Ren et al. (2020), in Chapter 5, reported an increase in soil N2O emissions

following forestland conversion to cropland in a subtropical Southwest China. The conversion leads

to an increase in the annual cumulative N2O flux by 76–491%. N2O emissions from croplands

with tillage and fertilization were 94% and 235% higher than those from croplands with tillage

and no fertilization, in the short-term and long-term, respectively. The relative contribution of

fertilizer and tillage was different. Fertilization increased N2O emissions by 63% and 84% in the

short-term and long-term, while tillage contributed to 37% and 16% increased emissions in the

short-term and long-term. Chief factors affecting N2O emissions were soil NO3 , NH4
+ availability,

and water-filled pore spaces. Tillage disturbs soil structure and increases soil aeration to facilitate

soil organic N mineralization. Further, mineral N fertilization will lead to an increase in soil

NO3 and NH4
+ availability. Chapter 6 (Mahmud et al., 2021) reviews different pathways of N

losses such as ammonia volatilization (NH3), nitrous oxide (N2O) emissions, and nitrate leaching

(NO3), and suggests potential mitigation strategies such as fertilizer placement, best management

practices, livestock management, use of carbon-rich sources, growth-promoting microbial consortia,

organic farming, crop diversification, genetic improvements, and site-specific nutrient management

for improving agricultural sustainability. The role of livestock on soil health is discussed in Chapter

7 (Dahal et al., 2021). This chapter highlights complex interrelationships between different soil health

indicators in pasture lands with inorganic or broiler litter fertilization history. Results discerned

a strong positive relationship of active carbon (POXC) with N and potentially mineralizable N,

indicating the ability of active carbon fraction to influence nitrogen cycling dynamics. Information

on POXC appears highly valuable in determining optimum nitrogen fertilizer recommendations for

sustainably managing grazing systems and improving soil health properties.

Biochar has been increasingly considered an ecological tool for soil health and water

management. Ayaz et al. (2021) reviewed the implications of using biochar as a soil amendment on

soil health and crop productivity in Chapter 8 and suggested improvements in soil physical, chemical,

hydrological, and microbial properties with biochar application, the magnitude of impact varying

with biochar type, climate, and soil management. Chapter 9 (Yu et al., 2021) studies the effect of corn

straw biochar application on soil and water losses during the spring thawing period in northeast

China. Biochar application at rates 6 and 12 kg m–2 increased soil saturated water content by 24.17

and 42.91% and field capacity by 32.44 and 51.30%, respectively. An increase in biochar application

rate was translated into decreased runoff and soil erosion. Biochar application can reduce soil and

water losses in sloping farmlands.

Another ecological approach to soil and water management is discussed in Chapter 10

(Čechmánková et al., 2021). This chapter evaluated the impact of a novel, biodegradable hydrogel on

soil chemical and hydrological properties. The hydrogel had a positive effect on soil water-holding

capacity and the availability of nutrients under controlled settings. For example, 3% whey-based

hydrogel application increased the available level of phosphorus and potassium by up to 50 and 84%,

respectively. While the gel appears to be promising for soil amendment, field experiments and studies

on plant health and growth attributes may prove beneficial. These innovations are more important in

water-limited environments. Chapter 11 (Poudyal and Zheljazkov, 2021) studies another innovative

x



approach for water management using coalbed methane co-produced water (CBMW). This study

evaluated various blending ratios of CBMW with fresh water on the yield and quality of alfalfa and

oat forages. While irrigating forages with different levels of blending increased soil pH and sodium

adsorption ratio, there was no significant effect on the nutritive value of both forages. Long-term

studies are needed to fully understand the soil and agronomic effects of CBMW and biodegradable

hydrogel.

Soil organic matter, major nutrients, and key physical and chemical properties are often

emphasized while discussing soil health in agroecosystems. However, Chapter 12 (Thapa et al., 2021)

reviews the effects of micronutrients on soil health and soybean production in the Midwest USA.

The studies reported inconsistent soil health and yield response; several factors like climate, soil pH,

cultivar, irrigation, soil organic matter, and application type (foliar vs. band) influenced plant and

soil response to micronutrients. More long-term field studies are necessary to understand better the

management of micronutrients for soil health and productivity.

Biogeochemical and process-based models provide a broader perspective on sustainability

and resilience. Chapter 13 (Jiang et al., 2021) discusses soil organic carbon and rice yield in

Kunshan, China, under variable water and carbon management using a modified Denitrification

Decomposition (DNDC) model. The authors used four future climate scenarios (RCP 2.6, RCP 4.5,

RCP 6.0, and RCP 8.5) to understand soil organic carbon under climate change scenarios. Climate

scenarios significantly affected rice yield but not soil carbon. For example, rice yield decreased

by 18.41%, 38.59%, 65.11%, and 65.62% for all RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5 scenarios,

respectively the 2090s. There was a minimal effect of irrigation and conventional fertilizer application

on soil carbon irrespective of RCP scenarios. However, controlled irrigation with straw returning

appears to increase both SOC and rice yield in long-term simulation. Chapter 14 (Hang et al., 2021)

uses the carbon footprint method to calculate greenhouse gas emissions in a circular farm’s planting

and breeding system modules. Further, a multi-objective linear programming model is used in

determining the optimal structure and scale of growing crops and raising farm animals in circular

agriculture in relation to economic and environmental impacts and farm waste utilization. Results

showed that greenhouse gas emissions occurred primarily from manure management in the livestock

industry. After optimization, agriculture income increased by 64%, and greenhouse gas emissions

increased by only 12.3%. Indeed, carbon reduction measures must rely on measures for optimizing

the management of manure and adjusting feed structures within the circular agricultural framework.

Finally, the benefits and trade-offs of different sustainable practices, namely conservation

agriculture, crop diversification, organic farming, and agroforestry, adopted in Europe and North

Africa, are discussed in Chapter 15 (Choden and Ghaley, 2021). While adoption of such practices

could increase crop yield, soil and water conservation, and sustainable food production to ensure

food security, it largely depends on local conditions and their effectiveness for farmers. As such,

investment in crop-system modeling is deemed necessary.

The chapters are primarily compiled to help and motivate students, researchers, scientists, land

managers, and policymakers in environmental science, soil science, agronomy, hydrology, and water

resources. The book will be useful for anyone interested in soil health and water management across

the globe. The editors acknowledge and thank the authors, reviewers, and editorial assistants for their

help, support, contribution, and enthusiasm. Any error in facts, data, and interpretation remains the

sole responsibility of the authors.

Rajan Ghimire and Bharat Sharma Acharya

Editors
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Soil Communities: Who Responds and How Quickly to a
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Marco Cristiano Cersosimo Ippolito 3, Massimo Pindo 4, Cristina Cappelletti 3, Francesca Ciutti 3,
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Abstract: The use of conservation and sustainable practices could restore the abundance and richness
of soil organisms in agroecosystems. Fitting in this context, this study aimed to highlight whether
and how different soil living communities reacted to the conversion from an integrated to an organic
orchard. The metataxonomic approach for fungi and bacteria and the determination of biological
forms of diatoms and microarthropods were applied. Soil analyses were carried out in order to
evaluate the effect of soil chemical features on four major soil living communities. Our results showed
that the different taxa reacted with different speeds to the management changes. Fungi responded
quickly to the changes, suggesting that modification in agricultural practices had a greater impact
on fungal communities. Bacteria and microarthropods were more affected by abiotic parameters
and less by the management. The diatom composition seemed to be affected by seasonality but the
highest H’ (Shannon index) value was measured in the organic system. Fungi, but also diatoms,
seemed to be promising for monitoring changes in the soil since they were sensitive to both the soil
features and the anthropic impact. Our study showed that soil biodiversity could be affected by
the conversion to sustainable management practices from the early years of an orchard onwards.
Therefore, better ecological orchard management may strengthen soil sustainability and resilience in
historically agricultural regions.

Keywords: soil biodiversity; bacteria; fungi; microarthropods; diatoms; metataxonomic assays

1. Introduction

Soil hosts the most representative fraction of the agroecosystem biodiversity. Its com-
munities are among the more diversified and comprise a wide range of living organisms.
They are involved in a large number of ecological processes and play key roles for hu-
man populations and agriculture [1]. The long history of intensive agriculture and the
consequent recurring use of pesticides, herbicides and mineral fertilizers have compro-
mised soil quality and biological diversity [2]. The use of chemical products against plant
pathogens, pests and weeds was shown to affect the chemical and biological fertility of soils
in several cases, including several potential adverse effects versus non-target organisms [3].
In addition, the long-term and over-application of pesticides cause severe effects on soil
ecology and can drastically modify the structure of soil microbial communities, which may
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further impact their functions in soil [4]. Furthermore, the frequent application of mineral
fertilization aggravates the decline of soil organic matter, can significantly reduce soil pH,
accelerate soil acidification and affects the nitrogen cycle and the diversity and composition
of the microbial community [5,6]. In contrast, sustainable and less invasive practices could
reduce the negative impact on agroecosystems, restoring the environment and increasing
the abundance and richness of groups of microorganisms in soil [7]. In this context, the
characterization of soil communities and their interactions are important topics for defining
soil health and quality. Edaphic microorganisms are considered good indicators of soil
quality because they are very dynamic and respond quickly to changes in soil management,
even before most physico-chemical properties, which take longer to change [8]. Within
the soil microbiota, fungi and bacteria are among the most dominant components and
are affected by seasonality [9], geographical position [10], soil chemical parameters and
agronomic managements [11,12]. They are able to overcome environmental modifications
by adjusting their metabolic activity, biomass and community structure [13]. As is already
known, long-term organic soil management affects not only primary decomposers, namely,
bacteria and fungi, but also other representative trophic levels [14]. Among these, soil
microarthropods are often used as indicators of soil health owing to their ability to respond
to variations in environmental conditions, soil properties and changes in land manage-
ment [15–18]. Soil arthropods are highly sensitive to the effects of agricultural management
practices and there is evidence that organically managed fields contain a greater abundance
and diversity of arthropods than conventionally managed ones [19]. In this regard, some
authors have recently proposed the use of terrestrial algae communities for the ecological
monitoring and assessment of soil quality [20–23]. A previous study reported differences
in the community structure of terrestrial diatoms in response to different farming sys-
tems [24]. Diatoms have high biological diversity, are sensitive to anthropic disturbances
and environmental parameters and respond to agricultural practices [20,24,25].

Knowledge about the impact of agricultural management systems on the soil bi-
otic components is largely available for arable farming, whereas long-term monocul-
tures, including apple orchards, are less studied. The present study aimed to evaluate
(1) whether sustainable agricultural management improves soil biological health and qual-
ity, and (2) how fast the edaphic community (fungi, bacteria, diatoms and microarthropods)
responds to the modifications induced by agronomic practices. For these purposes, a two-
year trial was carried out on an apple orchard in northeastern Italy during the conversion
from integrated pest management (IPM) to organic management.

2. Materials and Methods
2.1. Site Description and Agronomic Managements

The trial was carried out in an apple orchard located in the Trentino region (north-
eastern Italy) (46◦02′47” N, 11◦28′19” E; 400 m a.s.l.) during two years of experimentation
(2018–2019). The field is located on a dejection conoid and detrital, gravitational and
colluvial deposits. The parent material is represented by gravels mixed with sands and
blocks of limestone-dolomitic nature. The apple orchard was planted with Gala cultivar
(Malus × domestica Borkh), clone Buckeye® trained on an M9 rootstock and it was planted
according to a tree spacing of 3.60 m × 1.00 m (2778 trees/ha) in 2015. The field was
managed with integrated pest management (IPM, which is a form of agriculture aimed
at minimizing the use of inputs from outside the farm by implementing a variety of pro-
duction enterprises) until 2017. The management was characterized by spring mineral
fertilization (NPK 14-7-17, 45 kg N/ha), chemical pest and weed control of the rows and a
subsequent autumnal mechanical weeding. In April 2018, it was divided into two plots,
one of which, formed by seven rows in one block of 2500 m2, was converted to organic
management according to Reg. EU 2018/848. The other one consisted of nine rows in one
block of 3200 m2 and was maintained with integrated management. The different practices
were fertilization and weeding of the row (Table S1). In the integrated management plot,
mineral fertilizer (NPK 14-7-17) was supplied once a year in spring at a dose of 45 kg N/ha.
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Matured cattle manure was applied in spring 2018 on the organic management plot in an
amount that can release 90 kg N/ha in an available form over two years and bring about
3.2 t/ha of organic carbon in the soil. In the rows of the integrated plot, chemical weed
control was applied during the season, followed by mechanical mowing in autumn. In
contrast, only mechanical mowing throughout the season was applied on the rows of the
organic plot. There were no differences in Inter-row management between the Integrated
and Organic systems. In this area, natural vegetation (permanent grass) was allowed to
grow, which was regularly mowed yearly during the spring–summer season.

2.2. Soil Sampling

Soil samples were collected along the row (Row) and between the rows (Inter-row) for
both management systems at three different times: T0, before the conversion in 2018 and
immediately before fertilization (19 April 2018), T1 after six months (17 October 2018) and
T2 after 18 months from the conversion (3 October 2019). Ten replicates were collected for
each management, position and time. In total, 120 soil samples were analyzed for chemical
parameters, fungi, bacteria and microarthropods. Thirty Inter-row samples were collected
for diatoms: five soil samples for both managements and for each collection time. The
abbreviations for the different plots are as follows: Integrated Inter-row (Int-Ir), Integrated
Row (Int-R), Organic Inter-row (Org-Ir) and Organic Row (Org-R).

2.3. Soil Physicochemical Properties

For the physicochemical assays, soil was collected from the 0–20 cm layer, where
each soil sample consisted of three cores, which were homogenized to obtain a repre-
sentative sample. Physicochemical analyses were carried out on the air-dried fine earth
fraction (<2 mm). Soil texture was determined as a percentage of sand (2 mm–50 µm),
silt (50 µm–2 µm) and clay (<2 µm) via wet sieving and a hydrometric assay of soil disper-
sant solution (sodium hexametaphosfate). The pH was measured using a potentiometer
in a soil–water suspension (w/v 1:2.5). Total carbonates were determined on powdered
samples using the volumetric method, measuring CO2 evolved after the addition of HCl
(ISO 10693:1995). The soil organic matter (SOM) was calculated using the organic carbon
(conversion factor: 1.724), which was obtained using the difference between the total car-
bon, measured using Dumas combustion of powdered soil and TCD detection, and total
carbonates (ISO 10694:1995). The total nitrogen was measured simultaneously with the
total carbon (ISO 13878:1998). The available fraction of elements was extracted in a DTPA
solution and Cu, Zn, Pb, Fe and Mn were detected using ICP-OES. The cation exchange-
able capacity (CEC) was evaluated using ICP-OES determination of Mg adsorbed on the
soil exchangeable surface after monosaturation with Ba and exchange with Mg added as
MgSO4. The exchangeable fraction of Mg, K and Ca was extracted in ammonium acetate
(pH 7.00) and detected using ICP-OES. The assay of assimilable P was carried out using
the Olsen method, providing solubilization of P in a NaCO3 solution and determination
using spectrophotometry with the ascorbic acid method. Soluble B was extracted using a
hot treatment with a diluted solution of CaCl (w/v 1:2) and determined using ICP-OES.

2.4. Soil Living Communities

For the metataxonomic analysis, soil samples were freeze-dried and sieved with a
0.2 mm mesh size and stored at −80 ◦C until the DNA extraction. Total DNA was ex-
tracted from 0.25 g of each composite soil sample using the PowerSoil DNA isolation
kit (MO BIO Laboratories Inc., Carlsbad, CA, USA) according to the manufacturer’s
instructions. Total genomic DNA was amplified using primers that are specific to ei-
ther the bacterial and archaeal 16S rRNA gene or the fungal ITS1 region. The spe-
cific bacterial primer set 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and the 806R (5′-
GGACTACNVGGGTWTCTAAT-3′) were used [26] with degenerate bases suggested by
Apprill et al. [27] and Parada et al. [28]. Although no approach based on PCR amplification
is free from bias, this primer pair was shown to guarantee good coverage of known bacterial
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and archaeal taxa [29]. For the identification of fungi, the internal transcribed spacer 1
(ITS1) was amplified using the primer ITS1F (5′-CTTGGTCATTTAGAGGAA GTAA-3′) [30]
and ITS2 (5′-GCTGCGTTCTTCATCGAT GC-3′) [31]. All the primers included the spe-
cific overhang Illumina adapters for the amplicon library construction. DNA purification,
indexing, quantification, library preparation for the Illumina MiSeq sequencing (PE300),
preprocessing data and subsequent taxonomic classifications of the OTUs were carried
out as described previously by Coller et al. [10]. Filtered sequences were clustered into
operational taxonomic units (OTUs) at 97% identity using the de novo greedy algorithm
available in MICCA. OTUs were taxonomically classified using the Ribosomal Database
Project (RDP) Classifier v2.11 [32]. Raw overlapping ITS paired-end reads were merged and
merged sequences with an overlap length smaller than 100 bp and with more than 32 mis-
matches were discarded. After the primer trimming, merged reads shorter than 150 bp
and with an expected error rate higher than 0.5% were removed. Filtered sequences were
clustered at 97% identity using the de novo greedy algorithm and OTUs were taxonomically
classified as described by Coller et al. [10]. To compensate for different sequencing depths,
samples were rarefied to an even depth of 24,180 reads for 16S and 18,645 for ITS sequences
(Supplementary material, Figure S1). Samples with less than the minimum number of reads
were discarded.

For microarthropod investigation, 10 × 10 × 10 cm3 soil cubes were collected. The
extraction of microarthropods and determination of biological forms was conducted as
reported by Parisi et al. [33]. The microarthropod community was assessed depending
on the taxa composition, abundance (number of individuals/m2) and an index of soil
biological quality, namely, QBS-ar (acronym of Soil Biological Quality) [33]. This index is an
expeditious tool used to evaluate soil biological quality in agricultural ecosystems, woods,
degraded lands and recovery areas [33,34]. It is a metric index based on the concept that
the number of microarthropod groups morphologically well-adapted to soil is higher in
high-quality soils than in low-quality soils. This index was developed to combine two key
aspects regarding soil microarthropods: (i) their presence in the soil, i.e., biodiversity, and
(ii) their disappearance in degraded conditions, i.e., sensitivity.

For the diatom analysis, soil cores were collected using a plastic ring (diameter 5.7 cm,
depth 4 cm). Diatoms were extracted by rinsing the soil surface with sparkling water to
detach the diatoms [23] for a total volume of 50 mL and preserved in 70% ethanol according
to the standard method proposed by Barragàn et al. [21]. Samples were then treated
via oxidation with hydrogen peroxide 35% to obtain clean frustules and mounted with
Naphrax® for slide preparation (EN 13946, European Committee for Standardization 2003).
The analysis was conducted at the genus level by counting 200 valves using Olympus BX51
light microscope (LM) at 1000×magnification and DIC microscopy due to the presence of
small species that required scanning electron microscopy SEM to be identified.

2.5. Statistical Analysis

The statistical analyses were performed using R software version 3.6.0 [35] and the
vegan R package. The Wilcoxon non-parametric statistical test with the Benjamini–Yekutieli
FDR correction (p-value ≤ 0.05) was run in order to identify which parameters significantly
differed between the different conditions. For the different communities, richness estima-
tors (Species number (S) and S.Chao1) and evenness indices (Shannon (H) and Pielou’s
(J)) were determined using specnumber, estimateR and diversity functions respectively. In
order to obtain the overall variance in life-form compositions, the similarities in the OTU
composition of bacteria and fungi, the taxa of microarthropods and the genera of diatoms
across samples were visualized using nonmetric multidimensional scaling (NMDS) ordi-
nations based on Bray–Curtis dissimilarity with 999 permutations (metaMDS function).
An analysis of similarities (ANOSIM) with 999 permutations based on the Bray–Curtis
dissimilarity was conducted to identify differences in organism composition at the three
times of sampling in different conditions (vegdist function) (value 0 = identical samples,
value 1 = completely disjointed samples). The correlation analysis was used to determine
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the biotic–biotic interactions and biotic–abiotic interactions. In detail, the Mantel tests were
performed to evaluate the Spearman rank correlations between each two-distance matrices
or between one single factor and a matrix (Euclidean dissimilarities distance for chemical
variables and Bray–Curtis distance for the life-form community composition).

3. Results and Discussion
3.1. Soil Physico-Chemical Properties

Some physicochemical properties exhibited statistically significant differences between
the organic and integrated plots already at T0 (Supplementary material, Table S1) in the
Inter-row and Row positions. According to the USDA (U.S. Department of Agriculture)
texture classification, the soil from the Integrated plot was silty-loam (SiLo), whereas the Or-
ganic soil was sandy-loam (SaLo). The textural composition, particularly clay and silt, may
affect microbial composition [36] and thereby influence the restoration of the microbial com-
munity [33]. Some differences were observed in the soil chemical characteristics between
management systems and position over time. The available Mn was significantly different
in the two management systems (Int = 6.1 ± 0.5 mg/kg d.w., Org = 7.7 ± 0.4 mg/kg d.w.,
p-value 0.0410) in the Inter-row at T2. In the Row, but not in the Inter-row, the assim-
ilable P (Int = 184 ± 14 mg/kg d.w., Org = 97 ± 7 mg/kg d.w.) differed statistically
(p-value = 0.0005) at T0 and T2. The available Cu concentration was similar between man-
agement systems and positions at T0 (Inter-row p-value = 0.8499, Row p-value = 0.5204).
Due to the more frequent treatment with Cu-based products on the canopy like fungicides
in the organic plot, the Cu available concentration increased and it was significantly dif-
ferent (p-value = 0.0376) in Org-R (42 ± 4 mg/kg d.w.) compared with the Integrated plot
(32 ± 2 mg/kg d.w.) at T2 (Supplementary material, Table S2). No differences were ob-
served for the other chemical elements between management systems, positions and times.

3.2. Effects of Agricultural Practices on Fungal Soil Communities

In all investigated soils, 267 fungi genera were found, where the more representative
genera were Mortierella (6.3%), Tetracladium (2.8%), Guehomyces (2.1%), Coprinellus (1.7%),
Cylindrocarpon (1.6%), Nectria (1.6%), Ilyonectria (1.5%), Myrothecium (1.2%) and Cladorrhinum
(1.1%) (Figure 1a), which are the most characteristic groups found in exploited agricultural
soils. Indeed, Mortierella, Tetracladium, Cylindrocarpon and Nectria are among the main
agents that cause replanting diseases, root rot and cancer in apple orchards [12]. At time T0,
the Bray–Curtis distance between Org and Int for fungal communities was higher than the
management distance for bacterial communities (Inter-row: fungi = 0.41, bacteria = 0.31;
Row: fungi = 0.46, bacteria = 0.31) (Figure 2). These data suggested that fungi were more
susceptible to the soil structure (chemical parameters) than bacteria, which seemed more
stable in the soil than the fungi. Different texture compositions of soil might explain
much of the variation seen in the structure and diversity of the fungi under these two
types of management. Indeed, some soil properties, such as soil texture, pH and element
concentrations chemical properties, including Cu and P, were implicated as important
factors in shaping microbial communities [37,38]. Moreover, Whalen et al. [11] showed that
the availability of some elements promotes variability in fungal community composition
(e.g., Mn). In this study, we detected differences between the Organic and Integrated plots
for Mn and Cu. At T0, neither of these elements differed between the two management
methods, but the Cu concentration increased during the experimentation, in particular
in Row, and at T2, we detected significant differences between Org and Int. The same
trend was observed for Mn (Supplementary material, Table S1). The increase in these two
elements and the consequent selection action on fungi community [11,35] could explain
the Bray–Curtis distance increment from T0 to T1 and T2 (Figure 2). The analysis of the
biodiversity indices (Table 1) did not show any differences between Int and Org in the
Inter-row position. In the Row, all indices decreased in Int-R, but only S.Chao1 showed
a significant reduction over time (Table 1). In contrast, in Org-R, the indices S, H’ and J
increased significantly over time (Table 1). The opposite trends observed between Org-R
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and Int-R could have been due to the two different soil managements and practices. Int-R
was characterized by mineral fertilization and chemical weeding with glyphosate and
other herbicides. Soil features, such as CEC, clay content and SOM, affect the glyphosate
degradation rate and its persistence in soil, while its effects on soil microbes are doubtful
and conflicting [39]. However, tillage and other mechanical practices are the primary
drivers of microbial composition rather than glyphosate application [39]. In this study,
the Organic plot was managed by mechanical mowing and the application of organic
amendments to the Row. The use of organic amendments enhances the microbial diversity
in the soil and, particularly, affects the soil fungal communities [12]. In our research, unlike
what was observed in Integrated management, the fungal community of the Organic-Row
plot appeared to move close to the fungal community of the Inter-row positions in T2
(Figure 3), suggesting an initial approach to a less impacted agroecosystem.
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Figure 1. Frequency plots. Representative community distributions under different management sys-
tems (Organic and Integrated) on the Row and Inter-row, from T0 to T2. (a) Fungi genera: 3,958,526 se-
quences (ITS region) were rarefied to 18,645 reads per sample and clustered into 8606 OTUs. A total of
1552 sequences provided taxonomic information on 267 genera (18%). (b) Bacteria genera: 5,405,403 se-
quences (V4 region of 16S) were generated. After rarefying, 24,180 reads out of 43,394 OTUs were
obtained. A total of 8992 OTUs were associated with 408 genera (20.7%). (c) Diatoms genera (fre-
quency: at least 5% of the total and 1% of the total for diatoms) and (d) microarthropod taxa.

3.3. Soil Properties Mainly Affected Bacterial Communities

Overall, 408 bacteria genera were found within the soil samples. Nitrososphaera (10.3%)
and Gp16 (1.3%) were the most characteristic genera (Figure 1b). Our more representative
genera among the dominant groups in the agricultural soils were classified as oligotrophic
bacteria [40]. The P/A ratio (P = copiotrophic phyla of Proteobacteria, A = oligotrophic
phyla of Acidobacteria) is indicative of the trophic level of the investigated soil [34] and
its high values (≥0.5) suggests a sufficient availability of nutrients in soil [33]. In this
work, the P/A ratio was similar between Integrated and Organic plots in either position
at the beginning of the trial (T0) (Int-IR = 0.69, Org-IR = 0.69, Int-R = 0.77, Org-R =
0.77). At T2, this ratio was higher in the Organic than in the Integrated plot (Int-IR
= 0.65, Org-IR = 0.72, Int-R = 0.78, Org-R = 0.82), indicating an improvement of soil
nutrient availability in organic management. The dissimilarity of bacteria was higher at
T1 than at T0 and T2 in the Inter-row and was higher at T1 and T2 than at T0 in the Row
position (Figure 2). Bacterial populations respond quickly to nutrient addition [41], but
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this response decreases over time [42]. In this study, the samplings were collected distant
from cultivar operations (fertilization and weeding); this can account for the lower values
of bacterial Bray–Curtis distance relative to those of the fungal community. The bacterial
biodiversity indicators decreased from T0 (spring) to T2 (autumn) in both positions and
this reduction was statistically significant in the Row position, showing the seasonal impact
on the bacterial community [43] (Table 1). In the Inter-row position, the seasonal effect
on the bacterial composition (Table 1) was reduced by the permanent grass cover, which
might have limited temperature and moisture variation in soil [44]. Additionally, bacterial
biodiversity indices and total carbonate content, which were higher in the Inter-row than in
the Row positions, were positively correlated (Supplementary material, Table S2); this result
underlines the positive effect of carbonates on bacterial biodiversity [45]. The bacterial
community composition showed a separation between the Inter-row and Row positions for
both management systems, except for the Organic system at T2 (Figure 3).
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3.4. Diatoms as a Promising Community for Indicating Soil Quality

The investigation of the soil diatom community revealed a low number of taxa (28 gen-
era), as observed by Foets et al. [17], and a high variability within replicates. Sellaphora
(38.0%), Hantzschia (21.7%), Nitzschia (19.5%) and Mayamaea (18.0%) were the most abundant
genera (Figure 1c). When the treatments were considered, Mayamaea had a significantly
higher presence in the Organic management plot (p-value = 0.0201) than in the Integrated
one, whereas the significant variations over time also affected the genera Hantzschia (in-
creased frequency) and Nitzschia (decreased frequency) (Figure 1c), probably due to the
different sensitivities of these three genera to farming practices [20]. Differences in the
diatom community between the two management systems were already high at time T0 but
increased over time, though not significantly (Figure 2). The biological indices increased
over time in both management systems, but only for H’ was the difference statistically
significant. It increased from T0 to T2 in Org, and at T2, it was also statistically different
between management systems (Table 1). The higher value of this index in the Organic
system as against the Integrated one agreed with the study of Heger et al. [24]. The change
in the agricultural system affected the diatom community composition; indeed, it was
different at T0 relative to T1 and T2 only in the Organic system (Figure 3). These results
could be explained by the change in agricultural systems, but may also hide seasonal
variations, as observed for agricultural soil [17]. The soil diatom variability significantly
correlated with organic matter and total N in both management systems and with CSC,
total C and exchangeable Mg in the Integrated system (Supplementary material, Table S2),
confirming the effects of nutrients, ionic strength and other chemical elements on soil
diatom distribution [25]. Terrestrial diatom species are not so well known, and some appli-
cations based on them use diatom indices developed for freshwater ecosystems [21]. More
studies are needed to produce a “soil diatom index” that is able to evaluate soil quality and
anthropic disturbance.

3.5. Effect of Seasonality on Microarthropods

A total of 11789 microarthropod specimens belonging to 16 taxa were collected. Acari
were the most dominant group (50.1%), followed by Collembola (21.1%) and adults of Hy-
menoptera (15.0%) (Figure 1d). The total microarthropod abundance decreased over time in
both management systems along the Row, and there was a significant reduction from T0 and
T1 in the Int-Ir plot (Table 1). For the microarthropod community, the Bray–Curtis distance
between the two treatments decreased from T0 to T1 and T2 in both positions (Figure 2).
Moreover, at all sampling times, the variability of arthropods in the distances was much
higher than fungi, bacteria and diatoms. In the short-term, seasonality and differences in
soil properties had a more significant role in determining arthropod community compared
to agronomic management [46]. Temperature and moisture fluctuations induce vertical
migration through the soil profile, causing a variable distribution of soil microarthropods
in soil [47]. The richness and the evenness indices showed some significant differences
between the times under different conditions and the QBS-ar index highlighted differences
between T1 and the other two times (Table 1). At T1, the biodiversity indices (H’ and J)
showed the lowest values. The climatic conditions at T1, such as the absence of precipitation
in a month and the lowering of the temperature, could have contributed to this decrease
(Supplementary material, Figure S2). These results agree with other studies that showed the
strong effect of seasonality on soil arthropods [48]. In this study, no differences were found
between the Integrated and Organic plots in the biodiversity indices of the microarthropod
community (Figure 3). We hypothesized that two years after the conversion is not enough
time to detect a significant change in the soil arthropod community.

4. Conclusions

This study considered three sampling time points and four different soil communities
(fungi, bacteria, arthropods and diatoms) to evaluate the differences during the conversion
from integrated to organic practices in an apple orchard. The fungal communities reacted
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quickly to the change in the management system and the values of the biodiversity indices
in the organic plot increased compared to the values in the Integrated one. When the
change in the agricultural system was first implemented, bacterial and microarthropod
communities were influenced more by the seasonality, texture and chemical properties of
soil, rather than by distinct farming practices. Diatoms were found to be promising for
monitoring changes in the soil since they were sensitive to both the nature of the soil and
anthropic disturbance at the genus level. This study highlighted that different components
of the soil living community responded in different ways to the change in management
system and this result is particularly important in soil monitoring plans. The monitoring of
the situation is still ongoing to better characterize the change in the soil microbiota during
an agroecosystem conversion.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su14010383/s1, Figure S1: Rarefaction curves of alpha diversity of the (A) number of
observed bacterial OTUs, (B) number of observed fungal OTUs. Figure S2: Plots of the temperature
and rain from T0 to the 30 days before sampling: (A) daily rainfall, (B) accumulated amount of
rain and (C) gradient of soil temperature (geom_ridgeline_gradient {ggridges} of the R program).
Meteorological data from the sampling areas were recorded daily in four stations located in proximity
to the apple orchard. Table S1: Concentrations of the sand, silt, clay, heavy metals and other chemical
parameters according to the management types, positions and times. Different letters in parentheses
indicate significant differences between times for the same position and management (Wilcoxon
test with BY correction, p-value ≤ 0.05). Table S2: Spearman rank correlations (R values) of single
chemical variables with matrices of bacterial, fungal and microarthropod community composition
and soil processes based on Mantel tests. Significance levels: *** p < 0.001, ** p < 0.01 and * p ≤ 0.05.
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Abstract: In recent years, soil degradation and decreasing orchard productivity in the sloping
orchards of the Three Gorges Reservoir Area of China have received considerable attention both
inside and outside the country. More studies pay attention to the effects of topography on soil
property changes, but less research is conducted from the landscape. Therefore, understanding the
effects of landscape positions and landscape types on soil properties and chlorophyll content of
citrus in a sloping orchard is of great significance in this area. Our results showed that landscape
positions and types had a significant effect on the soil properties and chlorophyll content of citrus.
The lowest soil nutrient content was detected in the upper slope position and sloping land, while the
highest exists at the footslope and terraces. The chlorophyll content of citrus in the middle and upper
landscape position was significantly higher than the footslope. The redundancy analysis showed
that the first two ordination axes together accounted for 81.32% of the total variation, which could be
explained by the changes of soil total nitrogen, total phosphorus, total potassium, available nitrogen,
available potassium, organic matter, pH, and chlorophyll content of the citrus. Overall, this study
indicates the significant influence of landscape positions and types on soil properties and chlorophyll
content of citrus. Further, this study provides a reference for the determination of targeted land
management measures and orchard landscape design so that the soil quality and orchard yield can
be improved, and finally, the sustainable development of agriculture and ecology can be realized.

Keywords: agriculture landscape; chlorophyll content of citrus; landscape position; soil proper-
ties; terraces

1. Introduction

The Three Gorges Reservoir Area of China is one of the most suitable ecological areas
for the growth of citrus. The citrus industry has achieved a dominant position in the
development of mountainous agriculture and rural economy in this area [1]. Currently, the
mountainous agriculture in this area is transforming from conventional farming systems to
suburban modern agriculture and leisure and sightseeing agriculture, and the ecosystem
service function contained in it has begun to attract attention [2]. Citruses are planted on
the sloping land along the Yangtze River and its tributaries because of cultivated land
tension in this area. For a long time, orchard managers have been ignoring soil conservation
practices, and indiscriminately using large amounts of fertilizers without considering soil
differences, which has led to serious problems such as chemical fertilizer pollution, soil
degradation, and orchard production reduction, and brought great harm to agricultural
production and ecological environment in the area [3–5].
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Soil properties, the most important factor determining soil quality, not only affect crop
output, but also have a significant impact on the cultivated land use and soil environmental
protection [6–8]. Several previous studies have confirmed the effects of terrain, land use,
hedgerows, and other environmental factors and management measures on soil quality in
the Three Gorges Reservoir Region [9]. Teng Mingjun et al. [10] found that topographical
factors are the main factors that cause the spatial heterogeneity of soil organic carbon
in the reservoir area. Shen Zhenyao et al. [11] found that load intensities of nitrogen,
phosphorus, and other non-point source pollutants were significantly different in soils with
different land-use patterns. Xu Feng et al. [12] showed that slope ecological engineering
with contour hedgerows could effectively control slope erosion and nutrient loss.

However, in the Three Gorges Reservoir Region, a fragile ecoregion and a developing
leisure and sightseeing agricultural area, there are a few studies on the change of soil
properties caused by the landscape. Each soil property has a respective spatial distribution
in the landscape. The landscape position affects the process of soil formation, so it is
considered to be one of the key factors affecting the changes of soil properties [13,14].
Simultaneously, landscape types also cause changes in soil spatial distribution. Arnaz’s [15]
study found that when sloping land transformed into terraced land, the slope’s length and
angle decreased significantly, resulting in a decrease in soil erosion and sediment yield.
Although soil properties are influenced by many factors, such as climate, parent material,
and biological factors, the influence of landscape types and landscape positions cannot be
ignored on the regional scale [16]. Therefore, in this area, soil-landscape analysis is crucial
to understand the spatial variation law of soil properties for determining targeted land
management interventions to improve soil quality, form a charming farmland landscape,
and achieve sustainable agricultural development [17].

Additionally, more researchers believe that it is best to combine soil analysis with leaf
analysis to comprehensively diagnose the soil quality and citrus nutritional status to guide
rational fertilization, improve citrus quality, and increase citrus yield. Mohesh et al. [18,19]
Showed that the chlorophyll content of plant leaves determines the photosynthetic ca-
pacity and nutritional status of leaves, which can be used as an indicator of plant health.
Haboudane et al. [20–22] point out that chlorophyll content in crops plays a key in precision
agriculture because it is related to nitrogen concentration in the leaf of a crop. It reflects
how the crop responds to nitrogen application, as well as being an important indicator of
photosynthetic activity, which determines crop yield. Therefore, it is necessary to assess
the comprehensive impact of environmental factors on soil and citrus trees in combination
with the changes of the chlorophyll content of citrus (CCC).

The purposes of this study are: (1) to evaluate the effects of landscape position and
landscape type on soil properties, including soil total nitrogen, total phosphorus, total
potassium, available potassium, available nitrogen, available phosphorus, soil organic
matter, and pH; and (2) to evaluate the effects of landscape position and landscape type
on CCC. This information provides a reference for knowing how the local ecosystem
works and assessing the impact of future landscape changes. It is not only helpful for
the determination of targeted orchard land management measures and the formation of
a good agricultural landscape but also related to the ecological environment safety and
sustainable development of the agricultural economy in the middle and upper reaches of
the Yangtze River.

2. Materials and Methods
2.1. Study Area

The study area is in the citrus orchard in Guo Jiagou, Fengjie County, Chongqing,
China (31◦06′ N, 109◦27′ E, Figure 1). Fengjie County, with an altitude ranging from
86 to 2123 m above sea level, is a mountainous landform in the eastern Sichuan Basin
and the mountainous area accounts for 88.3% of the total (Figure 1D). The Yangtze River
runs through the middle of Fengjie County, stretching 41.5 km, with Mei Xi River, Da Xi
River, Shi Sun River, Cao Tang River, Zhu Yi River, and other rivers. Fengjie County is
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a typical subtropical monsoon climate with four distinct seasons, abundant rainfall, and
long sunshine hours. Due to the influence of topography and landform, the vertical change
of climate is more obvious and forms a typical three-dimensional climate. The frost-free
period is about 287 days; average annual temperature is 16.3◦, average precipitation is
about 1150 mm, and average sunshine duration is 1639 h.
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Fengjie County is located in the core area of the citrus industrial belt in the middle
and upper reaches of the Yangtze River. As of March 2021, the citrus planting area of
Fengjie County has reached 246.7 km2, the output has reached 370,000 tons, and the
comprehensive output value has exceeded 3.5 billion yuan, accounting for about 20% of
the total agricultural output value. This has led to the income increase of 0.3 million people
in 24 towns and 70,000 households, and the employed population accounts for 28.4% of
the total population of Fengjie County. Citrus trees in the study area were planted in 1980;
the variety is Feng Yuan 72–1, the row spacing of citrus plants is 4 m × 4 m, and the height
of the canopy is 3–4 m. In 1990, part of the sloping land was changed to contour terraces,
and the slope of the surface was 5 degrees, showing a trend of high inside and low outside.
At present, in the study area the most agricultural landscape is sloping landscape, with a
few being terraced landscape.

The soil distribution in Fengjie County is shown in Figure 1C and Table 1. The soil
in the study area is mainly yellow soil, and the profile configuration is A–B–C type. The
thickness of the soil layer is generally more than 60 cm, and the color is yellow or brownish
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yellow. The content of silt is 36.9–44.38%, clay is 30%, and the texture is loamy clay. This
kind of soil has a deep soil layer, heavy texture, total porosity of about 59%, and strong
water and fertility conservation.

Table 1. Information about the geological structure, soils, and land use of the analyzed catchment.

Item Classification Area (km2) Proportion (%)

Soil
Purple soil 297.3 7.3
Yellow soil 3796.7 92.7

Yellow brown earth 5.1 0.1

Geography

≤500 m 636 14.1
501–1000 m 1820.1 40.3
1001–1500 m 1520.2 33.7
≥1501 m 537.3 11.9

Land use

Plowland 37,504 45.5
Forestland 33,575 40.7
Grassland 7608 9.2
Water area 333 0.4

Construction land 2399 2.9
Unused land 12 0.01

The data of soil and topography is from Fengjie County. The data of land use is from Chongqing.

2.2. Experimental Design

This study was conducted in August 2020 in the citrus orchard operated by Fengjie
County Agriculture Development Ecology Co., Ltd., Chongqing, China. Two adjacent
slopes with different landscape types were chosen to explore the effects of landscape
positions and landscape types on soil properties and CCC in the study area. One of the
slopes is a sloping landscape, the other is a contour terrace in the upper slope position,
and the middle slope and footslope positions are sloping landscapes. Refer to the research
methods of Brubaker et al. to divide slope landscape position [23]. The research is divided
into three parts (Figure 1E): the upper landscape position (US), the middle landscape
position (MS), and the foot of slope (FS). Landscape types are divided into sloping landscape
and terraced landscape. A total of representative 24 plots (4 m × 4 m) were selected based
on landscape positions and landscape types: 8 in the US, 8 in the MS, and 8 in the FS.
The landscape position, landscape type, and geographical location of each sampling plot
were recorded, and slope gradient, slope aspect, and elevation were measured. The basic
information of sample plots in different landscape positions is shown in Table 2.

Table 2. The basic information of sample plots in different landscape positions.

Landscape
Position

Geographic
Position Elevation (m) Slope (◦) Slope Aspect (◦) Number of

Plots
Dominant Landscape

Position

FS 31◦6′55” N
109◦27′24” E 210 19–23 302–355 8 slopes

MS 31◦6′52” N
109◦27′25” E 225 30–36 78–355 8 slopes

US 31◦6′49” N
109◦27′26” E 240 5–21 347–352 8 terraces, slopes

FS = the footslope position, MS = the middle slope position, US = the upper slope position.

2.3. Soil Sampling and Chlorophyll Content of Citrus

In August 2020, soil samples were collected for 24 plots by the diagonal sampling
method. After clearing the top litter, three individual soil samples (0–15 cm, one from the
center of the field, two from diagonal corners) were taken from a plot and mixed to get
1 sample. The samples were air-dried and sent to the Guangxi Academy of Agricultural
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Sciences to determine the contents of soil total nitrogen, total phosphorus, total potassium,
available nitrogen, available phosphorus, available potassium, organic matter, and pH.

The CCC, expressed as a chlorophyll content index (CCI) was measured using the
CCM-200 plus Chlorophyll Content Meter (OPTI–SCIENCES, Hudson, NH, USA) between
8:00 and 10:00 a.m. on 28 and 29 August 2020 (sunny cloudless). The measurement method
was to select well-developed and fully developed leaves from the upper, middle, and lower
locations of the south of a citrus tree. After measuring each leaf four times, the mean value
of chlorophyll content in the upper, middle, and lower tree locations was taken.

2.4. Data Analysis
2.4.1. Statistics Analysis

Statistical analyses were conducted using Excel 2016 (Microsoft, Redmond, WA, USA)
and SPSS 24.0 (IBM, Armonk, NY, USA). A descriptive statistic was performed to describe
the soil properties and CCC. Then, Pearson correlation analysis was used to show cor-
relations between soil properties. One-way ANOVA was used to examine the effects of
landscape position and landscape type on soil properties and CCC, and the least significant
difference method (LSD) was used to compare the mean values.

2.4.2. Redundancy Analysis Method

To find the most important environmental factors that affect the soil properties and
CCC in the experimental area, redundancy analysis (RDA) was carried for a constrained
ranking analysis based on the experimental data. A Monte Carlo permutation test was
used to find the relative importance of each environmental factors in explaining changes
in soil properties. Redundancy analysis is a direct gradient analysis technique. Through
community ranking, the community sample plots (species) investigated in an area were
arranged according to their similarity to analyze the relationships between various species
and the environment and effectively evaluate the impact of environmental variables on
species [24]. In this research, RDA was applied to find the relationship between species
variables (soil properties and CCC) and environmental variables (landscape positions and
landscape types, slope surface, gradient, and aspect).

It is worth noting that the gradient length should be measured by detrended corre-
spondence analysis (DCA) on the sample before constraint analysis. Since the first gradient
length was 0.6 < 3.0, RDA is the most appropriate method [25]. Before RDA analysis, two
data matrices (species data and environmental data) were built, and the environmental data
were encoded. In this study, landscape types were divided into two types: 1 represents the
sloping landscape and 2 the terraced landscape. Landscape position can be divided into
FS, MS, and US, represented by 1, 2, and 3, respectively. The experimental slope surface
was divided into the terraced field and sloping field, represented by 1 and 2, respectively.
The actual measured values were used to represent the slope and aspect.

3. Results and Discussion
3.1. The Description of Soil Properties and CCC

Table 3 shows the statistical variables of soil properties and CCC under different
landscape positions and landscape types. The content ranges of soil properties and CCC
were as follows: CCC: 66.03–163.40, total nitrogen: 0.55–2.70 g/kg, total phosphorus:
0.19–1.75 g/kg, total potassium: 11.76–35.11 g/kg, available nitrogen: 30.60–185.50 mg/kg,
available phosphorus: 0.30–50.70 mg/kg, available potassium: 50.50–273.40 mg/kg, soil
organic matter: 9.30–51.00 g/kg, and soil pH: 5.73–7.54. The average content of soil
properties followed a decreasing order: available potassium > available nitrogen > available
phosphorus > soil organic matter > total potassium > total nitrogen > total phosphorus.
The coefficient of variation (CV) of soil properties and CCC ranged from 27.60% to 83.82%
(Table 3), showing medium variation (10%≤ CV≤ 100%), indicating that the soil properties
and CCC varied greatly in different landscape positions and types.
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Table 3. Descriptive statistics for soil properties and the chlorophyll content of citrus (CCC).

Item CCC TN
(g/kg)

TP
(g/kg)

TK
(g/kg)

AN
(mg/kg)

AP
(mg/kg)

AK
(mg/kg)

SOM
(g/kg) pH

Range 97.37 2.15 1.56 23.35 154.90 50.40 222.90 41.70 1.81
Minimum 66.03 0.55 0.19 11.76 30.60 0.30 50.50 9.30 5.73
Maximum 163.40 2.70 1.75 35.11 185.50 50.70 273.40 51.00 7.54

Mean 119.59 1.30 0.77 16.45 76.39 16.83 157.25 21.40 6.81
SD

CV (%)
33.72
28.20

0.60
46.15

0.51
66.23

4.54
27.60

38.67
50.62

16.40
61.40

63.66
40.48

11.67
54.53

0.58
83.82

SD = standard deviation, CV = coefficient of variation, TN = total nitrogen, TP = total phosphorus, TK = total
potassium, AN = available nitrogen, AP = available phosphorus, AK = available potassium, SOM = soil organic
matter, CCC = chlorophyll content of citrus.

3.2. Soil Properties Correlations

A significant correlation was found between many soil properties measurements
(Table 4). The content of total nitrogen (TN) was significantly positively correlated with total
phosphorus (TP), available nitrogen (AN), available phosphorus (AP), available potassium
(AK), and soil organic matter (SOM). SOM was significantly positively correlated with AN,
TP, AP (p < 0.01), and AK (p < 0.05). The increasing SOM can promote the activity of soil
enzymes, and promote the decomposition of plant and animal residues and humus, thus
releasing nitrogen and potassium [26]. Moreover, SOM has a significant promoting effect
on soil nutrient retention and nutrient supply capacity, which also suggests that the future
fertilization should be based on organic fertilizer, supplemented by fertilizer, to maintain
anthropogenic mellowing of soil, to meet the nutritional requirements of stable yield, high
yield, and good quality of citrus. Soil pH was negatively correlated with TN, AN, AK,
and SOM, and it was an important index reflecting soil parent material properties and
weathering and leaching conditions [27].

Table 4. Pearson correlation coefficients between soil properties.

TN TP TK AN AP AK SOM

TP 0.687 **
TK −0.058 0.096
AN 0.930 ** 0.584 ** −0.075
AP 0.744 ** 0.876 ** 0.089 0.737 **
AK 0.607 ** 0.458 * −0.094 0.660 ** 0.653 **

SOM 0.954 ** 0.699 ** −0.120 0.876 ** 0.744 ** 0.475 *
pH −0.537 ** −0.297 0.089 −0.582 ** 0.539 * −0.611 ** −0.420 *

* = 0.01 < p < 0.05, ** = 0.001 < p < 0.01.

3.3. The Effect of Landscape Positions on Soil Properties and CCC

Most soil properties and CCC were significantly different in landscape positions
(Table 5). The results of multiple comparisons showed that the CCC among the three land-
scape positions showed the order of MS > US > FS, and the CCC at the FS was significantly
different from the US and MS (p ≤ 0.001, Figure 2). Vladimir et al. [28] showed that under
the same photosynthetic photon flux density, the fluorescence intensity excited by blue
light is 2.5 to 3 times that of red light. Blue light significantly promoted the formation
and accumulation of chlorophyll [29,30]. In the mountainous environment, the landscape
position directly affects the illumination conditions, and the solar radiation at the FS is
lower than the MS and US. Therefore, the CCC at the US and MS is extremely significantly
higher than that the FS. At the same time, sunlight may also affect the formation of local
microclimates, and differences in microclimates can affect the distribution of plant commu-
nities, which in turn affects the growth and development of citrus trees [31]. Additionally,
a study by Qiang Fu et al. [32,33] showed that in the soil at a depth of 0–20 cm, the higher
the landscape position, the greater the soil moisture content, and chlorophyll content is pos-
itively related to soil moisture. Therefore, the significant differences of CCC in landscape
positions may be caused by many reasons.
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Figure 2. Variations of soil properties and CCC in different landscape positions. (a) Changes of citrus
chlorophyll content; (b) Changes of total nitrogen content; (c) Changes of total phosphorus content;
(d) Changes of total potassium content; (e) Changes of available nitrogen content; (f) Changes of
available phosphorus content; (g) Changes of available potassium content; (h) Changes of soil organic
matter content; (i) Changes of pH.
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Table 5. Mean comparisons of soil properties by landscape positions of the study site.

LS CCC
Soil Properties

PHTN
(g/kg)

TP
(g/kg)

TK
(g/kg)

AN
(mg/kg)

AP
(mg/kg)

AK
(mg/kg)

SOM
(g/kg)

FS 85.80 1.62 1.06 17.25 94.93 27.25 204.30 25.40 6.10
MS 150.88 1.53 0.91 16.96 98.08 19.85 244.40 21.73 6.51
US 141.96 0.70 0.40 14.64 33.25 10.18 121.85 11.05 7.27
F 37.57 *** 6.15 * 1.73 4.36 * 6.64 * 0.80 14.90 ** 3.67 11.53 **

* = 0.01 < p < 0.05, ** = 0.001 < p < 0.01, *** = p < 0.001. Abbreviations as in Table 3.

The soil pH value is extremely significantly correlated with the landscape position
(p < 0.01), manifested as a decrease along the downslope. Due to the citrus orchard being
located on the slope of the Three Gorges Reservoir area, the topography has an impact
on soil nutrient loss. The leaching or loss of base ions, especially calcium ions, makes the
soil acidified [34]. On the contrary, the TN and TK accumulate along the downslope. The
multiple comparison results showed that the contents of total nitrogen and total potassium
were the lowest in the US position and tended to be the highest at FS position. The content
in the US is significantly lower than the FS (p < 0.05). This result is consistent with the
research conclusion of Hu Chenxia et al. and may be due to the nutrient deposition in the
US and the production and residue of plants [35]. The contents of AN and AK were the
highest content in the MS, and significantly higher than those in the US (p < 0.05, p < 0.01,
respectively). It could be due to better temperature and moisture in the MS than in the
US, or better light conditions than at the FS [36]. Although the difference of TP, AP, and
SOM among landscape positions was not significant (p > 0.05), they generally tended to
accumulate along the downslope, which was consistent with the fact that TN, AN, TK,
and AK had lower values on the US and higher values at the FS. Zhang Jianhui et al. [37]
showed that the main erosion process in a medium-long slope (40–110 m) was water
erosion, and soil nutrients were carried from the upper slope to the foot slope by surface
runoff, leading to a decrease in soil quality in the US position.

In general, most soil properties and CCC in orchards have significant correlations
among landscape positions. Specifically, most soil properties show a higher value in the
MS and FS and lower in the US [38]. The lowest levels of other soil properties, such as soil
organic carbon, were also usually found in the US position [39]. The soil properties of the
US were worse than those of the MS and FS position. However, unsustainable land use in
the upper landscape position has an impact on the lower slope area. The soil nutrient loss
is the main reason for the decline of soil quality and non-point source pollution. Therefore,
the balance and improvement of soil quality is the critical factor to achieve sustainable
agricultural development [40–42]. Xue Zhijing et al. [43] suggested that the high vegetation
cover can reduce runoff and soil loss, and then maintain soil nutrients better. Additionally,
the effects of tillage erosion cannot be ignored. One solution is to reduce tillage on uphill
sites. The other solution is more appropriate to this area to improve the soil fertility by
intercropping and applying green manure or organic manure in the US. Applying biological
organic fertilizer instead of chemical fertilizer can reduce the emission of nitrogen dioxide
and thus improve the acidification and eutrophication of surface water [44]. Therefore, the
effects of landscape positions on soil properties and CCC should be further studied.

3.4. The Effect of Landscape Types on Soil Properties and CCC

Some soil properties of different landscape types in the same landscape position
(US) in the orchard were significantly different (Table 6). The mean value of TN and TK
ranged from 0.70–1.08 g/kg and 14.64–17.68 g/kg, respectively. Multiple comparison
results showed that the TN and TK contents in terraced fields were significantly higher
than in sloping fields (p < 0.05). The contents of AN, AP, and other nutrients that could
be directly absorbed by crops in terraced fields were significantly higher than those in
sloping (p ≤ 0.001), and the contents of AN and AP in terraced fields were 77.08% and
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217.58% higher than those in sloping, respectively. Although there was no significant
difference in TP, AK, SOM, and pH among different landscape types (p < 0.05), further
observation showed that their contents in terraced fields were still higher than those
in sloping, indicating that the difference of landscape types did lead to the changes of
soil properties.

The research conclusion is consistent with Fu Bojie et al. [45]. The soil properties of
sloping land being lower than terraces may be the combined action of water erosion and
tillage erosion. Xu Chang et al. [46,47] showed that rainfall and surface runoff were the
impetus of soil nutrient loss. Compared with the sloping field, the slope length and angle
of the terraced orchard were significantly reduced, which resulted in the reduction of soil
erosion caused by the topography and the better preservation of soil nutrients. At the same
time, it reduces water body pollution caused by soil particles, nitrogen, phosphorus, and
other elements in farmland under the scouring effect of rainwater and runoff. Furthermore,
effects of contour tillage on soil movement (translocation and erosion) were examined
by Zhang Jianhui et al. in the steep hillslopes of the Sichuan basin using a physical
tracer method. The results showed that tillage significantly affects soil migration on
sloping land. The tillage erosion rate under contour tillage was 77% lower than that under
downslope tillage [48]. In the future farming of sloping, especially at the top and upper
slopes with high soil property variability, it is necessary to consider the cultivation method
of contour terraced fields, which is conducive to soil conservation and has a charming
farmland landscape [49]. Bo Sun et al. [50,51] indicated that excessive application of
nitrogen fertilizer and pesticides is considered to cause water pollution in the Yangtze River
basin. The solution is to reduce the loss of soil nutrients and maintain a good farmland
ecosystem. Therefore, compared with slope land, terrace farming with good ecological,
landscape, and economic benefits is a more suitable farming method for farmland in the
Yangtze River Basin. At that time, the charming terraced orchard and the beautiful Yangtze
River will become a brilliant and unique scene, which will make the leisure and sightseeing
agriculture in this region develop better. Moreover, Shimbahri et al. [52] conducted a study
on the effect of terraces on soil water content in an arid area of Ethiopia. The results showed
that terraces do have good performance in soil and water conservation. Thus, we should
also pay attention to the impact of landscape types on soil water content in future research,
which is very important for arid and semi-arid regions in the world.

Table 6. Mean comparisons of soil properties by landscape types.

LT CCC
Soil Properties

PHTN
(g/kg)

TP
(g/kg)

TK
(g/kg)

AN
(mg/kg)

AP
(mg/kg)

AK
(mg/kg)

SOM
(g/kg)

Slope 141.96 0.70 0.40 14.64 33.25 10.18 121.85 11.05 7.27
Terrace 139.83 1.08 0.99 17.68 58.88 32.33 127.05 19.28 7.49
F value 0.05 6.43 * 10.41 7.17 * 30.69 *** 45.22 *** 0.10 3.97 3.02

* = 0.01 < p < 0.05, *** = p < 0.001.

3.5. Redundancy Analysis (RDA)

Through redundancy analysis, we obtained the relationship among soil properties
and CCC and environmental variables. The significance of the constraint ordination was
tested by the Monte Carlo permutation test (499 permutations were performed). The results
showed that the tests on the first and second constraint axes were obvious (p = 0.028 and
0.002, respectively). The first and second constraint axes together explain 81.32% of the
relationship between the species variables and environmental variables. Therefore, we
chose the first two constraint axes with high and significant eigenvalues to draw a biplot
for observation and then tried to explain it.

The RDA ordination diagram is explained below: environmental variables (explana-
tory variables) in red arrows indicate species variables (response variables) with blue. The
angle between the arrow of the environmental variables and response variables reflects
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the correlation (but not the meaning of the angle between the response variable): when
the angle is acute, the correlation is positive; correlation is negative when the angle is
greater than 90 degrees. The length of the line between the red arrow (environmental
variables) and the origin is directly proportional to the degree of correlation between an
environmental factor and the distribution of community and species. The angle between
the arrow of the environmental variable and the constraint axis represents correlation.
The smaller the angle is, the greater the correlation will be. If it is orthogonal, it will be
irrelevant. The blue arrow (species variable) points from the origin to the corresponding
coordinate of the species score. The direction the arrow points to indicates the direction
in which the abundance of the species has increased. The correlation between species
and environmental variables was displayed by a perpendicular projection of the species
arrow-tips onto the line overlaying the environmental arrow. The longer the projection, the
higher the correlation.

The results of the RDA ordination diagram (Figure 3) show that Axis1 is positively
correlated with slope gradient and aspect. The first constraint axis is mainly interpreted
as slope gradient and aspect because of the length of the arrow. The second ordination
axis (Axis2) has a great negative correlation with landscape position. Therefore, the second
ordination axis is mainly interpreted as landscape position. The CCC is highly correlated
with landscape position, followed by slope gradient, and negatively with aspect. The
highest negative correlation with landscape positions is TN, followed by TK, AN, SOM,
and TP. Although most soil properties are significantly affected by landscape positions, the
influence of slope and aspect cannot be ignored.

In the RDA ordination diagram, slope gradient and aspect are the main determinants
of Axis 1 (Figure 3). TN, TP, AN, AK, and SOM are positively correlated with slope
gradient and negatively with aspect, which is in keeping with the research conclusions
of Holden et al. [53]. Although the heterogeneity of soil properties is influenced by many
factors, such as climate, soil parent material, and biology, many soil properties changes
can be attributed to topography [54]. The movement and accumulation of soil solutions
are significantly affected by slope gradient and aspect, leading to spatial differences in soil
properties [55].
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Figure 3. Ordination biplot of redundancy analysis (RDA) displaying the effects of the selected
environmental variables on soil properties and CCC. LT = landscape type, LP = landscape position,
SG = slope gradient, SA = slope aspect, SS = slope surface, CCC = chlorophyll content of citrus.

The correlation between CCC and slope gradient and aspect may be related to solar
radiation. The slope aspect, a topographic factor that changes regional microclimate, deter-
mines the solar radiation amount received by the slope surface [56]. Smith’s [57] research
shows that many environmental changes are related to solar radiation. Sun Ying et al.
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showed that the chlorophyll content in plants also had a relationship with light inten-
sity [58,59]. Therefore, in this study, with the change of slope gradient and aspect,
the amount of solar radiation probably changes accordingly, which could lead to the
CCC changes.

4. Conclusions

In conclusion, our study clearly shows significant changes in soil properties and CCC
among different landscape positions and landscape types in the Three Gorges Reservoir
Area. Most soil properties showed the highest content in the footslope and terraced
landscape and the lowest in the upper slope and sloping. The CCC in the footslope
was significantly less than in the MS and US location. In addition to the strong effect
of landscape, the well-known principle that spatial heterogeneity of soil properties is
affected by topographic factors such as slope gradient and aspect was also confirmed
in this research. These results indicated that the changes of soil properties and CCC in
this area were mainly affected by landscape position, landscape type, and topography.
For Fengjie County to develop suburban modern agriculture and sightseeing agriculture,
determining the targeted land management measures of orchards to change the farmland
landscape and orchard planting layout is more in line with the requirements of regional
development [60]. It can not only improve the soil quality and yield of orchards and reduce
the unnecessary nutrient waste and non-point source pollution caused by orchards, but also
provide ideas for the landscape design of orchards to realize the sustainable development
of agriculture and ecology in this area.

It is necessary to carry out similar and larger scale research in other catchments such
as the Yellow River basin or citrus planting areas such as Southern Jiangxi, China to deter-
mine the complex influence law between soil–landscape–crop under different soil parent
materials, climate, geographical conditions, etc., and formulate the applicable regional
eco-agricultural transformation scheme. In addition, this study has the same reference
value for the development of sustainable agriculture in other tropical and subtropical
countries such as India and Nigeria. However, our research method has some limitations,
such as the research on the spatial distribution of soil properties being weak. Therefore, we
summarized several lessons for future researchers to conduct further study. 1. More soil
physical properties, such as soil bulk density, aeration, permeability, and adhesion, can be
included in soil analysis. 2. More response variables can be included in leaf analysis, such
as chlorophyll a, chlorophyll b, carotenoids, leaf area, specific leaf index, etc.
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Abstract: Mustang valley in the central Himalaya of Nepal is a unique landscape formed by massive
soil mass during a glacial period, which is attributed to a mix of vegetations and long agricultural
history. Soil nutrients and their sourcing is highly important to understand the vegetation assemblage
and land productivity in this arid zone. Twenty soil samples (from 0 to 20 cm depth) were collected
from three landscape positions in Mustang district: valley, ridge, and midslope. We explored nutrient
sourcing using natural abundance carbon (δ13C) and nitrogen isotope (δ15N) employing isotope
ratio mass spectrophotometry. The results showed that the total soil carbon (TC) and total nitrogen
(TN) ranged from 0.3 to 10.5% and 0.3 to 0.7%, respectively. Similarly, the CN ratio ranged from
0.75 to 15.6, whereas soil pH ranged from 6.5 to 7.5. Valley soil showed higher values of TN, CN,
and soil pH than the ridge and midslope soils. The valleys had more positive δ15N signatures than
ridge and midslope, which indicates higher inorganic and organic N fertilizer inputs in the valley
bottom than in the midslope and ridge. This suggests that a higher nutrient content in the valley
bottom likely results from agro-inputs management and the transport of nutrients from the ridge
and midslope. Soil pH and CN ratio were a non-limiting factor of nutrient availability in the study
regions. These findings are crucial in understanding the nutrient dynamics and management in
relation to vegetation and agricultural farming in this unique topography of the Trans-Himalayan
zone of Mustang in central Nepal.

Keywords: carbon; isotopic signature; Mustang; natural abundance; nitrogen; nutrient sourcing

1. Introduction

Nepal exhibits unique topographic features with a great variation in climate and
biodiversity observed in every five kilometers across the longitude [1]. The origin of the
Nepal Himalaya started from the Miocene period (50 million years ago), throughout which
a constant weathering of soil parent materials occurred [2,3]. Mustang geology is believed
to have originated around the Plio-Pleistocenous age and is well known as a Thakkhola
formation [4]. The evolution of the Thakkhola formation aligns with major Himalayan
uplift events that are set on unique geomorphic and climate patterns of Mustang compared
to other parts of Nepal [4].

Mustang is located in the high mountains, where weathering is mainly constrained
by climate. Overall, the climate of Mustang is characterized by low temperatures and
dry seasons with high wind speed. Specifically, the northern part of Mustang represents
the rain shadow area of Nepal [5], locally referred to as the Trans-Himalayan zone. The
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southern part is relatively more humid than the northern part and is covered with forest
area which is only 3.3% (12,324 ha) of total landmass [6]. Low temperature and scant
precipitation decelerate the weathering process [7] and result in fragile, weak aggregates,
and shallow soil mass (i.e., skeletal soil) in Mustang [8]. High wind speed, however,
accelerates the physical weathering of rocks and minerals. Therefore, Mustang exhibits
unique topographic and climatic features, and its soil behaves differently compared to
other parts of Nepal.

The altitude of Mustang district ranges from 2010 to 8167 m above sea level (masl). It
is covered by 57.7% barren land, 30.3% grassland, 5.6% forest and bushes, 2.7% sand and
cliffs, 2.1% water bodies, and 1.6% cultivated areas [8]. The geomorphology of Mustang
is composed of high peaks, ridges, midslopes and valley bottoms attributing to different
landscape positions [5]. The following three landscape positions are found in the hillslope.
The ridge is the peak of the hill of the sloped land, midslope is in the middle part between
the ridge and the valley bottom, and the basal part of the hill is valley bottom which is gen-
erally flat land located near the river channels. These landscape positions are characterized
by their own specific micro-climate, micro-relief, aspect, and soil type. Generally, the valley
bottoms are relatively warmer, moist, fertile, and have a lower slope than the midslope
and ridge.

Most of the cultivated area in Mustang is occupied with apple (Malus domestica)
orchards, one of the major income sources of Mustang residents. It covers around 72% of
the district’s total fruit production and is mainly dominant in the lower part of Mustang [9].
Besides apples, crops such as maize (Zea mays L.), wheat (Triticum aestivum L.), buckwheat
(Fagopyrum esculentum), barley (Hordeum vulgare), naked barley (Hordeum vulgare ssp.
Vulgare), pea (Pisum sativum), mustard (Brassica sp.), potato (Solanum tuberosum), vegetables,
and other temperate fruits (apricot and walnut) are grown in Mustang. Generally, orchards
are planted in the ridge and midslope areas and crops/vegetables are grown in the valley
bottoms. Most parts of the central and southern Mustang and a few villages of the northern
Mustang harvest two crops each year.

Carbon (C) and nitrogen (N) are two fundamental nutrients that serve as key soil
fertility indicators [10]. The availability of nutrients for crops is governed by soil pH [11]
and the Carbon–Nitrogen (CN) ratio [12]. The stable isotopes (natural abundance) of
carbon (δ13C) and nitrogen (δ15N) and the CN ratio have been increasingly used to iden-
tify organic matter origin, mixing, and transformations in soil and their cycling in the
atmosphere [13–16]. A lower CN ratio indicates a higher mineralization of organic matter
and vice versa [17]. The signature of δ13C differs with different vegetation assemblage;
higher in C4 vegetation (−9 to −17‰) and lower in C3 vegetation (−23 to −30‰) [18].
Measuring the natural abundance of δ13C provides information about the sourcing and
migratory nature of soil organic carbon (SOC) in soil, while the natural abundance of δ 15N
tells us about the biological tracking of the nutrients [16,19]. The isotopic signature of δ13C
and δ15N and the CN ratio can be used to track the processes and mechanisms related to
organic matter origin, formation, and turnover [17,20].

The availability of plant nutrients in higher elevation soil is mostly linked to the
vegetation types and their photosynthetic pathways. As the elevation gradient changes,
a shift in the isotopic signature of C and N occurs, and the change in vegetation types
governs these dynamics [21]. For instance, the natural abundance of C (δ13C) increases in
the foliage of plants along with the increase in elevation [21] but there is a large variation
in soil’s δ13C values [22,23]. Plant leaves or litters are one of the major contributors to soil
organic matter formation through microbial decomposition [24,25]. However, the mixing
and fractionation of stable isotopes in the soil during the decomposition process results in
a larger variation of the isotopic composition [26]. The elevation and the rate of litterfall
in natural ecosystems strongly influence the SOC sourcing and mixing [21]. Similarly,
the natural abundance of nitrogen (δ15N) isotope is enriched in an intensively managed
environment. The relationship between the δ13C and δ15N with soil nutrients provides
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important information about the sourcing of nutrients in the higher elevation soils and
such information is very limited in the mountainous country of Nepal.

Plant nutrients in the cultivated soils of Mustang are typically low [27], which is
attributed to a low mineralization rate, low mobility, and low exchange potential. With an
increase in elevation, the availability of plant nutrients are limited due to reduced mineral-
ization rates [21,26]. Nutrient availability in the higher elevation is mostly constrained by
the climate, vegetation type, and input management [21,23]. In Mustang, animal husbandry
is closely linked with agriculture [28]. There is a significant transfer of biomass from the
forest and rangeland to the cropland as fodder and roughages for livestock, ultimately
ending in cropland as manure [29]. In addition, as livestock graze, there is also a recip-
rocal exchange of nutrients from crop residues back to the rangeland and forest through
their excrement. This favours the nutrient source mixing in between cropping land and
nearby native vegetation coupled with erosion-led nutrient transport [30]. The soils in
the agricultural land of the Mustang region are poorly investigated and the existing plant
nutrients status is not well known. Furthermore, soil test-based plant nutrient management
is barely practised at the local level. The identification of the source, status, dynamism,
and retention of those nutrients in the upper elevation soils is critically important to know
the managerial aspects of the nutrients in a sustainable manner. We aimed to explore the
TC, TN, CN ratio, and soil pH along the transect of different landscape positions (ridge,
midslope, and valley) where cropping or orchard plantation is common in Mustang with
surrounding natural vegetation. We further analysed the isotopic signature of the natural
abundance δ13C and δ15N to identify the source of C and N where the nutrients source
mixing is common in higher elevations of Mustang, Nepal.

2. Materials and Methods
2.1. Location and Climate

Mustang is one of the mountainous districts in central Nepal. It is located in the
rain shadow of the world’s 7th and 10th highest mountains (Dhaulagiri and Annapurna
standing 8168 and 8137 masl, respectively) and receives on an average <400 mm annual
rain with relatively higher rainfall in the southern part of the district. It presents a diversity
of climates ranging from tundra, arid types in the higher elevations above 4500 masl, to
alpine and cold temperate in 3000 to 4500 masl and 2000 to 3000 masl, respectively [31].
Furthermore, it is a deeply incised valley of the Kali Gandaki river with an arid valley
bottom and characteristic diurnal wind system. It is divided into upper Mustang (above
3800 m) and lower Mustang (below 3800 m), the two divisions differing from each other
with respect to the prevailing climatic conditions.

2.2. Soil Sampling Point Determination

We selected 20 sampling points along the Kaligandaki corridor from the southern
(Tukuche) to northern part (Korala) of the Mustang district, considering a vertical transect
to capture the best possible landscape positions (Figure 1 and Table 1). Out of 20 points,
we collected four samples from the midslope, five samples from the ridge, and eleven
samples from the valley in October 2011. Difficulties in accessing the varied topographic or
landscape positions resulted in uneven sampling points. The details of sampling points are
given in Table 1.
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Figure 1. Distribution of soil sampling points showing in the digital elevation model (DEM) map 
across the transects in the study area, the Mustang district of Nepal. 

Table 1. Detailed information on sampling points in the Mustang district of Nepal. 

Sampling 
Points 

Latitude Longitude Elevation, masl Location 
Micro-Re-

lief 
Site  

Characteristics 
Nearby Domi-

nant Vegetation 
1 28.71225 83.64908 2628 Tukuche Midslope Orchard Juniper, Pine 
2 28.83692 83.78242 2837 Kagbeni Valley Cropped land Juniper 
3 28.80392 83.77322 2852 Between Kagbeni and Lupra Valley Cropped land Juniper 
4 28.80389 83.77322 2852 Between Kagbeni and Lupra Valley Cropped land Juniper 

5 28.92494 83.82758 2963 Tsungsang Valley Cropped land 
Juniper shrub, 

grasses 

6 28.80244 83.79028 2997 Lupra Midslope Orchard 
Juniper shrub, 

grasses 

7 28.80211 83.78958 3017 Lupra Midslope Apple orchard 
Juniper shrub, 

grasses 
8 28.88406 83.80836 3092 Thangbe Valley Cropped land Juniper shrub 
9 28.96161 83.80847 3447 East of Samar Valley Cropped land Pine, Juniper 
10 28.81758 83.84944 3524 Jharkot Ridge Orchard - 
11 28.94964 83.80181 3560 South of Samar Midslope Orchard Pine, Juniper 
12 29.06139 83.87169 3579 Ghami Valley Cropped land Planted Populas 
13 28.96169 83.80142 3606 Samar Ridge Orchard Pine, Juniper 
14 28.99114 83.83819 3778 Syanboche Valley Cropped land - 
15 29.18361 83.95714 3823 Lomanthang Valley Cropped land Planted Populas 
16 29.18272 83.95711 3825 Lomanthang Valley Cropped land  Planted Populas 
17 29.25469 83.96025 4027 South of Chonup, North of Lomanthang Valley Cropped land Grasses 
18 29.30347 83.96836 4612 North of Chonup Ridge Orchard Juniper 

19 29.30347 83.96836 4612 North of Chonup Ridge Orchard 
Juniper and 

grasses 
20 29.30347 83.96836 4612 North of Chonup Ridge Orchard Grasses 

Figure 1. Distribution of soil sampling points showing in the digital elevation model (DEM) map
across the transects in the study area, the Mustang district of Nepal.

2.3. Soil Sampling and Laboratory Analysis

We collected soil samples with the help of auger from 0 to 20 cm depth from selected
points. A composite sample was taken, which was then spread in a sample box. Roots,
undecomposed plant debris, and gravel were removed in the field. Upon returning to the
lab, the soil was air dried, ground in mortar and pestle to break aggregates, and sieved to a
2 mm mesh size, which was then subjected to lab analysis.

The total soil carbon (TC) and total nitrogen (TN) were analysed using the dry com-
bustion method for which soil was ground to 0.5 mm in size. The soil pH was determined
in a 1:5 soil to water ratio with a digital soil pH meter. The isotopic signature of carbon
(δ13C) and nitrogen (15N) were obtained from isotopic ratio mass spectrometry (Thermo
Fisher Scientific, Analyzer: FLAS 2000-Conflo IV-Delta V Advantage) for which soil was
ground to 0.1 mm in size. The soil sample was replicated twice to determine each of the
carbon and nitrogen signatures and the average value of the replicates was reported. Soil
standards and reference samples were placed after every 12 samples. The standard error of
soil standards/reference sample was <0.23‰.

2.4. Data Analysis

Initially, data were entered in MS Excel and then imported to R studio for descriptive
analysis. Standard least square analysis of variance (ANOVA) models were used to investi-
gate the effects of landscape position on soil C and N. The data were tested for ANOVA
assumptions prior to the analysis, and they met these assumptions. We employed log and
square root transformations to fit data into a normal distribution curve before subjecting
them to ANOVA. Tukey means separation tests were used for post-hoc comparisons of
the soil parameters amongst landscape positions. A correlation between the variables was
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calculated at 5% level of significance. Graphs of variables (TC, TN, CN ratio, pH, δ13C,
and δ 15N) were prepared in R-studio [32] using ggplot2 package [33]. The relationship
between different variables were performed in ggpairs function which is an extension of
the ggplot2 package [33]. The statistical significance was determined as p < 0.05, unless
otherwise noted. Analyses were conducted using 15.0.0 JMP SAS software. To elucidate
the relationship between the geographical coordinates and the soil properties, a multiple
linear regression model was built where soil properties were kept as a dependent factor
and geographical coordinates as independent factors.

3. Results

The TC was significantly higher in the valley (6.2%) than in the ridge (2.8%) while
the midslope had the intermediate values (4.7%) (Figure 2). The maximum and minimum
TC in the valley was 10.5 and 4.0%, the midslope was 5.8 and 2.4%, and the ridge was 6.6
and 0.3%, respectively. Although there was no significant difference in the TN contents
between these slope locations, the average TN content showed a decreasing trend from the
valley (0.8%) to the midslope (0.6%) and ridge (0.5%). The maximum and minimum TN
in the valley was 0.7 and 0.3%, the midslope was 0.9 and 0.4%, and the ridge was 0.7 and
0.3%, respectively.
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The δ15N values in soil were significantly different across the landscape positions
(Figure 3). On average, the valley soil contained the positive δ15N values, whereas the
midslope and ridge soils contained negative δ15N values. However, the range of δ15N
signature showed both positive and negative values at all landscape positions. The maxi-
mum and minimum natural abundance of δ15N in the valley was +7.0 and −15.2‰, the
midslope was +7.3 and −16.1‰, and the ridge was +5.4 and −14.9‰, respectively. The
soil δ13C value did not differ significantly between the landscape positions, although the
average value showed a slightly increasing trend from the valley to the ridge (Figure 3). The
maximum and minimum natural abundance of δ13C in the valley was −6.6 and −23.6‰,
the midslope was −7.6 and −19.4‰, and the ridge was +1.1 and −22.0‰, respectively.
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The CN ratio did not differ significantly between the landscape positions, although
there was an indication of a higher CN ratio in the valley than in the midslope and the
ridge (Figure 4). A significantly higher soil pH was observed in the valley than in the ridge,
while the midslope had intermediate values (Figure 4). The maximum and minimum CN
ratio in the valley was 12.0 and 6.0, the midslope was 10.0 and 6.0, and the ridge was 16.0
and 1.0, respectively. Similarly, in the valley and midslope, we found the same soil pH
range (7.0 to 7.5) and in the ridge soil the pH range was 7.0 to 6.5.
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Both a positive and a negative correlation was observed between the soil parameters
(Figure 5). A significant positive correlation was found between the TC and TN (r = 0.7,
p < 0.001); the TC and CN ratio (r = 0.6, p < 0.001); the TC and δ15N (r = 0.7, p < 0.001); the
TN and δ15N (r = 0.5, p = 0.019); and a significant negative correlation was found between
the TN and the δ13C (r = −0.6, p = 0.004). A detailed correlation matrix including all
variables is provided in Appendix A Figure A1. We did not find any significant correlation
between geographical co-ordinates (latitude, longitude, and elevation) and soil parameters
(Appendix A Figure A1). Furthermore, there was no significant effect of latitude, longitude,
and elevation on soil properties as suggested by multiple linear regression models (results
not shown), which is in compliance with correlation results.
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4. Discussion

Our current study showed that the valley bottom had a higher TC and TN concen-
tration compared to the midslope and ridge. There is a progressive increment in the TC
and TN concentration from the ridge to the valley bottom. This implies that the valley
bottom is more fertile than the ridge and the midslope. The transport of the nutrients from
the upper slope (ridge and midslope) towards the lower slope (valley bottom) due to soil
erosion may have resulted higher concentration of the TC and TN [34] in the valley bottom.
The deposition of sediment in the valley bottom and nutrient transport from the upper
slope and forest litter [30] coupled with heavy textured soil [27] resulted in higher TC and
TN. Lü et al. [35] reviewed the nutrient transport process associated with rainfall-runoff
events and reported their results in terms of factors, forms, carriers, and sources of nutrient
transport. Lü et al. [35] concluded that during the erosion process water is a carrier of soil
nutrients in the soluble form. The dissolved organic C and available form of N resulting
from litter decomposition from the forest is the primary source of nutrient transport, along
with eroding water and sediments from the upper slope to the lower slope [36,37]. The
lower slope, where the deposition of sediments occurs, are generally high in soil carbon
and nitrogen compared to the eroding upper slope [38–40]. Thus, in the current study area,
this erosion-led nutrient transport is dominant where the nutrients from the upper slope of
the ridge and the midslope are deposited in the valley bottom.

The low CN ratio in the soil that we observed in the current study might be due to
presence of inorganic carbon (natural carbonates) or inorganic nitrogen (input management)
or both. The presence of inorganic forms of C and N alters the CN ratio [41]. The ratio
of total organic C to N is the indicator of the decomposition rate of organic matter with
an inverse relationship [42]. The CN ratio at any landscape position does not affect the
nutrient availability [43] in the Mustang soil. Similarly, the average soil pH of the study
area was 6.9 ± 0.5 units, which is the most favourable range for the nutrient availability.
Many of the nutrients essential for plants are available in the pH range of 6.5 to 7.5 [44].
There, the CN ratio and soil pH are found to be non-limiting factors for nutrient availability
in the study area.
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The range of δ13C value from −23.6 to +1.1‰ in the current study indicates the pres-
ence of both inorganic and organic C in soil. The C content of few soil samples, particularly
from the ridge, was dominated by inorganic C (i.e., carbonate mineral). Plant photosynthe-
sis discriminates against the heavier C isotope, and the degree of discrimination mainly
varies with the type of photosynthetic pathways (C3, C4, CAM). The δ13C values of C3 and
C4 plants generally lie between −20 to −40‰, and −9 to −17‰, respectively, while δ13C
values in CAM typically lie in between −10 to −20‰ [45]. Garzione et al. [46] reported that
C3 plants, dominantly trees, shrubs, and cool-growing-season grasses in the region produce
soil respiration with δ13C values of about −22 to −32‰, whereas C4 plants, dominantly
warm-growing-season grasses, produce soil respiration with δ13C values between −10
and −15‰. The average observed range of soil carbonate formed in equilibrium with
C3-respired CO2 is δ13C = −13 to −9‰, whereas soil carbonates formed in the presence of
C4 plants have δ13C = +1 to +3‰ [47].

Galy et al. [48] reported the presence of δ13C value of −0.4 to +1.9‰ in the carbonates
of the bedload sediment around the Lomangthang and Kagbeni regions of the Mustang
district. The presence of carbonates in the Tethyan sedimentary series, which also includes
the Mustang district, comprises of Paleozoic–Mesozoic carbonates and clastic sediments
that have δ13C values ranging from −2.5 to 0‰ [49]. The δ13C value in Paleosol carbonates
of the Thakkhola formation is between −5.6‰ and +3.5‰ with a mixed C3 and C4 plant
species, but predominantly C4 species [46]. An arid environment like Mustang is likely to
have higher δ13C values resulting from a low respiration rate or the dominance of C4 plants.
Garzione et al. [46] collected different species of grass in between 3000 and 4000 masl and
found δ13C values from −12.3 to −12.8‰ in these grass species. They concluded that the
higher value of δ13C in the valley floor of the Thakkhola formation deposition is from
paleosol carbonates with the presence of both C3 and C4 vegetation. However, the presence
of only C3 vegetation in the lower elevations (Tetang formation), yielded δ13C values from
−21.9 to −26.5‰. Szpak et al. [50] demonstrated that foliar 13C values increased with a
site’s altitude, which is in agreement with our data trend of greater soil 13C enrichment
in the ridge compared to the valley. Therefore, the sourcing of soil C can be attributed to
the mixture of soil organic matter and paleosol carbonates with the increasing influence of
organic matter (mostly from C3 vegetation) as we move from the ridge towards the valley
floor of the Mustang district.

The natural abundance of δ15N in soil represents an integrated signal of the ecosys-
tem’s N processes that help constrain N budgets, identify sources, and their fates. The
range of δ15N values in our study sites is between −16.1 to +7.0‰. Since Mustang is located
in an arid climate, the δ15N enrichment in soil and plants is expected. The loss of 14N and
enrichment of δ15N values in soil and vegetation samples in dry regions have been reported
previously [51,52]. Zhou et al. [53] reported increasing δ15N values with decreasing rainfall
in the Qinghai–Tibetan Plateau, a region similar to our site. The authors suggested that the
precipitation and temperatures that influence the CN content and ratio are also the primary
factors determining the patterns of soil δ15N on a regional scale [53]. In a landscape scale
similar to our site, variability in δ15N was positively related to moisture availability, soil
fertility, and vegetation cover [54]. Szpak et al. [50] demonstrated that foliar δ15N values
decreased with an increase in altitude, similar to our trend observed in soil δ15N values.
The higher value of δ15N in valleys in our sites could also be associated with the use of
organic fertilizer (δ15N value of around 2 to 30‰) and synthetic N fertilizer (δ15N value of
around −4 to 4‰) [55]. Regmi et al. [56] reported the use of synthetic N (23 to 280 kg urea
ha−1) and farmyard manure (2.1 to 5.3 t ha−1) in apple orchards of the Mustang district.
Hence, the enrichment of δ15N in the Mustang district and the variations we observed
between various sites might come from the agro-inputs or enrichment due to micro and
macro scale topographic and climatic variations in these sites.

Furthermore, the higher positive correlation of the TC with the TN, δ15N, and CN
ratio; δ13C with CN ratio; TN with δ15N; and the higher negative correlation of the TN with
δ13C (Figure 5) indicates the interdependence of sourcing between the TC and the TN. This
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indicates that the source mixing between soil organic matter is C4 and C3 vegetation. The
nutrient source mixing is further augmented by the transfer of forest litter as manure to
farmland by the farmers of the Mustang valley [34]. The use of fresh animal manure in the
valley bottom might result in higher δ15N [57]. There is a mixing of isotopically distinctive
carbon and nitrogen in the study area as a weak and negative correlation between δ13C
and δ15N (Figure 5) [58]. Hence, the isotopic techniques are useful in organic matter source
identification, their mixing, and stability in the soil.

5. Conclusions

Our study discloses the sourcing and availability of C and N in higher elevation soils
of the Mustang District, Nepal using stable isotope techniques, CN ratio, and soil pH. The
findings suggest that the landscape positions strongly influence the nutrient sourcing and
mixing in higher elevation soils. As our data is limited to cover the broader geographic
range, we do not find a relation of C and N with longitude, latitude, and elevation. C
and N sourcing are specific to different landscape positions in Mustang. The ridge and
midslopes are dominant with the litter decomposition, either of the forest trees species or
of fruit orchards. Valley slopes are mostly dominant with the fresh organic and inorganic
substrates through agro-input management by farmers, along with the source mixing
of C and N transfer associated with erosion-led nutrient transport from the ridge and
midslopes. Hence, we emphasize that the cultivated croplands in the valley or orchards in
the midslope and the ridge should be managed according to the nutrient sourcing in the
region for sustainable land management. It is important to consider landscape position,
broad geographic co-ordinates, and micro-relief to study C and N sourcing in future studies.
Further research is necessary to study the micro-climate, decomposition rate constant, and
the microbial diversity to understand the cycling of C and N in the higher landscapes.
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Abstract: Maintaining sustainable crop production on undulating, sloppy, and erodible soils in
Shivalik foothills of North-west India is a challenging task. Intercropping is accepted as a highly
sustainable system to reduce soil erosion and ensure sustainable production by making efficient use
of resources. Field experiments were conducted in the rainy season (July to September) during 2015,
2016, and 2017 to evaluate the effect of land slopes and maize and cowpea strip-intercropping on
productivity and resource conservation at the Regional Research Station, Ballowal Saunkhri located
in the Shivalik foothills. During three years of experimentation, a total of 23–26 runoff events were
observed in the maize crop grown in the rainy season. The results from this 3-year field study
indicate that maize grain yield was significantly higher on a 1% slope and cowpea on a 2% slope.
This accounted for significantly higher net returns (US$ 428 ha−1) with a benefit-cost (BC) ratio of
2.0 on a 1% slope. Runoff, soil, and nutrient losses were higher on a 3% slope as compared to 1%
and 2% slopes. N, P, and K loss on a 3% slope were 3.80, 1.82, and 4.10 kg ha−1 higher, respectively
than a 1% slope. The adoption of a strip-intercropping system with a 4.8 m maize strip width and
1.2 m cowpea strip width resulted in significantly higher maize equivalent yield than sole maize and
other strip-intercropping systems. This system showed the highest land equivalent ratio value (1.24)
indicating a 24% yield advantage over sole cropping systems of maize and cowpea, and fetched
the highest net returns (US$ 530 ha−1) with a benefit-cost ratio (BC ratio) of 2.09. This system also
reduced runoff and soil loss by 10.9% and 8.3%, respectively than sole maize crop. On all the land
slopes, maize and cowpea strip-intercropping systems showed a significant reduction in N, P, K,
and organic carbon loss as compared to sole maize. Thus, on sloping land, the maize and cowpea
strip-intercropping system decreases surface runoff, soil, and nutrient loss, and increases yield and
income of the farmers as compared to a sole maize crop.

Keywords: maize equivalent yield; nutrient loss; runoff; soil loss; slope; strip-intercropping; water
use efficiency

1. Introduction

Water and wind erosion are the main soil degradation processes in drylands of the
world [1]. Soil erosion not only affects the soil’s physical properties but transports huge
quantities of nutrients from agricultural land thereby deteriorating the soil health [2]. Soil
erosion has detrimental impacts on global agricultural production as more than half (52%)
of the world’s arable soils have been categorized as degraded or severely degraded [3,4].
Soil erosion rate from agricultural land is about 10–100 times greater than rates of soil
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production, erosion under natural vegetation, and long-term geological erosion [5]. Over
the last two decades, estimates for agricultural land degradation have been highly variable
with figures varying from as low as 15% to as high as 80% [6–11]. Later assessments have
revealed that 25%, 44%, and 10% of the present agricultural land are highly degraded,
slightly to moderately degraded, and recovering from degradation, respectively [7,8,12].
The global average annual value of soil erosion is about 10.2 Mg ha−1, of which 60% is
anthropogenic. Soil erosion results in an $8 billion loss to global GDP annually which has
reduced the crop yields by 33.7 Tg (Teragrams ≈ million tonnes), and increased water
abstraction by 48 billion m3 [13]. In India, water erosion has affected about 145 million
hectares of the total geographical area (328.81 million hectares). In the north-western
part of India, the sub-mountainous area in the Shivalik foothills popularly known as the
Kandi region is deemed as one of the most fragile ecosystems of the country. In this
region, a large portion of the rainfall goes as runoff from the cultivated fields along with
fertile topsoil [14,15]. The average annual erosion rate in this region is 16 Mg ha−1 and
in some watersheds, it is more than 80 Mg ha−1 [16,17], which is much higher than the
soil tolerance limit of 10–11.2 Mg ha−1 [18]. Due to the severe erosion problems, huge
quantities of nutrients are lost from fertile agricultural land, rendering them barren over
a period of time [18–21]. Therefore, there is a need to identify a suitable cropping system
that can provide adequate soil cover to reduce the rate of soil loss to a tolerable limit
and ensure sustainable crop production while maintaining the proper soil health. Maize-
wheat is the principal cropping system of the Shivalik foot-hills. Maize, being the erosion
permitting crop, augments the problem of soil erosion which is further aggravated by the
high-intensity rainstorms. Hence, maize must be grown with erosion-resistant crops so as
to minimize soil erosion to an acceptable level. Leguminous crops are considered to be the
best soil conservators, and legumes, when grown as intercrops, impart sustainability in
the cropping system [21]. Among the various factors affecting the runoff and soil erosion
process, the vegetation cover in terms of structure and density plays an important role
in runoff generation and hence, the soil erosion process. The vegetation cover not only
reduces the amount of rainfall reaching the ground surface but also reduces the impact of
raindrops on the soil surface [22]. Due to less impact velocity, the splash erosion is reduced
to a larger extent. The amount of soil detached is reduced considerably due to the presence
of surface/crop cover and hence the gross soil erosion is reduced as well [23]. A number of
studies have been conducted wherein it has been observed that adding vegetation cover by
mulching or intercropping has reduced runoff and soil loss [24–27].

Intercropping, the practice of growing two or more crops simultaneously on the
same field is an age-old cropping system that aims to utilize the growth resources more
efficiently than sole cropping [28]. Intercropping is identified as a cropping system that
not only controls the soil loss from the agricultural fields but also increases the crop yields
and enhances the soil moisture in the crop root zone [29,30]. The main advantage of
intercropping is the more efficient utilization of the available resources and the increased
productivity compared with each sole crop of the mixture [31,32]. Intercropping results
in better pest control and reduced soil erosion [28]. Sharaiha and Ziadat [33] reported
that the intercropping of vetch and barley resulted in significantly higher yields due to
a reduction in runoff and soil losses. Sharma and Arora [21] conducted a study in the
Shivalik foothills to evaluate the different intercropping systems and concluded that the
intercropping not only increased yields but also conserved soil moisture. Ghosh et al. [34]
reported that intercropping results in higher grain yields, net returns, and water use
efficiency. Wang et al. [35] stated that hedgerow intercropping reduced the runoff, soil loss,
and nutrient loss significantly as compared to sole maize crop. Sharma et al. [36] reported
intercropping conserved the soil moisture in the kharif season, which resulted in higher
crop yields during the rabi season, and it also reduced the runoff and soil loss by 26% and
43%, respectively.

In the rainfed tracts of Northwest India, maize is the dominant crop in the rainy (kharif)
season. However, maize is an erosion permitting crop and must be grown in combinations
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with erosion-resistant crops preferably legumes, which due to its thick canopy cover
reduces the soil and nutrient losses [37]. Few researchers have reported that crop covers
proved effective in controlling runoff and soil loss in the region. Yet, limited information is
available on runoff, soil, and nutrient losses under different vegetative covers in the Shivalik
foothills region of Punjab, India. We hypothesized that the strip intercropping would result
in reduced soil and nutrient loss and increase crop productivity under the different land
configurations prevalent in the Shivalik foothills of India. Keeping this in view, the present
study was conducted to evaluate the different combinations of maize and cowpea strip
widths on different land slopes and their impact on soil and nutrient losses, productivity,
and profitability. The objectives of the present study were (i) to determine the changes in
maize and cowpea productivity from 2015 to 2017; (ii) to determine the runoff and soil loss
on different land slopes and maize and cowpea strip widths, and; (iii) to identify the best
combination of land slope and maize and cowpea strip width in terms of profitability and
soil conservation.

2. Materials and Methods
2.1. Experimental Site

Field experiments were conducted in the rainy season (July to September) during 2015,
2016, and 2017 at the Research Farm of Punjab Agricultural University Regional Research
Station, Ballowal Saunkhri, Shaheed Bhagat Singh Nagar, Punjab, India. The experimental
site is geographically located between 31◦6′5” N latitude, 76◦23′26” E longitude, and
at an altitude of 346 m in the Shivalik foothills. The climate of the region is sub-humid
with hot and dry summer and extremely cold winter. The average annual rainfall of the
region is 1060 mm of which 80% is received in a span of three months from mid-June to
mid-September. In the past 35 years, annual rainfall has declined from over 1200 mm to
1060 mm. However, the extreme rainfall events with high intensity have increased with a
decrease in the number of rainy days in the kharif season [38]. During the crop period 2015,
2016, and 2017, the rainfall received were 414 mm, 508.7 mm, and 726.9 mm, respectively
with 6, 8, and 12 runoff events. The mean monthly minimum and maximum temperature
ranged from 5.9 to 25.2 and 18.8 to 38.6 ◦C during the year with their respective plateau in
December and May, respectively (Figure 1).
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The soil of the experimental field was loamy in texture, low in organic carbon (0.40%),
available N (224 kg ha−1), and medium in P (13 kg ha−1) and K (192 kg ha−1). The bulk
density of soil was 1.54 Mg m−3 with pH 8.12 and electrical conductivity 0.25 dS m−1. The
soil moisture retention at field capacity (0.3 bars) was 19.4% and at permanent wilting point
(15 bars) was 7.2% on a weight basis in a 0–180 cm soil profile. Soil pH was determined
by the method of Jackson [39] in a 1:2.5 soil: water suspension, organic carbon by the
method of Walkley and Black [40], available nitrogen by the alkaline-KMnO4 method [41],
available phosphorus by the Olsen method [42], and exchangeable potassium by the
NH4OAc method [39].

2.2. Experimental Details and Crop Management Practices

The experiment on strip-intercropping of maize and cowpea with different land slopes
and variable strip width laid out in a randomized block design with three replications
was conducted under rainfed conditions during all the years of experimentation. The
treatments consisted of three land slopes, viz. (i) 1% slope (S1), (ii) 2% slope (S2), and
(iii) 3% slope (S3); and five strip widths of maize and cowpea viz. (i) sole maize 6 m wide
(W1), (ii) maize strip 4.8 m and cowpea strip 1.2 m wide (W2), (iii) maize strip 3 m and
cowpea strip 3 m wide (W3), (iv) maize strip 1.2 m and cowpea strip 4.8 m wide (W4),
and (v) sole cowpea 6 m (W5). The plot size was 12 m × 6 m for W1 and W5 treatments,
12 m × 10.8 m for W2 treatment, 12 m × 9 m for W3 treatment, and 12 m × 7.2 m for
W4 treatment. The maize variety PMH-2 was sown at a spacing of 60 cm × 20 cm and
cowpea dual-purpose variety CL 367 was sown at 30 cm × 10 cm spacing using 20 kg
and 30 kg seed per hectare, respectively. Both the crops were sown across the slope. The
recommended dose of N, P, and K for maize was 80, 40, and 30 kg ha−1, respectively, and
in cowpea N and P were applied @ 18.75 and 55 kg ha−1, respectively. In cowpea, a full
dose of N and P was applied at the time of sowing while in maize, half N and a full dose
of P and K were applied as basal, and the remaining half of N was applied at knee height
stage about one month after sowing. Nitrogen, phosphate, and potassium were applied
through urea, di-ammonium phosphate, and muriate of potash, respectively. Maize and
cowpea were sown simultaneously in the 1st week of July. Weeds were managed in the
sole and intercropping system with pre-emergence application of herbicide pendimethalin
@ 1.5 kg a.i. ha−1 followed by one hoeing in maize 25–30 DAS. No insect pest or disease
attack was observed in either of the crops.

2.3. Measurement of Leaf Area and Yield

The leaf area of maize and cowpea was measured indirectly at 30 DAS with Sunscan
Ceptometer, Delta-T Devices, UK. In the maize and cowpea strip cropping system, the leaf
area index (LAI) of both maize and cowpea were added for comparison with sole crops
and strip-cropping systems. Maize crop was harvested in the 1st week of October 2015,
2016, and 2017. The maize crop rows from the inner and border strips were harvested
separately to record the grain and straw yield. In cowpea, pods were picked from time to
time as they matured in 2–3 pickings and harvested in the 2nd week of October to record
the fodder yield.

2.4. Measurement of Runoff, Soil Loss, Nutrient Loss, and Water Conservation Efficiency

The total surface runoff and sediments generated from each plot were measured by
collecting the runoff in the collection tank (capacity 200 L) installed at the downstream
end of each plot. Two drums were arranged in such a way that if the first drum is full;
the excess runoff is collected in the second drum. The runoff volumes were measured
immediately after the rainfall event. The plots were separated by well-constructed bunds.
To measure the soil loss, the runoff water collected in the collection tanks was thoroughly
stirred. The runoff samples were then collected from each tank in triplicates in the sediment
sampling bottles of capacity 1.0 L. Each sample was carefully transferred to a separate
beaker, evaporated in an oven at 40 ◦C till constant weight to determine the average soil
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loss per sample. The soil loss per plot was calculated by multiplying the average soil loss
per sample and the total volume of runoff generated from the plot. Soil loss was calculated
as per the equations given below:

Soil loss (kg ha−1)

=
Sediment weight (g litre−1)×Run o f f (litres ha−1)

103

(1)

A separate runoff sample was also collected from each tank for nutrient analysis. The
total nitrogen content of the dry soil was determined using the Kjeldahl digestion and dis-
tillation procedure [43]. Available phosphorus was determined using Olsen’s method [42]
and exchangeable potassium was determined by the flame photometry procedure [39].

The nutrient loss was calculated as per the equations given below:

Nutrient loss (kg ha−1) =
Nutrient content(mg kg−1)× Soil loss

(
kgha−1)

106 (2)

The rainfall conserved and the conservation efficiency of different crops were assessed
based on the rainfall of each storm and runoff produced. The crop water productivity
was estimated from the total water conserved under the respective crop and the soybean
equivalent yield of each crop cover.

The water conservation efficiency (WCE) [44,45] was determined using the follow-
ing formula:

WCE (%) =
Total rain f all (mm)− Runo f f (mm)

Rain f all (mm)
× 100 (3)

Water use efficiency (WUE) of treatments was determined by using the formula:

WUE
(

kgha−1mm−1
)
=

Crop yield
(
kgha−1)

Crop evapotranspiration(mm)
(4)

2.5. Intercropping Indices

The advantage of intercropping as compared with sole cropping was evaluated using
the maize equivalent yield (MEY) and land equivalent ratio (LER) equation:

MEY was calculated as per the formula given below:

MEY
(
kgha−1) = Yield o f cowpea (kgha−1) x Price o f cowpea (Rskg−1)

Price o f maize (Rskg−1)
+

Yield o f maize
(
kgha−1) (5)

LER was calculated as suggested by Willey and Rao [46] by the following formula:

LER =
Yield o f intercropped maize (kgha−1)

Yield o f sole maize (kgha−1)

+
Yield o f intercropped cowpea (kgha−1)

Yield o f sole cowpea (kgha−1)

(6)
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2.6. Economic Analysis

The cost of cultivation under different treatments was estimated on the basis of market
prices of different inputs and outputs in the study area. The input costs include costs
of seed, pesticide, fertilizers, hiring charges of human labor, field preparation, fertilizer
application, plant protection, harvesting, and threshing. Gross returns were calculated
on the basis of market price provided by the market committee, Balachaur, Punjab, India.
Net income was calculated as the difference between gross income and total cost. The
benefit-cost (B:C) ratio was calculated as gross return divided by the cost of cultivation.

2.7. Statistical Analysis

Analysis of variance (ANOVA) technique in factorial randomized block design was
carried to analyze the data statistically using SAS software, version 9.4 [SAS Institute Inc.,
Cary, NC, USA]. The differences between the treatments were tested by the least significant
difference (LSD) at a p < 0.05 level of significance.

3. Results
3.1. Productivity
3.1.1. Maize

Maize grain yield obtained on 1% slope was significantly higher than on 2% slope
and 3% slope (Figure 2). The yield of maize declined with the increase in slope except in
2015 wherein the yield on the 2% slope was slightly less than the 3% slope. On a mean
basis, the grain yield of maize on the 1% slope was 12% and 18% higher than on the 2%
slope and 3% slope, respectively. Maize grain yield responded significantly to strip width.
Sole maize yield varied from 2137 kg ha−1 in 2015 to 3645 kg ha−1 in 2017. The yield from
a strip-intercropping combination of a 4.8 m maize strip width and 1.2 m cowpea strip
width (W2) produced grain yield similar to that from sole maize (W1) but significantly
higher than a 3 m maize strip width and 3 m cowpea strip width system (W3) and a 1.2 m
maize strip width and 4.8 m cowpea strip width system (W4) in all the years. The average
reduction in maize yields due to strip-intercropping of maize and cowpea in the W2, W3,
and W4 strip-intercropping system was 4.3%, 57%, and 226%, respectively as compared to
sole maize. Similar trends were also recorded for the straw yield of maize with respect to
slope and strip widths.
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3.1.2. Cowpea

In 2015, due to prolonged dry spell, cowpea grain yield was not obtained and the
crop was harvested as fodder. The land slope had a significant influence on the cowpea
grain yields during 2016 but not in 2017. The mean grain yield of cowpea was highest on
the 2% slope (391 kg ha−1) and it was 7% and 5% higher than the grain yield recorded on
the 1% slope (364 kg ha−1) and 3% slope (372 kg ha−1), respectively. Cowpea grain yield
from W5 plots was significantly higher than the maize and cowpea strip intercropping
systems. However, the cowpea grain yield on a proportionate basis in the W2 and W3
strip-intercropping system was higher than the W4 and sole cowpea (W5). Growing of
cowpea on the 2% land slope showed higher fodder yield than the 1% and 3% land slope
in 2015 and 2016 but in 2017, cowpea fodder yield on the 3% land slope was the highest.
The mean cowpea fodder yield on the 2% slope was 8.2% and 3.8% higher over the 1%
slope and 3% slope, respectively. Fodder yield of sole cowpea was significantly higher in
the maize and cowpea strip intercropping systems in all the years.

3.2. Maize Equivalent Yield (MEY) and Land Equivalent Ratio (LER)
3.2.1. Maize Equivalent Yield

A better representation of yields of component crops in intercropping/strip-
intercropping system is by estimating the equivalent yield of the dominating crop, i.e.,
maize equivalent yield (MEY). Maize equivalent yield on the 1% slope was significantly
higher than the 2% and 3% slope in all the years except in 2015 (Figure 3). The mean
value of MEY on the 1% slope was 5.4 and 11.2% higher yield over the 2% slope and
3% slope, respectively. Among maize and cowpea sole cropping and maize and cowpea
strip-intercropping systems, the W2 system resulted in significantly higher MEY than sole
maize and other maize and cowpea strip-intercropping systems in 2016. In 2015 and 2017,
MEY in the W2 system was at par with sole maize (W1) but significantly higher yield
over all sole and maize and cowpea strip-intercropping systems. On a mean basis, the W2
system resulted in 11.6, 12.1, 28.6, and 41.2% higher MEY over sole maize, W3, W4, and
sole cowpea, respectively. On all the land slopes, the highest MEY was recorded under
maize and cowpea strip-intercropping system having 4.8 m maize strip width and 1.2 m
cowpea strip width. (Figure 4).
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3.2.2. Land Equivalent Ratio (LER)

LER indicates the relative land area under the sole crop required to produce the
yield as obtained from the intercropping system. LER is the most important parameter to
evaluate the intercropping system. If the LER value is >1, then intercropping is beneficial.
The effect of land slopes on the LER values was not significant in all the years. In the maize
and cowpea strip-intercropping system, the LER values varied from 1.13 to 1.34 for W2,
from 1.15 to 1.31 for W3, and from 1.09 to 1.10 for W3. The LER value exceeded unity in all
the systems, indicating yield advantage in strip-intercropping. The 3-year mean value of
the LER was the highest (1.24) in the W3 strip-intercropping system, indicating a 24% yield
advantage over sole cropping systems of maize and cowpea.

3.3. Leaf Area Index (LAI)

The effect of land slopes on the leaf area index of maize and cowpea was significant.
The highest LAI of maize and cowpea was measured on the 1% slope at 30 DAS and it
was significantly higher than S2 and S3 (Figure 5). Among the maize and cowpea strip-
intercropping systems, the W4 strip-intercropping system recorded the maximum leaf area
index of maize and cowpea at 30 DAS than W1, W2, W3, and W4 systems. Among sole
crops, sole cowpea provided maximum ground cover which was significantly higher than
sole maize and maize and cowpea strip-intercropping systems.
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3.4. Resource Conservation
3.4.1. Runoff and Soil Loss

During three years of experimentation, 23–26 runoff events (6 in 2015, 8 in 2016, and
12 in 2017) were observed. A higher number (26) of runoff events were recorded from
the 3% slope, 2% slope, and from sole maize plots and less (23) from the 1% slope, sole
cowpea, and maize and cowpea strip-intercropping systems. Among all the land slopes,
higher runoff (27.8–31.5%) and soil loss (7.01–9.79 Mg ha−1) were recorded on the 3% slope
followed by the 2% slope (23.1–26.5 % and 5.6–8.0 Mg ha−1) and the 1% slope (19.8–23.0%
and 3.75–5.74 Mg ha−1). The average soil loss of 3 years on the 3% slope was 3.60 Mg ha−1

and 1.51 Mg ha−1 more than on the 1% slope and 2% slope (Figure 6). Strip-intercropping of
maize and cowpea resulted in a significant reduction in runoff and soil loss as compared to
sole maize. The W4 strip-intercropping system showed the highest reduction in runoff and
soil loss which was at par with that under the W3 system but significantly higher than the
W2 system. Among sole crops, higher runoff (28.1–31.0%) and soil loss (6.21–9.25 Mg ha−1)
were recorded in sole maize and lowest (21.3–24.3% and 4.92 to 6.89 Mg ha−1) in the sole
cowpea. This indicates the need for devising suitable conservation measures to check soil
loss from undulating sloppy fields.
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3.4.2. Nutrient Loss

During three years of experimentation, higher N, P, K, and organic carbon (OC) loss
through runoff was observed in 2017 and lower in 2015. Among the slopes, average N, P, K,
and OC loss in 3 years were lowest on the 1% slope and highest on the 3% slope (Figure 7).
The nutrient loss on the 3% slope was significantly higher than on the 1% and 2% slope
during all the years. On the 3% slope, the average loss of N, P, and K was 3.80, 1.82, and
4.10 kg ha−1 respectively more than that on the 1% slope. The average loss of N on the 3%
slope was 3.8 and 2.8 kg ha−1 more than that on the 1% and 2% slope, respectively. Similarly,
average P and K loss on the 3% slope was 6.15 kg ha−1 and 17.6 kg ha−1 respectively with
corresponding values of 4.33 kg ha−1 and 17.1 kg ha−1 on the 1% slope and 4.85 kg ha−1

and 18.5 kg ha−1 on the 2% slope. The average organic carbon loss on the 3% slope was
21% and 19% more than on the 1% and 2% slope. Nutrient losses were significantly affected
by different strip-intercropping systems. Among the sole crops, loss of N, P, K, and OC in
runoff was lowest in W5 and highest in W1. In strip-intercropping systems, loss of N, P, K,
and OC decreased with the increase in cowpea strip width. The highest loss of N, P, K, and
OC were observed in the W2 system followed by W3 and W4. The W4 strip-intercropping
system resulted in a significant reduction in N, P, K, and OC loss as compared to the W2
and W3 systems. The organic carbon loss in sole maize was significantly higher than W2,
W3, W4, and W5 by 16%, 32%, 43%, and 56%, respectively. Interaction between slope
and maize and cowpea strip width was significant for N, K, and organic carbon loss. Sole
cowpea resulted in a minimum loss of N, K, and organic carbon on the 1%, 2%, and 3%
slopes (Figure 8). On all the land slopes, maize and cowpea strip-intercropping systems
showed a significant reduction in N, K, and organic carbon loss as compared to sole maize.
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3.4.3. Water Conservation Efficiency and Water Use Efficiency

The water conservation efficiency (WCE) varied significantly among the slopes. The
highest water was conserved on the 1% slope (77.0–80.2%) which was significantly higher
than the 2% slope (73.5–76.9%) and 3% slope (68.5–72.2%) (Figure 9). Among the sole
crops and strip-intercropping systems, the highest WCE (75.7–78.7%) was recorded under
sole cowpea and the lowest in sole maize (69.0–71.0%). While the W3 and W4 strip-
intercropping systems showed the WCE at par with sole cowpea and significantly higher
than sole maize indicating better water conservation under these treatments. Crop WUE
on the 1% slope was 3.5% and 3.4% higher than on the 2% and 3% slopes. The WUE
in the W2 strip-intercropping systems was 24% and 70% greater than the W3 and W4
strip-intercropping systems.
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3.5. Profitability

Among all the slopes, the average cost of cultivation was highest on the 1% slope than
the 2% and 3% slopes. The highest gross returns (US$ 858 ha−1) obtained on the 1% slope
were higher than the gross returns obtained on the 2% and 3% slopes by US$ 809 ha−1 and
US$ 764 ha−1, respectively. Similarly, the highest net returns (US$ 428 ha−1) recorded on
the 1% slope were higher by US$ 45 ha−1 and US$ 88 ha−1 over the 2% and 3% slopes. The
highest BC ratio of 2.00 was estimated on the 1% slope followed by 1.90 on the 2% slope
and the lowest (1.80) on the 3% slope. During all the 3 years of experimentation, among the
sole cropping and maize and cowpea strip-intercropping systems, the highest expenditure
and net returns were in the W2 system followed by the W1, W3, W4, and the lowest in
W5. The W2 system also fetched the highest net returns of US$ 530 ha−1 which was higher
over W1, W3, W4, and W5 treatments by US$ 98.7, US$ 91.9, US$ 224, and US$ 317 ha−1,
respectively. The maize and cowpea strip-intercropping in 4.8 m:1.2 m (W2) resulted in the
highest mean BC ratio of 2.09 followed by 1.99 in W3, 1.99 in W1, 1.77 in W4, and 1.64 in
W5 (Table 1).

Table 1. Economics (mean of three years) of strip-cropping maize + cowpea on different slopes.

Slope Cost of Cultivation
(US$ ha−1) *

Gross Returns
(US$ ha−1) **

Net Returns
(US$ ha−1) B:C

S1: 1% 429 858 428 2.00
S2: 2% 426 809 384 1.90
S3: 3% 424 764 340 1.80

Maize + Cowpea strip-intercropping
W1: 6:00 470 901 432 1.92

W2: 4.8:1.2 488 1018 530 2.09
W3: 3:3 443 881 439 1.99

W4: 1.2:4.8 397 704 306 1.77
W5: 0:6 333 546 214 1.64

* 1 US $ = 66 INR. Prices (US $) of inputs (tonne or unit): urea 95; Single super phosphate 124; muriate of potash
255; maize seed 2652; cowpea seed 909; atrazine 5606; decis 9091; man labour (8 h) 4.4; land preparation ha−1 (one
ploughing and two harrowing) 95.5. ** Prices (US $) of outputs (tonne): maize grain 253; cowpea grain 530; maize
straw 15; Cowpea fodder 15.

4. Discussion

In general, during three years of experimentation (2015–2017), the highest maize grain
yield (Figure 2) was recorded in the second year (2016) which can be due to the optimum
and well-distributed rainfall (509 mm rainfall in 25 rainy days with only two rainy days
of more than 50 mm rainfall) during the entire crop duration. The lowest grain yield of
maize was observed in the first year (2015) due to the prolonged dry spell of 28 days from
21 August to 19th September starting from silking to dough stage. In 2015, due to the
poor pod formation in cowpea, it was used as fodder, and grain yield was not recorded.
The large variation in productivity of maize and cowpea in different years indicates that
rainfall amount and its distribution have a considerable effect on crop performance. The
findings of our study indicate that on the 1% and 2% slope, sole maize can be cultivated
but on the 3% slope, cultivation of sole maize may cause significant runoff, soil loss, and
nutrient loss. Therefore, on the sloppy field with the 3% slope, strip-intercropping of maize
and cowpea should be practiced. This information on strip-intercropping of maize and
cowpea on undulating land is beneficial to develop management strategies for sustaining
the crop productivity in the Shivalik foothills of India, and other regions of the world with
undulating topography [36,47–51].
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4.1. Maize and Cowpea Productivity from 2015 to 2017

Maize grain yield obtained on the 1% slope was significantly higher than on the 2%
slope and 3% slope and yield depicted a declining trend with increase in slope except
in 2015. This might be due to the fact that on steep slopes there is a greater runoff and
soil loss, which is characterized by a thinner surface horizon and lower infiltration rate
resulting in lower soil productivity [52]. Soil erosion reduces crop growth and yield
as it influences many soil properties such as thinning of topsoil, reducing water-stable
aggregates, increasing soil bulk density, reducing water holding capacity, and reducing soil
organic matter and nutrient content [53]. Wezel et al. [54] and Hoang et al. [55] reported a
decrease in maize yield on sloppy fields as a result of the decrease in soil fertility due to soil
erosion. Maize grain yield responded significantly to strip width. Sole maize yield varied
from 2137 kg ha−1 in 2015 to 3645 kg ha−1 in 2017. The strip-intercropping combination of
4.8 m maize and 1.2 m cowpea (W2) produced grain yield similar to that from sole maize
(W1) grown in 6 m strip but significantly higher than maize and cowpea strip-intercropping
in 3:3 m (W3) and maize and cowpea strip-intercropping in 1.2:4.8 m (W4) in all the years.
In spite of 20% less plant population, the W4 system produced only 4% less yield than sole
maize. These benefits were attributed to reduced intraspecific competition among maize
plants due to an increase in the number of border rows which benefits from more light
interception and increased availability of nitrogen from the companion legume crop [56,57].

The grain yield of cowpea was highest when raised on the 2% slope followed by
the 3% slope and the 1% slope. This might be due to the fact that on 2% slope and 3%
slope, good drainage conditions ensured adequate plant growth resulting in higher seed
yield [58]. Moreover, cowpea plants may have been suppressed due to the more vigorous
growth of maize plants on the 1% slope [33]. Cowpea grain yield from sole cowpea (W5)
plots was significantly higher than maize and cowpea strip intercropping systems. This is
due to the 20%, 50%, and 80% less plant population in W4, W3, and W2 strip intercropping
systems, respectively as compared to sole cowpea [59].

4.2. Runoff and Soil Loss

On sloppy arable lands, soil disturbance for agriculture operations accelerates the
runoff and soil erosion [60,61]. In our study, higher runoff (27.8–31.5%) and soil loss
(7.01–9.79 Mg ha−1) was recorded on the 3% slope followed by the 2% slope (23.1–26.5%
and 5.55–8.00 Mg ha−1) and 1% slope (19.8–23.0% and 3.75–5.74 Mg ha−1). This is due
to the fact that on sloppy fields, water runs off quickly as the infiltration opportunity
time is less. As runoff velocity increases, so does its ability to detach and transport the
sediments. On flat or gently sloping land, a film of water forms on the surface during
intense storms which helps to dissipate raindrop energy. Therefore, the slope is one of
the most important factors in water erosion as it affects both the amount, as well as the
velocity, of runoff [62]. Strip-intercropping of maize and cowpea resulted in a significant
reduction in runoff and soil loss as compared to sole maize. The highest reduction in runoff
and soil loss was achieved in a maize strip 1.2 m wide and cowpea strip 4.8 m wide and it
increased with the reduction in the cowpea strip width. Strip-intercropping of maize with
cowpea decreased runoff in all the strip-intercropping systems which can be attributed to
the fact that cowpea quickly establishes a very good canopy cover which dissipates the
rainfall impact thereby resulting in lower runoff [63]. The results are in agreement with the
published literature [37,51], which reported that lower soil erosion losses were observed
under soybean than those under widely spaced maize.

4.3. Nutrient Losses

Higher loss of N, P, K, and OC was observed on the 3% slope than on the 2% slope
and 1% slope. This could have resulted from higher runoff and soil loss on the 3% slope. N
which is generally soluble in water has been lost in runoff water while P, K, and OM which
are adsorbed on the soil particles might have been carried away with soil aggregates in
the runoff water [60]. Maximum losses of N, P, K, and OC were recorded in sole maize
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cultivation and the lowest in sole cowpea during 2015, 2016, and 2017. The reason ascribed
is that maize is an erosion permitting crop due to wide row spacing and low leaf area
per unit ground area as compared to cowpea which covers the soil surface quickly and
maintains a high leaf area index throughout its growth period. Similarly, Singh et al. [51],
Prasad et al. [64], and Lakaria et al. [65] reported higher losses of organic carbon, N, P, and
K total nitrogen in maize and castor, whereas losses were less in groundnut.

4.4. Regression and Correlation Analysis

Regression relationships between runoff and soil and nutrient loss are depicted in
Figure 10. Relatively higher R2 values suggest that the coefficient for loss of soil and
nutrients is greater for higher surface runoff. The plots with greater slope and maximum
maize strip width resulted in greater soil nutrient loss as depicted from regression analysis.
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Figure 10. Regression relationship between (A)runoff and soil loss; (B) runoff and N loss; (C) runoff and P loss; (D) runoff
and K loss.

A positive and strongly significant correlation (Table 2) was observed between runoff
and soil and nutrient loss (NPK) suggesting that greater runoff not only erodes the soil but
also results in higher dissolution of nutrients which has a perilous impact on soil fertility.
Yao et al. [66] also confirmed that the relationship between runoff and nutrient loss was
positively significant. A negative and significant correlation was observed between cowpea
yield and nutrient loss (Table 2) indicating that a decrease in soil nutrients due to erosion
impairs crop performance through reduced underground and aboveground biomass.
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Table 2. Pearson’s correlation among studied parameters.

Rainfall Runoff Soil Loss N Loss P Loss K Loss Maize
Grain Yield

Cowpea
Grain Yield

Maize
Straw Yield

Cowpea
Straw Yield

Rainfall 1
Runoff 0.05 1

Soil loss 0.01 0.97 ** 1
N loss 0.06 0.97 ** 0.95 ** 1
P loss 0.16 0.94 ** 0.92 ** 0.94 ** 1
K loss 0.08 0.98 ** 0.98 ** 0.96 ** 0.93 ** 1

Maize grain
yield 0.49 0.40 0.28 0.47 0.51 0.36 1

Cowpea grain
yield −0.37 −0.57 * −0.44 −0.63 * −0.63 * −0.52 * −0.96 ** 1

Maize straw
yield 0.49 0.41 0.28 0.48 0.52 * 0.37 0.99 ** −0.96 ** 1

Cowpea
fodder yield −0.34 −0.57 * −0.43 −0.62 * −0.61 * −0.51 * −0.95 ** 0.99 ** −0.95 ** 1

** Significant at 0.01 probability level, * significant at 0.05 probability level.

5. Conclusions

The results from this 3-year field study indicate that the cultivation of maize and
cowpea on the 1% slope and 2% slopes, respectively resulted in the highest yield. Runoff,
soil and nutrient losses were higher on the 3% slope as compared to the 1% and 2% slopes.
The adoption of the strip-intercropping system with a 4.8 m maize strip width and 1.2 m
cowpea strip width showed significantly higher maize equivalent yield than sole maize
and other maize and cowpea strip-intercropping systems and also has the highest LER
value (1.24) indicating a 24% yield advantage over sole cropping systems of maize and
cowpea. This system also reduced runoff and soil loss by 10.9% and 8.3%, respectively
than sole maize crop. On sloping land, the maize and cowpea strip-intercropping system
enhanced water use efficiency by 12.3% and increased maize equivalent yield by 19.4% as
compared to sole cropping of maize and cowpea. Hence, the strip-intercropping of maize
and cowpea should be practiced in the Shivalik foothills of Northwest India in order to
ensure sustainable crop production vis-à-vis resource conservation.
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Abstract: Soil nitrous oxide (N2O) emissions are influenced by land use adjustment and management
practices. To meet the increasing socioeconomic development and sustainable demands for food
supply, forestland conversion to cropland occurs around the world. However, the effects of forestland
conversion to cropland as well as of tillage and fertilization practices on soil N2O emissions are still not
well understood, especially in subtropical regions. Therefore, field experiments were carried out to
continuously monitor soil N2O emissions after the conversion of forestland to cropland in a subtropical
region in Southwest China. One forestland site and four cropland sites were selected: forestland
(CK), short-term croplands (tillage with and without fertilization, NC-TF and NC-T), and long-term
croplands (tillage with and without fertilization, LC-TF and LC-T). The annual cumulative N2O
flux was 0.21 kg N ha−1 yr−1 in forestland. After forestland conversion to cropland, the annual
cumulative N2O flux significantly increased by 76-491%. In the short-term and long-term croplands,
tillage with fertilization induced cumulative soil N2O emissions that were 94% and 235% higher than
those from tillage without fertilization. Fertilization contributed 63% and 84% to increased N2O
emissions in the short-term and long-term croplands, respectively. A stepwise regression analysis
showed that soil N2O emissions from croplands were mainly influenced by soil NO3

− and NH4
+

availability and WFPS (water-filled pore space). Fertilization led to higher soil NH4
+ and NO3

−
concentrations, which thus resulted in larger N2O fluxes. Thus, to reduce soil N2O emissions and
promote the sustainable development of the eco-environment, we recommend limiting the conversion
of forestland to cropland, and meanwhile intensifying the shift from grain to green or applying
advanced agricultural management practices as much as possible.

Keywords: land use change; tillage; fertilization; N2O fluxes; subtropical region

1. Introduction

Nitrous oxide (N2O) has been recognized as an important non-CO2 greenhouse gas, with 298 times
greater global warming potential than that of CO2 based on a 100-year time horizon [1]. In the past
150 years, atmospheric N2O concentrations have greatly increased from 270 to 324 ppb [1], and the
terrestrial biosphere is still a net source of atmospheric N2O [2]. Agricultural soils are the largest N2O
source, contributing about 60% of global anthropogenic N2O emissions [1,3]. To guarantee a secure
food supply for global human population growth, agriculture intensification might cause more N2O
emission increases in the future [4,5]. Soil N2O is mainly produced by microbial nitrification and
denitrification [6,7], and strongly affected by substrate availability (e.g., NH4

+ and NO3
− concentrations)

and environmental conditions (e.g., temperature and moisture) [6,8–11].
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Many previous studies have proven that N2O emissions are greatly impacted by different land
uses and management strategies [12,13]. In particular, the adjustment of land use is viewed as a crucial
anthropogenic N2O emission source via its significant influences on N substrates and environmental
conditions [1,9,12,13]. The existing studies focusing on the effects of land use change on N2O emissions
mainly address rice paddy conversion to vegetable fields or citrus orchards [3,9,14], forest conversion
to tea plantations [11,15], forest conversion to pasture or cropland [12], and cropland conversion
to forestland [16,17]. Forestland converting to agricultural land has generally led to significant
N2O emissions owing to deforestation and management practices (e.g., fertilizer application and
tillage) [11–13,18]. In response to increasing socioeconomic development and demands for food,
the specific land use change of forestland to cropland still occurs often around the world [11,12].
Although there have been a few N2O flux measurements since this type of conversion was published [12],
the influence of forest conversion to cropland on N2O fluxes and their driving mechanisms are still not
fully understood in many regions.

Tillage and fertilization are the most important management practices after the conversion of
forestland to cropland; they significantly affect soil properties as well as soil carbon (C) and nitrogen (N)
availability and ultimately regulate the production and emission of N2O [9–11,19,20]. However, tillage
and fertilization have different driving mechanisms that affect N2O emissions. Tillage can influence the
soil’s physical structure (e.g., aggregation, bulk density and aeration), moisture, temperature, and C
and N availability [19,21], which likely influence the microbial community and activity and thus N2O
emissions [9,22]. Grandy and Robertson reported that in initial cultivation, tillage practices significantly
disturbed the soil structure and released large amounts of organic C and N from macroaggregates,
thus accelerating the soil N2O fluxes [18]. Fertilization has been widely understood to significantly
increase N2O emissions, mainly through supplying more inorganic N concentrations and sufficient
substrates (NH4

+ and NO3
−) for nitrification and denitrification [8,11,23–25]. Bouwman et al. analyzed

139 N2O studies from agricultural regions and found that N2O emissions generally increase with N
application rates, especially above the application rates of 100 kg N ha−1 [26]. Recently, Chen et al.
reported that forest conversion to tea fields significantly triggered substantial N2O emissions in
the first year due to a high basal fertilizer input and intense tillage [11]. Previous studies have
made great progress in explaining how tillage and fertilization practices drive N2O emissions in
agricultural lands [10,19,24,26]. More studies are still needed to quantify the relative contributions
of tillage and fertilization to increased N2O emissions when specifically converting forestland to
cropland, which would be helpful for developing suggestions on how to reduce N2O emissions in the
transformed croplands.

The Sichuan Basin is the largest agricultural region in Southwest China, accounting for 7% of the
total cropland and supplying 10% of the total agricultural products of China [27]. In recent years, many
studies have paid attention to the N2O fluxes from agricultural soils and obtained some significant
observations in the Sichuan Basin [24,25,28,29]. However, previous studies mainly focused on the
influence of fertilizer application (e.g., type and rate), which has resulted in agricultural lands having
more N2O emissions compared to other land uses. Driven by afforestation policies and increasing food
demand, land use conversion between forestland and cropland often occurs in this region. A recent
study investigated the effects of afforestation on soil N2O emissions and found that afforestation
significantly decreased N2O fluxes compared to those in cropland [17]. However, the effect of forestland
conversion to cropland on soil N2O emissions and its underlying mechanisms are still uncertain in
this region. Understanding the effects of tillage and fertilization practices on soil N2O emissions
after forestland conversion to cropland will be beneficial for evaluating the environmental impacts
of land use change on soil N2O emissions in the Sichuan Basin, and thus for suggesting appropriate
technological approaches to mitigate these effects.

In this study, we measured N2O emissions and environmental variables from forest soils (as
control), new croplands converted from forest (tillage with and without fertilization), and long-term
croplands (tillage with and without fertilization) in the Sichuan Basin of Southwest China. The specific
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aims were (1) to quantify the influences of tillage and fertilization on soil N2O emissions after land use
conversion of forestland to cropland, (2) to evaluate the short-term and long-term land use change
impacts on soil N2O emissions, and (3) to identify the potential mechanisms driving the increased soil
N2O emissions induced by tillage and fertilization after land use conversion.

2. Materials and Methods

2.1. Study Area

This study was carried out at the Yanting Agro-Ecological Station of Purple Soil of the Chinese
Academy of Sciences (31◦16′ N, 105◦27′ E), located in the central Sichuan Basin of Southwest China
with an altitude of 400 to 600 m [27]. It exhibits a moderate subtropical monsoon climate, with a mean
annual precipitation and temperature of 836 mm and 17.3 ◦C (30-year mean). The widely distributed
soil in the study region is called purple soil locally and is classified by the FAO soil classification as
a Eutric Regosol and as a Pup-Orthic Entisol by the Chinese soil taxonomy [27]. The study area is
an intensive agricultural production region in China. The sloping croplands have relatively thin soil
thicknesses of 30–80 cm and slopes of 3–15%, and wheat (Triticum aestivum L.)-maize (Zea mays L.)
rotation is the main cropping pattern in this region [17].

2.2. Experimental Design

The selected forestland is dominated by Cupressus funebris with a mean diameter of 13.2 cm at
breast height, a mean height of 16 m, and a density of 1595 stems ha−1 [30]. In late July 2016, a portion
of the forestland was cleared of trees and roots and then converted to cropland. To assess the short-term
effects of management practices on soil N2O emissions, the newly converted croplands were cultivated
from November 2016. In new croplands, two treatments of tillage—without fertilization (NC-T) and
with fertilization (NC-TF)—were established with three replicates in a randomized block design (size
3 m × 3 m). The long-term croplands (tillage without fertilization, LC-T, and tillage with fertilization,
LC-TF), which were adjacent to the newly converted croplands, were also established with three
replicates in a randomized block design (size 4 m × 6 m). The long-term croplands converted from
forestland have been cultivated since 2003. Moreover, the selected forestland was used as the control
(CK) and had three replicate plots (size 3 m × 3 m). All the treatments had the same soil type (Regosols)
and slope (5%).

Following the local cropping regimes, croplands were conventionally cultivated under a
wheat-maize rotation system (winter wheat from November to May rotating with summer maize from
June to October). Tillage practice involved conventional tillage with harrowing (approximately 20 cm
deep) twice a year before sowing. The mineral N fertilization (urea) rates were 130 kg N ha−1 and
150 kg N ha−1 for wheat and maize with fertilization treatments, respectively [23]. All the fertilizers
were manually applied and incorporated into the topsoil (0–20 cm) together with harrowing. Then,
wheat and maize seeds were directly drilled into the soil. No irrigation was applied during the growth
of either wheat or maize.

2.3. Measurements of N2O Emissions

Soil N2O emissions were continuously monitored using the static chamber-gas chromatography
technique as described by Zhou et al. [5] and Zheng et al. [31] from November 2016 to October 2017 (a
whole wheat-maize rotation season). Briefly, prior to the measurements, stainless-steel base collars with
a uniform area of 0.25 m2 were inserted into topsoil (10 cm in depth) and kept in place throughout the
whole measurement period. The equipped chambers, with a circulating fan and an adjustable height
according to the crop growth, can guarantee the chamber headspace uniformly mixed and minimize
temperature changes when conducting the measurements. After tillage or fertilization practices, soil
N2O emissions were continuously observed for 7 days, and then were measured every other day of the
following week. For the remaining experimental period, the measurements were conducted twice a
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week. For each measurement, five gas samples were collected using 50-mL volume plastic syringes
after the chamber closure. Considering the low N2O flux in the forest, the sampling intervals were
7 min in the cropland treatments (0, 7, 14, 21 and 28 min) and 15 min in the forest treatment (0, 15, 30,
45 and 60 min). The measurements were uniformly performed between 9:00 and 10:00 am local time to
calculate a daily average N2O flux. To minimize the enclosure effects of the chambers on plant growth
and environmental conditions, they were immediately removed after gas sampling.

Immediately after sampling at each site, the collected gas samples were analyzed to obtain N2O
concentrations using a gas chromatograph (Agilent-7890A; Agilent Technologies, Palo Alto, CA, USA)
rigged with an electron capture detector (ECD) at the research station. The soil N2O fluxes were
determined by the linear or nonlinear relationships between the gas concentration and the chamber
closure time, as described in detail by Wang et al. [32]. Seasonal and annual cumulative N2O fluxes were
calculated by linear interpolation of the daily fluxes between the gas sampling dates [25]. Yield-scaled
N2O emissions (kg N Mg−1 grain) were calculated using annual cumulative N2O emissions (kg N ha−1)
divided by the mean grain yield (Mg grain ha−1) [10].

2.4. Crop Yield Measurements

For each cropland plot, three quadrats, 0.5× 0.5 m2 for wheat and 1× 1 m2 for maize, were randomly
selected to measure crop yields. After the crop harvesting, the grains were collected separately and
then oven dried at 70 ◦C for 48 h to constant weight to calculate the grain yield (Mg ha−1).

2.5. Auxiliary Measurements of Soil Parameters

Throughout the experimental period, soil moisture, temperature, inorganic N (NO3
− and NH4

+),
and dissolved organic C (DOC) concentrations were simultaneously measured for all the plots when
gas samples were collected. The measurement procedures strictly followed the previous study of
Zhou et al. [17]. For each plot, the topsoil moisture and temperature (5 cm in depth) were measured by
a portable frequency domain reflector probe (RDS Technology Co. Ltd., Nanjing, Jiangsu, China) and a
manual thermocouple thermometer (JM624, Tianjin Jinming Instrument Co. Ltd., Tianjin, China) with
three replicates, respectively. Then the water-filled pore space (WFPS) was calculated based on the
measured soil volumetric water content, bulk density and particle density (2.65 g cm−3). At each plot,
three soil cores (0–20 cm) were also randomly collected and completely mixed into one bulk sample.
Then a 20 g fresh soil sample and 100 mL of 0.5 M K2SO4 were used to extract soil NH4

+, NO3
−,

and DOC, and an AA3 continuous flow analyzer (Bran + Lubbe, Norderstedt, Germany) was employed
to colorimetrically analyze the filtered extracts. During the entire experiment period, the daily rainfall
and mean air temperature were automatically observed using a meteorological station.

After the maize season, for each plot, topsoil samples (0–20 cm) were also collected to measure
soil properties (soil pH, total N content [TN], soil organic carbon content [SOC], soil bulk density
[BD], soil particle composition), following soil agro-chemical analysis procedures [33]. In detail, soil
pH was measured in a 1:2.5 (soil-to-water [w/v]) water suspension using a DMP-2 mV/pH detector
(Quark Ltd., Nanjing, China). SOC content was determined by wet digestion with H2SO4–K2Cr2O7,
and TN content was determined by semi-micro Kjeldahl digestion using Se, CuSO4 and K2SO4 as
catalysts. Soil BD was determined by the volumetric ring method. The pipette method was used to
determine soil texture. Furthermore, soil aggregates were measured according to the methods reported
by Six et al. [34], in which soils were separated into four aggregate size classes (<0.053, 0.053–0.25,
0.25–2, and >2 mm) by wet sieving, and the aggregate stability was quantified by the mean weight
diameter (MWD) [35].
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2.6. Contribution Rates of Tillage and Fertilization to Increased Soil N2O Emissions

To quantify the effects of tillage and fertilization on increasing soil N2O emissions after land use
conversion, the contribution rates of tillage and fertilization to increased soil N2O emissions were
calculated as follows.

CRtillage= (
NET −NE0

NETF −NE0
) × 100% (1)

where CRtillage and CRfertilization are the relative contributions of tillage and fertilization to increased
soil N2O emissions (%), respectively. NE0, NET, and NETF are the measured soil N2O emissions from
the baseline forestland (CK) and the tillage without fertilization (NC-T and LC-T) and with fertilization
(NC-TF and LC-TF) treatments, respectively.

2.7. Statistical Analysis

The differences in soil N2O fluxes and soil environmental factors (i.e., soil moisture and temperature,
NO3

−, NH4
+ and DOC concentrations) between the different treatments were detected using one-way

ANOVA analysis, followed by Duncan’s range test (p < 0.05). The potential relationships between soil
N2O fluxes and environmental factors were evaluated using Pearson’s correlation analysis. However,
before the correlation analysis, the soil N2O fluxes and environmental factors were primarily normalized
by the ranked cases approach due to the original datasets not being normally distributed [17]. Moreover,
multiple stepwise regression analysis was conducted to identify the key factors controlling soil N2O
emissions from croplands after land use conversion. All statistical analyses were performed using
the SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) and OriginPro 2015 software (OriginLab Corp.,
Northampton, MA, USA).

3. Results

3.1. Environmental Conditions and Soil Properties

During the whole experimental period, the total precipitation was 639.6 mm, and 67% occurred in
the summer maize season (from June to October) (Figure 1). The daily mean air temperature changed
from 4 to 31.2 ◦C with a mean of 16.9 ◦C.
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Forestland conversion to cropland significantly influenced soil WFPS but not soil temperature at
5 cm depth (Figure 2). The WFPS values in the cropland sites (average 41.9%, 42.3%, 47.3% and 47.6%
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for NC-T, NC-TF, LC-T and LC-TF, respectively) were significantly lower than that in the forestland
(average 52.6%) (p < 0.05).
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Figure 2. Temporal variations in soil temperature (a) and WFPS (b) at 5 cm depth. Abbreviations:
WFPS, water-filled pore space; CK, control forestland; NC-TF and NC-T, newly converted cropland
under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland under
tillage with and without fertilization, respectively.

Compared to forestland, tillage in the croplands significantly decreased the average soil NH4
+

concentration (average 1.79 and 1.52 mg N kg−1 for NC-T and LC-T, respectively) but significantly
increased the average soil NO3

− concentration (average 7.23 and 5.54 mg N kg−1 for NC-T and LC-T,
respectively) (p < 0.05; Figure 3a,b). However, tillage with fertilization not only significantly increased
the average soil NH4

+ concentration (average 16.15 and 12.55 mg N kg−1 for NC-TF and LC-TF,
respectively) but also significantly increased the average soil NO3

− concentration (average 27.74 and
31.10 mg N kg−1 for NC-TF and LC-TF, respectively) compared to forestland (p < 0.05; Figure 3a,b).
Following mineral N fertilizer application, the soil NH4

+ concentration in the NC-TF and LC-TF
treatments quickly reached peaks of 203.14 and 146.16 mg N kg−1 in the wheat season and 23.51 and
27.64 mg N kg−1 in the maize season (Figure 3a), while the soil NO3

− concentration in the NC-TF and
LC-TF treatments quickly reached peaks of 165.80 and 154.45 mg N kg−1 in the wheat season and 55.19
and 45.70 mg N kg−1 in the maize season (Figure 3b).
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The soil DOC concentration significantly decreased after the conversion of forestland to cropland
(p < 0.05, Figure 3c). In particular, long-term cultivation resulted in much lower soil DOC concentration
(mean 51.30 and 50.54 mg C kg−1 for LC-T and LC-TF) than that in the short-term croplands (mean
66.37 and 68.30 mg C kg−1 for NC-T and NC-TF) (p < 0.05).

Compared to forestland, land use conversion significantly decreased soil SOC, TN, C/N ratio,
and bulk density (p < 0.05, Table 1). Moreover, compared to the newly converted croplands,
the long-term croplands had significantly lower SOC and TN contents and C/N ratio but a higher
bulk density (p < 0.05, Table 1). Conversion did not induce significant changes in soil texture in the
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short term; however, long-term conversion increased the clay and silt contents and decreased the sand
content (p < 0.05, Table 1). Furthermore, forestland conversion to cropland significantly decreased the
proportion of soil macroaggregates (0.25–2 mm and 2–8 mm) and the mean weight diameter (MWD)
(p < 0.05, Table 2).

Table 1. Topsoil properties (mean ± SE) determined after maize harvest.

Soil Properties CK NC-T NC-TF LC-T LC-TF

pH 8.16 ± 0.04 a 8.13 ± 0.01 a 8.14 ± 0.02 a 8.11 ± 0.04 a 8.16 ± 0.02 a

SOC (g kg−1) 22.20 ± 0.42 a 14.83 ± 0.24 b 14.54 ± 0.37 b 7.85 ± 0.23 c 7.72 ± 0.27 c

TN (g kg−1) 1.62 ± 0.03 a 1.32 ± 0.03 b 1.29 ± 0.01 b 0.83 ± 0.02 c 0.79 ± 0.02 c

C/N ratio 13.70 ± 0.04 a 11.22 ± 0.22 b 11.30 ± 0.21 b 9.51 ± 0.37 c 9.72 ± 0.20 c

BD (g cm−3) 1.34 ± 0.01 a 1.16 ± 0.01 c 1.16 ± 0.01 c 1.24 ± 0.03 b 1.20 ± 0.01 b

Clay (%) 18.7 ± 0.3 b 19.4 ± 0.2 b 19.4 ± 0.2 b 20.9 ± 0.3 a 21.4 ± 0.2 a

Silt (%) 39.5 ± 0.5 b 40.4 ± 0.6 b 40.5 ± 0.8 b 42.0 ± 0.3 a 42.5 ± 0.3 a

Sand (%) 41.8 ± 0.2 a 40.2 ± 0.4 a 40.1 ± 0.8 a 37.1 ± 0.2 b 36.2 ± 0.2 b

BD, bulk density; CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and
without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization,
respectively. a, b, c A different letter in the same row indicates a significant difference among different treatments
(p < 0.05).

Table 2. Aggregate size distribution and mean weight diameter (MWD) (mean ± SE) determined after
maize harvest.

Treatment
Aggregate Size Distribution (%)

MWD (mm)
2–8mm 0.25–2 mm 0.053–0.25 mm <0.053 mm

CK 52.77 ± 0.43 a 36.39 ± 0.16 b 6.83 ± 0.32 c 4.01 ± 0.29 c 3.06 ± 0.02 a

NC-T 27.93 ± 0.36 b 42.44 ± 0.59 a 16.50 ± 0.53 b 13.13 ± 0.27 b 1.90 ± 0.01 b

NC-TF 26.78 ± 0.41 b 42.78 ± 0.34 a 16.57 ± 0.78 b 13.87 ± 0.40 b 1.85 ± 0.02 b

LC-T 6.26 ± 0.14 c 14.59 ± 0.16 c 34.49 ± 0.30 a 44.65 ± 0.21 a 0.54 ± 0.01 c

LC-TF 7.09 ± 0.09 c 17.09 ± 0.29 c 33.86 ± 0.11 a 41.96 ± 0.24 a 0.61 ± 0.01 c

CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization,
respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively.
a, b, c A different letter in the same column indicates a significant difference among different treatments (p < 0.05).

3.2. Soil N2O Emissions

Distinct temporal variations in N2O fluxes were observed in both forestland and cropland
(Figure 4a). During the summer season, the N2O fluxes were higher than those during the other seasons.
Compared to forestland, the N2O fluxes showed much greater temporal variations in the croplands.
In the initial period of the wheat and maize season, tillage and fertilization practices induced pulse
emissions of N2O that lasted several weeks and then decreased to base levels. For the croplands with
only tillage, the peak N2O fluxes were 8.72 and 8.40 µg N m−2 h−1 in the winter wheat season and 43.58
and 33.10 µg N m−2 h−1 in the summer maize season for the NC-T and LC-T treatments, respectively.
For the croplands with tillage and fertilization, the peak N2O fluxes were 21.56 and 56.99 µg N m−2 h−1

in the winter wheat season and 185.61 and 152.00 µg N m−2 h−1 in the summer maize season for the
NC-TF and LC-TF treatments, respectively. This result indicates that fertilization could induce much
higher N2O pulse emissions than tillage after land use conversion from forestland to cropland.
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Figure 4. Temporal variations in soil N2O emissions (a) and cumulative N2O fluxes (b). Vertical bars
represent standard errors. Abbreviations: CK, control forestland; NC-TF and NC-T, newly converted
cropland under tillage with and without fertilization, respectively; LC-TF and LC-T, long-term cropland
under tillage with and without fertilization, respectively.

The N2O fluxes from forestland changed from 0.80 to 7.70 µg N m−2 h−1 over the whole
experimental period, with a mean of 2.70 µg N m−2 h−1 (Figure 4a). For the croplands, the mean N2O
fluxes were 6.49 and 12.44 µg N m−2 h−1 for NC-T and NC-TF, and 5.76 and 21.59 µg N m−2 h−1 for
LC-T and LC-TF, respectively. Forestland conversion to cropland significantly increased the mean
N2O fluxes (p < 0.05). Moreover, the average N2O fluxes were significantly greater from tillage with
fertilization treatments than those from tillage without fertilization treatments (p < 0.05). This result
shows again that tillage with fertilization had a much greater effect on increasing N2O emissions than
tillage alone after land use conversion.

The annual cumulative N2O emissions significantly increased after forestland conversion to
cropland (p < 0.05, Table 3 and Figure 4b). Compared to forestland, the annual cumulative N2O
emissions increased by 124% and 334% in the short-term croplands (NC-T and NC-TF) and by 76% and
491% in the long-term croplands (LC-T and LC-TF), respectively. Moreover, tillage with fertilization
(NC-TF and LC-TF) significantly increased cumulative soil N2O emissions by 94% and 235%, compared
to those from tillage without fertilization (NC-T and LC-T), respectively (p < 0.05, Table 3). Compared
to the short-term conversion (NC-T and NC-TF), long-term tillage (LC-T) significantly decreased
cumulative soil N2O emissions by 21%, while long-term tillage with fertilization (LC-TF) greatly
increased cumulative soil N2O emissions by 36% (p < 0.05, Table 3).
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Table 3. Cumulative N2O emissions, grain yield, and yield-scaled N2O emissions (mean ± SE).

Treatment
Cumulative N2O Emissions (kg N ha−1) Grain Yield

(Mg ha−1)
Yield-Scaled N2O Emission

(kg N Mg−1 Grain)Wheat Season Maize Season Whole Year

CK 0.08 ± 0.001 d 0.13 ± 0.003 e 0.21 ± 0.004 e

NC-T 0.15 ± 0.001 c 0.33 ± 0.003 c 0.48 ± 0.004 c 1.45 ± 0.08 d 0.33 ± 0.02 a

NC-TF 0.25 ± 0.013 b 0.67 ± 0.005 b 0.92 ± 0.010 b 4.09 ± 0.32 b 0.23 ± 0.01 b

LC-T 0.10 ± 0.001 cd 0.27 ± 0.003 d 0.38 ± 0.004 d 2.40 ± 0.17 c 0.16 ± 0.01 d

LC-TF 0.49 ± 0.007 a 0.85 ± 0.006 a 1.26 ± 0.007 a 6.72 ± 0.44 a 0.19 ± 0.01 c

CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and without fertilization,
respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization, respectively.
a, b, c d, e A different letter in the same column indicates a significant difference among different treatments (p < 0.05).

Yield-scaled N2O emissions from the short-term converted croplands (NC-T and NC-TF) were
significantly higher than those from the long-term converted croplands (LC-T and LC-TF) (p < 0.05,
Table 3). After long-term plantation, the yield-scaled N2O emissions under tillage with fertilization
treatment (LC-TF) were significantly greater than that from only tillage practice (LC-T) (p < 0.05,
Table 3).

3.3. Relationships between N2O Fluxes and Soil Environmental Variables

The correlations between N2O fluxes and soil environmental variables are presented in Figure 5.
The soil N2O fluxes were significantly positively related to soil temperature, WFPS, NH4

+ and NO3
−

concentrations but significantly negatively related to DOC concentration for both forestland and
cropland (p < 0.05). The further stepwise regression analysis indicated that variations in N2O fluxes
from forestland were mainly regulated by soil WFPS and temperature (82%) (Table 4). However,
after land use conversion, soil NO3

− and NH4
+ availability and soil WFPS were the main factors

influencing soil N2O emissions from croplands with only tillage, which explained 78% and 90% of
the variations in N2O fluxes from the NC-T and LC-T treatments, respectively (Table 4). For the
short-term tillage with fertilization treatment (NC-TF), soil DOC and NH4

+ availability and soil WFPS
explained 74% of the variation in N2O fluxes (Table 4). While for the long-term tillage with fertilization
treatment (LC-TF), N2O emissions were mainly regulated by soil NH4

+ and NO3
− availability and

WFPS, which explained 81% of the variation in N2O fluxes (Table 4).

Table 4. Stepwise multiple linear regressions between the soil N2O emissions and environmental factors.

Treatment Parameter Coefficient p-Value Adjust R2 p-Value

CK
Intercept 0.00003 0.999

WFPS 0.49 <0.001
ST 0.47 <0.001 0.82 <0.001

NC-T

Intercept 0.0001 1.000
NO3

− 0.38 <0.001
NH4

+ 0.45 <0.001
WFPS 0.27 <0.005 0.79 <0.001

NC-TF

Intercept −0.000004 1.000
DOC −0.38 <0.001
NH4

+ 0.44 <0.001
WFPS 0.28 <0.001 0.74 <0.001

LC-T

Intercept −0.00005 0.999
NO3

− 0.35 <0.01
NH4

+ 0.36 <0.001
WFPS 0.42 <0.001 0.90 <0.001

LC-TF

Intercept −0.0004 0.994
NH4

+ 0.63 <0.001
WFPS 0.4 <0.001
NO3

− 0.16 <0.001 0.79 <0.001

ST, soil temperature; CK, control forestland; NC-TF and NC-T, newly converted cropland under tillage with and
without fertilization, respectively; LC-TF and LC-T, long-term cropland under tillage with and without fertilization,
respectively. Due to the original data not normally distributed, all the data sets were normalized before analysis.
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4. Discussion

4.1. Effects of Land Use Conversion on Soil N2O Emissions and Yield-Scaled N2O Emissions

In this study, the annual cumulative N2O flux from the forest was 0.21 kg N ha−1 yr−1, which was
significantly lower than the average annual N2O flux of the global forest (1.429 kg N ha−1 yr−1) [36].
Land use conversion from forestland to cropland significantly increased the annual cumulative N2O
emissions by 76–491% in this study (Table 3). van Lent et al. reviewed the literature and reported
that land use conversion from forest to cropland greatly increased the annual cumulative N2O
emissions by 330% on average in the tropics and subtropics [13]. These results confirmed that land use
change has a profound impact on soil N2O fluxes [9,11–14], specifically conversion of forestland to
cropland. Some studies have proved that tillage and fertilization are the most important management
practices increasing soil N2O emissions after land use conversion from forestland to cropland [11,19].
Tillage practices could significantly increase soil aeration conditions. On the one hand, good soil
aeration condition enhanced soil organic matter mineralization [34], and subsequent nitrification [3],
inducing higher N2O production. On the other hand, good soil aeration condition accelerated the
gas exchange between soil and atmosphere, which could promote the diffusivity of N2O from soil
into atmosphere [3,14]. Application of mineral N fertilizer could directly increase soil inorganic
N concentrations (Figure 3), providing substrates for the two main N2O production processes of
nitrification and denitrification [8,9,28]. In this study, the N2O flux from the croplands all showed
pulse emissions following tillage and N fertilization events (Figure 4a), thus resulted in much greater
cumulative N2O emissions compared to the forestland (Table 3).

Previous studies regarding the effects of forestland conversion to cropland on soil N2O emissions
mainly focused on long-term cultivation croplands [12], but few studies have measured N2O emissions
from recently transitioned croplands. Our study indicated that forestland conversion to cropland in
the first year significantly increased annual cumulative N2O emissions by 124% and 334% (Table 3).
Comparably, after two years of conversion of tropical forest to agriculture in French Guiana, the annual
cumulative N2O emissions from fertilized croplands increased by 90% [12]. Obviously, the increased
extent of N2O emissions in our study was higher than that in the study by Petitjean et al. [12].
This difference might be attributed to the differences in climate, soil properties and amount of N
fertilizer [26]. It is remarkable that the high N2O emissions in the initial stage after land use conversion
should not be ignored.

In agricultural systems, yield-scaled N2O emissions were widely used as a metric of the important
global challenge for guaranteeing food security and reducing N2O emissions [37,38]. In our study,
the yield-scaled N2O emissions were 0.16 and 0.19 kg N Mg−1 grain in croplands after long-term
cultivation (Table 3), which were similar to the results reported by Bayer et al. [20] and Tang et al. [39] in
other subtropical regions. However, the yield-scaled N2O emissions in the new croplands were 21% and
106% higher than that in the long-term converted croplands (Table 3). These results further highlighted
the importance of monitoring N2O emissions at the initial stage after land use conversion [3,11]. In the
newly converted croplands, the lower crop yields mean a lower uptake of available N by plant, leaving
more available N for nitrification and denitrification processes, which promoted the production of
N2O. After long-term cultivation, the capacity of plant N uptake was enhanced, inducing a relative
lower ratio of available N for N2O production [10,40]. Furthermore, after long-term cultivation in the
present study, the increase extent of crop yield was 64% and 66% compared to the new croplands,
which were significantly higher than the increase extent of N2O emissions (−21% and 37%), inducing
significant decreases of the yield-scaled N2O emissions. Tillage with fertilization practices resulted in
yield-scaled N2O emissions 19% higher than only tillage practice in the long-term converted croplands
(Table 3). It is obvious that fertilization has induced a much higher increase extent of N2O emissions
than that of crop yield. Previous studies showed that the N fertilizer application rate was one of the
key factors influencing soil N2O production [26]. Meanwhile, N fertilizer application rate also had
considerable impacts on crop yield [41]. Therefore, it is very important to determine a reasonable
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rate of N fertilizer application in the Sichuan Basin after forestland conversion to cropland, which can
simultaneously achieve high yield and mitigate soil N2O emission. In addition, the N fertilizer type
(e.g., mineral, organic, or mix of mineral and organic), application time and proportion (e.g., all as
base fertilizer, or part as base and other as topdressing), as well as application depth (surface or deep)
would also influence N fertilizer efficiency and N2O emission [41].

Overall, land use conversion from forestland to cropland and subsequent tillage and fertilization
practices significantly increased the cumulative soil N2O emissions. In particular, the yield-scaled N2O
emissions were significantly higher in the newly converted croplands than in the long-term converted
croplands. These results further indicate that the effect of land use conversion on soil N2O emissions
should not be ignored in the initial years after conversion. Therefore, we strongly recommend limiting
the conversion of forestland to cropland as much as possible.

4.2. Factors Regulating the Increased Soil N2O Emissions Induced by Tillage and Fertilization

In this study, tillage in the croplands increased the cumulative N2O emissions by 124% and 76%
compared to those from forestland in the short-term and long-term after conversion, respectively
(Table 3). This result indicates that tillage could induce significant increases in soil N2O emissions
after land use conversion. The statistical analyses showed that tillage significantly decreased the soil
bulk density (Table 1), and thus increased soil porosity, while also decreasing the proportion of soil
water-stable macroaggregates and MWD by 49% and 61% on average compared to those in forestland
(Table 2). The breakage of soil macroaggregates releases more soil organic matter and increases N
availability [18,21,34]. This phenomenon was observed through the decrease in the average SOC and
TN contents by 49% and 34%, respectively, in croplands under only tillage compared to the contents in
forestland (Table 1). Tillage physically disturbs the soil structure and increases soil aeration [34,42],
and therefore enhances soil organic N mineralization and microbial activities [3,11,19]. In this study,
cropland tillage induced small NH4

+ peaks in the initial period of each cropping season that lasted for
approximately three weeks (Figure 3a), thus likely increasing the NH4

+ to NO3
− transformation rate.

This possibility was further supported by the higher NO3
− concentrations in the tillage treatments

compared to those in the forestland (Figure 3b). The increase in soil NO3
− would further enhance the

denitrification rate [17,23]. Consequently, tillage in the croplands increased soil aeration and promoted
soil organic N mineralization, thus inducing N2O pulse emissions that did not occur in the forestland
and accounted for approximately 52% of the annual cumulative N2O flux during the experimental
period (Figure 4).

Tillage with fertilization significantly increased the cumulative soil N2O emissions by 94% and
235% compared to tillage without fertilization in this study (Table 3). In another subtropical region of
China, a previous study found that soil N2O emissions were 405% higher on average in a conventional
fertilizer treatment than in a tillage alone treatment after land use conversion [11]. In the current
study, tillage with fertilization induced much higher N2O pulse emissions, mainly due to the rapid
increases in soil NH4

+ and NO3
− concentrations after mineral N fertilizer application to the croplands

(Figure 3a,b). The high NH4
+ and NO3

− concentrations following fertilization directly provide
sufficient substrates for nitrification and denitrification and thus significantly stimulate soil N2O
emissions [8,11,20,23]. This phenomenon has been reported in many previous studies on different
croplands [5,10,43]. On average, pulse N2O emissions following fertilization accounted for 67% of the
annual cumulative N2O fluxes (Figure 4). Previous study reported that N2O emission pulses following
N fertilization contributed to approximately 70% of the annual cumulative N2O fluxes from croplands
in the same study area [17].

In the newly converted cropland, 37% and 63% of the increased soil N2O emissions could be
attributed to tillage and fertilization, respectively, while in the long-term cropland, the corresponding
rates were 16% and 84%. This result indicates that fertilization had a much greater effect on increasing
soil N2O emissions than tillage after forestland conversion to cropland in the Sichuan Basin, and the
effect tended to be larger several years after conversion. Long-term repeated tillage significantly
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reduced soil structural stability and decreased organic matter (Tables 1 and 2), resulting in a lower
rate of soil organic N mineralization [18–20,22]. Long-term mineral N fertilization stimulated the
activity and abundance of soil ammonia-oxidizing bacteria in the study area [8], which could promote
nitrification and subsequent denitrification [23].

The stepwise regression analysis results indicated that soil WFPS and temperature could explain
82% of the variations in N2O fluxes from forestland (Table 4). Soil temperature and moisture are
important factors that influence soil N2O emissions by affecting microbial activities [8,23,44]. The low
soil moisture and temperature during the winter wheat season (Figure 2) generally inhibited microbial
activities, resulting in low N2O emissions [3,11]. However, the stepwise regression analysis showed
that soil N2O emissions from the croplands were mainly influenced by soil NO3

− and NH4
+ availability

and WFPS, which explained 78-90% of the variations in N2O fluxes (Table 4). This result implies that
after the conversion of forestland to cropland, the primary factors regulating soil N2O emissions were
soil NO3

− and NH4
+ availability. In the present study, we found the N2O emissions significantly

correlated to soil NH4
+ and NO3

− concentrations in the croplands (Figure 5f,h). The mean soil NH4
+

and NO3
− concentrations in the tillage with fertilization treatments were 7.7 and 3.7 times greater,

on average, than those in the tillage without fertilization treatments. Therefore, after the conversion of
forestland to cropland, fertilization only increased soil N2O emissions to a greater degree than tillage,
which was mainly attributed to the higher soil inorganic N levels caused by fertilization.

Additionally, the soil DOC concentration significantly decreased after the conversion of forestland
to cropland (Figure 3c). The lower level of soil DOC with higher N2O fluxes in the croplands compared
to the forestland indicated the negative relationship between soil DOC concentration and N2O fluxes
induced by land use conversion (Figure 5j). Several studies have shown that soil DOC is an important
factor influencing N2O emissions [9,11,17,44]. The substantial soil DOC availability in the forestland
may favor complete denitrification and thus decrease N2O fluxes [17]. Following land use conversion,
the decrease in soil DOC concentration could enhance incomplete denitrification, thereby increasing
N2O fluxes [44]. In the short-term after conversion, the combination of soil DOC and NH4

+ availability
and soil WFPS explained 74% of the variation in N2O fluxes from the tillage and fertilization treatment
(Table 4).

Applying crop residues with a high C/N ratio (such as maize) combined with synthetic N fertilizer
could be an optimal strategy for mitigating N2O emissions in the study area [28,29]. Moreover, in recent
years, researchers have developed many new technological approaches to maintain the sustainable
development of the agricultural ecosystem. For example, a new Biogeosystem Technique methodology
reported by Kalinitchenko et al. [45,46] could improve soil aggregate structure, promote soil organic
matter synthesis and reservation, and thus likely reduce greenhouse gas production. Therefore,
after the conversion of forestland to cropland in the Sichuan Basin, to guarantee the sustainable food
supply and ecosystem development, we also recommend application of mineral fertilizer and crop
residues (such as maize), or the adoption of advanced management technologies as potential measures
for conserving N in destroyed forest and mitigating N2O emissions in the transformed croplands.

5. Conclusions

This study found that the annual cumulative N2O flux was 0.21 kg N ha−1 yr−1 in the forestland,
which significantly increased by 76–491% after land use conversion of forestland to cropland in
the Sichuan Basin. In the short-term and long-term croplands, fertilization contributed 63% and
84%, while tillage contributed 37% and 16% to the increased soil N2O emissions, respectively.
Fertilization exhibited a much greater effect on increasing soil N2O emissions than tillage after the
conversion of forestland to cropland, and the effect tended to be stronger several years after conversion.
After forestland conversion to cropland, the soil N2O emissions were mainly regulated by soil NO3

−
and NH4

+ availability. The direct land use conversion without any scientific management practices
significantly influenced soil properties and thus stimulated N2O emissions. Tillage disturbed soil
structure, decreased bulk density and increased soil aeration in the croplands, thus enhancing soil
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organic N mineralization, while the application of mineral N fertilizer directly led to rapid increases
in soil NH4

+ and NO3
−concentrations. Tillage and fertilization induced increases in the inorganic N

concentration to different extents, which thus resulted in different magnitudes of N2O fluxes. This study
primarily suggests limiting the conversion of forestland to cropland in the Sichuan Basin as much
as possible. Moreover, we recommend intensifying the shift from grain to green on the premise of
ensuring the supply of grain production, and also recommend the adoption of technological approaches
to mitigate N2O emissions in both the destroyed forest and transformed croplands for the sustainable
development of the ecosystem.
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Abstract: Nitrogen (N) in the agricultural production system influences many aspects of agroe-
cosystems and several critical ecosystem services widely depend on the N availability in the soil.
Cumulative changes in regional ecosystem services may lead to global environmental changes. Thus,
the soil N status in agriculture is of critical importance to strategize its most efficient use. Nitro-
gen is also one of the most susceptible macronutrients to environmental loss, such as ammonia
volatilization (NH3), nitrous oxide (N2O) emissions, nitrate leaching (NO3), etc. Any form of N
losses from agricultural systems can be major limitations for crop production, soil sustainability,
and environmental safeguard. There is a need to focus on mitigation strategies to minimize global
N pollution and implement agricultural management practices that encourage regenerative and
sustainable agriculture. In this review, we identified the avenues of N loss into the environment
caused by current agronomic practices and discussed the potential practices that can be adapted to
prevent this N loss in production agriculture. This review also explored the N status in agriculture
during the COVID-19 pandemic and the existing knowledge gaps and questions that need to be addressed.

Keywords: nitrogen; nitrate leaching; nitrous oxide; soil resilience; soil microbiome; regenerative
agriculture; ecological ditch

1. Introduction

The current global population of 7.8 billion is projected to reach over 9 billion by
2050 [1]. This projected boom in population would mandate an approximately 70% increase
in global agricultural production to ensure food security in the developed and nearly 100%
in the developing countries [2]. To keep up with this demand, global agriculture will
continue to consume more amendments in both inorganic and organic forms that can
support agricultural production and simultaneously battle the food waste crisis where
one-third of the annual produced food goes to waste (1.3 billion tons) [3]. Nitrogen (N)
is a critical element for all living organisms and assimilation of N by both terrestrial and
aquatic plants is limited by its forms in the ecosystem [4].

Over the last five decades, the global N cycle has changed significantly due to the
incessant input of nitrogen fertilizers. Nitrogen cycling involves five major steps; biological
N fixation, ammonification, nitrification, N assimilation into microbial biomass pool,
and finally denitrification [5]. However, both chemical N fertilizers and organic manure
are often applied to soil in exceeding amounts for crop growth requirements lead to
N loss. Of the applied N for crop growth, only 45–50% is being incorporated into the
agricultural products [6] and the remainder is subjected to substantial loss [7]. A significant

81



Sustainability 2021, 13, 2400

amount of N in soil and may be lost to the environment as NO3, NH3, or N2O [8,9].
NO3 may also continue to undergo recycling in the soil–water–air system and convert to
N2O and N2 through the denitrification process and released back to the atmosphere [10].
Particularly, N2O emission is substantial from production agriculture at the beginning
stage of N fertilizer application during the cropping season [11]. Furthermore, the potential
warming effect of N2O and the short-term cooling effect of NH3 and NOx both has major
consequences on global human and environmental health [12,13]. Additional complications
in estimating N2O arises from the nonlinear nature of N2O emission in response to N
fertilizer application along with other soil and environmental controlling factors [14].
Intergovernmental Panel on Climate Change (IPCC) linear model, one of the approaches to
estimating N loss in terms of N2O, which may overestimate N loss at lower N application
rates while underestimating higher rates [15–17] (Figure 1).
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Agricultural contribution to global N pollution requires constant monitoring and
adoption of necessary efforts at the farm, regional, and national levels to mitigate and
regulate environmental degradation. Nitrogen footprint, under agricultural context, is
the amount of N released from resource use in agricultural production at every step of
the production line both upstream or downstream [18]. Nitrogen footprint can serve as
an indicator of the usage and losses of N in the production and consumption of food
and energy, thereby, an ecosystem service. The objective of this review was to explore the
agricultural status of N in the current agronomic production system and possible mitigation
strategies to address and minimize N loss for sustainable agriculture.

2. Nitrogen Footprint in the World

Nitrogen plays such a cardinal role in ecosystem productions and the Earth’s energy
balance that any changes in the N cycle will bring about profound impacts on the global
ecosystem and human health [19–21]. It is necessary to track the gains and losses in
the N cycle and there are several tools to do just that. For instance, a quantifying tool
that serves as an indicator of N losses to the environment from different stages of the N
cycle ranging from production to consumption levels is called N footprint [22]. Globally,
agriculture dominates N footprints [23]. Furthermore, global trades connecting different
countries in importing and exporting agricultural commodities also leave a major mark
on the N footprint. Nitrogen footprint can be a useful tool to help resolve the critical
dilemma between the optimized N use (nitrogen use efficiency; NUE) and minimize
negative impacts associated with N use. The food N footprint is the dominant component
of the per capita N footprint [24,25]. On average, the per capita N footprint of ten countries
from different regions of the world ranges from 15 to 47 kg N per capita per year and
the principal reason behind this is the difference in the protein consumption rates and
N losses during agronomic production [22]. In Asia, China has a big per capita food N
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footprint and it has increased almost 50% over 30 years (i.e., 1980 to 2008), however, it was
still close or lower than that of countries in North America or Europe [24,26]. Of this per
capita food N consumption, almost 40% is from protein, which is much lower than in other
countries [26,27]. In the case of fossil fuel consumption, China leaves a lower N footprint
than the USA [18] but since it has limited to no regulatory measures in place to reduce
NOx emission [28], hence, China has a higher energy N footprint compared to some of the
European countries like UK and Germany [24–26]. Australia, a country in the Asia–Pacific
region, due to a high protein diet and affordable food prices has a high food N footprint
and a high energy N footprint due to higher N emission from electricity generation [22].
In North America, the USA has the largest N footprint for food production where the
N footprint per capita is 39 kg N. This is followed by transportation where a relatively
higher N footprint is observed compared to other countries [18]. In Europe, agricultural
innovation was pioneered by the industrial revolution primarily at the turn of the 18th
century, and again in the early 20th century with the arrival of the Haber–Bosch process.
This nitrogen-based synthetic fertilizer production dramatically increased the productivity
in agricultural sector, thus, countries like UK, Netherlands, Austria, and Germany have
a higher food N footprint than many parts of Asia, typically ranging from 24 to 29 kg
N capita−1 year−1 [18,29]. Table 1 details per-capita nitrogen footprints from different
countries adopted from Oita et al. (2016) of nations [30].

Table 1. Ranked per-capita nitrogen footprints of nations (NFP = nitrogen footprint).

Country
(High-Ranked in NFP)

NFP
(kg N cap−1 yr−1) Region Country

(Low Ranked in NFP)
NFP

(kg N cap−1 yr−1) Region

Hong Kong 225 Southeast Asia Liberia 2 West Africa

Luxemburg 145 Western
Europe Moldova 3 Eastern

Europe

Kuwait 102 Western Asia Côte d’Ivoire 5 West Africa

Singapore 98 Southeast Asia Papua New Guinea 7 Oceania

Uruguay 90 South America Tajikistan 9 Central
Asia

Australia 88 Oceania Malawi 10
South-

Eastern
Africa

UAE 70 Western Asia Sri Lanka 11 South Asia

Paraguay 67 South America North Korea 12 East Asia

Canada 65 North America Mozambique 15 Southern
Africa

USA 62 North America Burundi 17 East Africa

3. Nitrogen Losses in the Environment

Nitrogen contains readily converted reactive chemical (reactive nitrogen; Nr) [24]
species causing a cascading effect on the environment and impacting the global ecosys-
tems [31]. These reactive species are N2O, NO3

−, nitrite (NO2
−), NH3, and ammonium

(NH4
+) and mostly of anthropogenic origins such as fossil fuel combustion and agriculture

(both legume cultivation and use of industrial fertilizers) (Figure 2).

83



Sustainability 2021, 13, 2400Sustainability 2021, 13, x FOR PEER REVIEW 4 of 23 
 

 

Figure 2. The major processes of the nitrogen cycle in soil. 

3.1. Ammonia Volatilization 

Ammonia volatilization is one of the major sources of N loss from arable farms 

worldwide. Different soil conditions affect the volatilization rate of NH3 from the soil. 

Soils with high pH are generally prone to lose significant amounts of NH3, however, neu-

tral or acid soil may also lose NH3, especially after inorganic fertilizer application like urea 

or organic amendments such as urine [32,33]. Moreover, soil and atmospheric tempera-

ture greatly affect the urea hydrolysis, thereby, the NH3 (aqueous) transfer rate from the 

soil solution to atmospheric NH3 (gas) [34]. Furthermore, low soil moisture tends to stim-

ulate high soil solution concentration, thus, higher loss of NH3 [35]. When NH4 containing 

fertilizers such as ammonium nitrate (NH4NO3) or ammonium sulfate (NH4SO4) or urea 

(CH4N2O) are applied to soil during different stages of crop growth [36], they are typically 

subjected to immediate NH3 volatilization. For instance, upon application, urea undergoes 

hydrolysis ensuing higher soil pH in the microsites of soil causing transformation of NH4+ 

to NH3 [37,38]. The greatest amount of NH3 is released through anthropogenic activities [39], 

which releases around 7.6 million kg ha−1 of NH3 emission is from crop and animal hus-

bandry accounting for more than 90% of the total emission [40]. Ammonia volatilization 

is a major problem to human health and the environment because it can react with acidic 

components of the environment such as sulfate (SO42−) or NO3− and form a secondary in-

organic aerosol. NH3 emissions, moreover, significantly contribute to the formation of 

acid rain in the atmosphere and can be an indirect source of N2O emissions, and promote 

eutrophication of surface water bodies [35,41]. The economic implications of NH3 emission 

are particularly threatening to developing countries, for instance, India, as an earlier sim-

ulation study showed that almost one-third of the applied N fertilizers or manure is lost 

to the atmosphere as NH3 [42,43]. 

3.2. Nitrous Oxide and Oxides of Nitrogen (NOx) Emissions 

The simultaneous process of nitrification (aerobic condition) and denitrification (an-

aerobic condition) produces N2O as the common byproduct in soil [44]. During nitrifica-

tion, NH4-N is microbially converted to an intermediate product, hydroxylamine 

(NH2OH) followed by the production of NOH, and finally NO2. During nitrification, N2O 

is produced both at NH2OH and NO steps, while, on the contrary, denitrification, trans-

forms NO3 or NO to N2 or N2O [22]. Nitrous oxide is considered one of the most critical 

Figure 2. The major processes of the nitrogen cycle in soil.

3.1. Ammonia Volatilization

Ammonia volatilization is one of the major sources of N loss from arable farms
worldwide. Different soil conditions affect the volatilization rate of NH3 from the soil. Soils
with high pH are generally prone to lose significant amounts of NH3, however, neutral or
acid soil may also lose NH3, especially after inorganic fertilizer application like urea or
organic amendments such as urine [32,33]. Moreover, soil and atmospheric temperature
greatly affect the urea hydrolysis, thereby, the NH3 (aqueous) transfer rate from the soil
solution to atmospheric NH3 (gas) [34]. Furthermore, low soil moisture tends to stimulate
high soil solution concentration, thus, higher loss of NH3 [35]. When NH4 containing
fertilizers such as ammonium nitrate (NH4NO3) or ammonium sulfate (NH4SO4) or urea
(CH4N2O) are applied to soil during different stages of crop growth [36], they are typically
subjected to immediate NH3 volatilization. For instance, upon application, urea undergoes
hydrolysis ensuing higher soil pH in the microsites of soil causing transformation of
NH4

+ to NH3 [37,38]. The greatest amount of NH3 is released through anthropogenic
activities [39], which releases around 7.6 million kg ha−1 of NH3 emission is from crop
and animal husbandry accounting for more than 90% of the total emission [40]. Ammonia
volatilization is a major problem to human health and the environment because it can react
with acidic components of the environment such as sulfate (SO4

2−) or NO3
− and form

a secondary inorganic aerosol. NH3 emissions, moreover, significantly contribute to the
formation of acid rain in the atmosphere and can be an indirect source of N2O emissions,
and promote eutrophication of surface water bodies [35,41]. The economic implications of
NH3 emission are particularly threatening to developing countries, for instance, India, as
an earlier simulation study showed that almost one-third of the applied N fertilizers or
manure is lost to the atmosphere as NH3 [42,43].

3.2. Nitrous Oxide and Oxides of Nitrogen (NOx) Emissions

The simultaneous process of nitrification (aerobic condition) and denitrification (anaer-
obic condition) produces N2O as the common byproduct in soil [44]. During nitrification,
NH4-N is microbially converted to an intermediate product, hydroxylamine (NH2OH) fol-
lowed by the production of NOH, and finally NO2. During nitrification, N2O is produced
both at NH2OH and NO steps, while, on the contrary, denitrification, transforms NO3 or
NO to N2 or N2O [22]. Nitrous oxide is considered one of the most critical greenhouse
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gasses due to its prolonged atmospheric lifetime (120 years) and more potent in trapping
heat than CO2. Moreover, N2O is responsible for ozone depletion by reacting with strato-
spheric O2 and forming nitric acid [45]. Agricultural activities are the largest anthropogenic
sources of atmospheric N2O emissions [46]. An increase in fertilizer application rates, N
sources, are the dominant factors of N2O production in an agroecosystem [47]. Livestock,
especially, traditionally grazed ruminants on poor quality fodder in pastures also plays a
significant role in N2O and methane (CH4) emissions [48].

NO2 is released to the stratosphere mostly through fossil fuel combustion from vehicles
and industrial plants in addition to natural processes of nitrogen in the soil. It has been
highlighted by the WHO as a potential health risk and that exposure to this pollutant
should be minimized [49]. Several pulmonary and cardiovascular diseases have been
linked to long-term exposure to elevated levels of NO2. Some of the most documented
cases include lung function growth deficit in children and compromise lung function in
adults [50,51].

3.3. Nitrate Leaching

Apart from NH4
+, NO3 produced during nitrification in the aerobic condition is a

preferable form of N for plant uptake. However, it is highly mobile in soil due to its anionic
nature and in well-drained soil, NO3 is the first nutrient to be washed off from the soil
profile. The amount and distribution of rain and irrigation affect the NO3 loss below the
root zone in the soil profile [52]. Studies done in the early 90s’ suggested that depending
on the soil type, almost 80% of the applied N can be lost as NO3 runoff [53]. Colder
temperature contributes considerably to nitrate leaching due to greater precipitation and
slower plant uptake of nitrate [54]. Earlier studies on nitrate loss in soil suggested that
more than 100 kg N ha−1 year−1 of nitrate was lost from grazeland after tillage through
the soil profile over the next winter [55]. Soil structure and texture may also affect nitrate
movement through the soil profile. Nitrate leaching is greatest in sandy soil with poor
structure and slowest in clay soil [35]. Additionally, soil macrofauna movement and plant
root growth often allow rapid nitrate movement in soil [56]. Nitrate leaching and runoff
lead to severely deteriorated both ground and surface water quality levels and resulting in
eutrophication and algal bloom. Severe cases of NO3 contamination in human is evident
by Blue-Baby Syndrome [57] where NO3 molecules in drinking water combine with blood
hemoglobin and hinder blood oxygen transportation [58]. Table 2 shows the major sources,
amounts, and pathways of global reactive nitrogen (Nr) emission [30].

Table 2. Major sources, amounts, and pathways of global reactive nitrogen (Nr) emission.

Reactive Nitrogen (Nr) Amount (Tg) Source Pathway

Nitrate (NO3
−) 161 Industries and

Agriculture
Leaching and
surface runoff

Ammonia (NH3) 45 Agriculture Volatilized

Nitrous Oxide (N2O) 6.2 Agriculture Gaseous emission

NOx 35 Transportation and
emission Gaseous emission

Nitrogen emissions
potentials to water mainly

as NO3
−

28 Consumer Mainly Sewage

4. Mitigation Strategies
4.1. Farming System Design

To establish an effective and productive resource partitioning system, a collaborative
organization of the agricultural production systems, which involves the adoption and
eventual adaptation of a combination of a less expansive, minimal resource extraction
crop-livestock production of high-value commodities, is required. The integrated pro-
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duction system (IPS) is not essentially a location restrained system, rather a synergistic
approach towards agricultural resource utilization with minimal external input compared
to intensive systems, and IPS helps materialize the concept of integrating several on-site
farming components such as crop residues and animal waste [59,60]. A recent case study
from Nigeria where herdsmen and farmers exchange resources, for instance, manure (col-
lected by farmers) and crop stubble (used by herdsmen as cattle feed) exchange helped
ease societal tension and offering a limited but promising solution to an on-site N loss
solution [61]. Another example of IPS has been demonstrated in the Benin Republic, West
Africa where a local farm (Songhai Farm) adopted all the IPS components and successfully
collaborated between the different stages of agriculture such as production, selective breed-
ing, harvesting, product processing, product placement in the local market, and finally
on-site waste recycling to reuse nutrients [62]. Thus, IPS allows all participating parties
alike to place a value on the on-site waste and help in sharing spatially separated resources.

4.2. On-Farm Best Available Techniques (BATs)

Preventing the loss of ammonia can be achieved by a combination of BATs such
as placing N-fertilizers subsurface or injecting, applying urea fertilizer before rainfall
events and after application irrigate the crops, applying N-fertilizers with acidifying
agents such as elemental sulfur (not gypsum) or urease inhibitor, etc. [35,63]. Reducing
nitrate loss through the soil profile, however, requires the adoption of a wide range of
management strategies, for instance, split application of N-fertilizers according to crop
nitrogen requirements and if applying animal slurries as N source then according to
the crop demand, spraying nitrification inhibitor, maintain a constant vegetative cover,
especially over the drainage period, cultivating soil in spring rather than in fall, etc. [64–71].
Many of the mitigation strategies adopted for N2O emission overlap with the strategies for
mitigating NH3 volatilization and nitrate loss with a few exceptions, for instance, using
lime to increase soil pH, avoiding anaerobic pockets in soil by maintaining optimum
irrigation rate, and reduce animal traffic to avoid soil compaction [35,72].

4.3. Improved Nitrogen Use Efficiency (NUE)

Achieving nitrogen use efficiency (NUE) in crop and livestock production will involve
implementing the best management practices (BMPs) leading to increase recycling within
the system [73,74]. Some BMPs of NUE are discussed hereunder.

4.3.1. Enhanced Efficiency of Fertilizer Material

The use of enhanced efficiency fertilizers composed of coatings of low permeable
materials attached to an inhibitor (nitrification or urease inhibitor) as an additive may be
used to regulate processes such as nitrification or urea hydrolysis to simultaneously reduce
the N loss and increase N uptake by plant and soil microbial population [75–77] under both
laboratory and field setup. Such examples of inhibitors are N-(n-butyl) thiophosphoric
triamide (NBPT), phenylphosphorodiamidate, dicyandiamide (DCD), and 3,4-dimethyl
pyrazole phosphate (DMPP). For instance, the use of NBPT coated urea compared to
uncoated-urea reduced NH3 emission by 42% for sunflower in Spain [78]; from 9.5% to
1.0% of applied N for winter wheat in Australia [79], and finally in the UK, for multiple
grassland and winter cereal species [80]. In New Zealand, the volatilization of NH3 in
grazing pastures was reduced through the application of NBPT (18%–28%) [81]. Moreover,
the application of nitrification inhibitors such as DCD and DMPP in conjunction with urea
significantly reduced N2O emission from agricultural soils of Louisiana, USA by more than
76% and 67%, respectively [82].

4.3.2. Site-Specific Nutrient Management (SSNM) and Real-Time Nitrogen Management (RTNM)

Crops typically respond to applied N in varying degrees and the fate of that ap-
plied N depends vastly on the soil conditions. The traditional broad-spectrum blanket-
recommendation or “one size fits all” often fails to address crop N requirements and
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cannot surveil N availability from all possible sources leading to severe economic and
environmental drawbacks. A possible solution could be the site-specific nutrient manage-
ment strategy (SSNM). The SSNM considers several factors in production agriculture, for
instance, yield potential of the crop, plant nutrition, inherent soil capability to supply N,
calibrated N dosage, and subsequent N recovery calculations [22]. The SSNM addresses
the crop-specific nutritional needs, utilizes maximum available resources to obtain N,
calculates the gap of N required to fill the nutrient deficit gap, and finally recommends
optimum N application recommendation [83]. Contrary to the blanket application of N,
split applications according to the crop requirements, based on the growth stage, could
prove to be an important strategy to enhance N recycling in soil, minimize loss of N as
NH3 and N2O. Without the destructive collection of samples, sensor-based tools have the
potential to identify and correct N stress, which has already occurred during the growing
season for plant production [84]. Normalized difference vegetative index (NDVI) data of
the greenness of plant leaf and previous crop yield and N application data can be used to
implement the splits and may lead to an increase in nitrogen use efficiency and N recovery
by the plant [22]. Studies on wheat (Triticum aestivum L.) produced primarily on the Central
Great Plains of the United States showed that sensor data converted to NDVI was used
to formulate a response index and showed a 15% greater NUE compared to whole-field
techniques [85]. An emerging technology for site-specific N application for maize is real-
time fluoro-sensing for variable-rate nutrient management, especially at earlier growth
stage (V2) of the plants [86]. Moreover, proximal sensor-based variable rate N management
strategy was reported to achieved greater grain yield and improved NUE for maize in
Colorado, USA [87]. Similarly, in the UK, applications based on real-time sensor data saved
15 kg N ha−1 that increased the NUE without any reduction in wheat grain yield [88]. In a
five-year study on N recovery, approximately 25–50 greater N was recovered with RTNM
in maize cropping over-scheduled N application in Punjab, India [89]. In Guangxi Zhuang,
China, NUE in rice (Oryza sativa) was 75% higher in densely planted reduced and delayed
N applied rice plants compared to conventional farmers practice (broadcast) [90].

4.3.3. Deep Placement of Urea Super Granules

If there is an anoxic layer overlying a reduced zone in the soil, which is very typical
of low-lying flooded rice-production systems, N loss can be encouraged by nitrification
and denitrification, simultaneously [22]. Deep placement of nitrogenous fertilizers, for
instance, large urea granules in rice-fields has successfully prevented the conversion of
NH4 to NO3 and subsequent losses. Early studies in the 90s’ showed that deep placement
of urea reduced N loss by 65% and resulted in a greater rice yield by 50% in grain yield
compared to split application of granulated urea [91]. Recent studies also showed that
NH3 and N2O loss were significantly suppressed by 94% with the deep placement of large
urea granules (≥0.7 g) in rice-growing areas [92,93]. Furthermore, policymakers across
Europe have indicated a relatively new method termed as “Closed-Slot Injection Method”
to reduce NH3 emissions with inorganic fertilizers or organic inputs and this technique
has proven promising due to the wide-spread availability among European farmers. For
instance, NH3 loss was reduced in maize by 75% for mineral fertilizer and 96% for organic
amendments compared to surface broadcast [94].

4.4. Pasture and Livestock Management

Reducing N2O emissions while keeping the ruminant population at the higher end
of the production spectrum if not decreasing, requires either a top-quality ruminant diet
or improved yield, thus, making this a livestock nutrition issue. Ruminant excretion
quality is largely dependent upon ingested feed quality and depending on soil factors such
as soil moisture and temperature, the N-component of the excretion may be subject to
significant losses, thus, causing environmental hazards, such as increased nitrous oxide
emission and greater nitrate loss [95,96]. Apart from reducing P loss to runoff [97], to
facilitate enhanced nitrogen mineralization and to reduce the loss of NO3 in the soil,
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strategic cattle grazing in pastures along with overseeding of susceptible areas with annual
grasses may offer a sustainable solution in livestock management as opposed to traditional
grazing [72]. Additional approaches, such as supplementation of animal feed and anaerobic
digestion may help increasing nutrient use efficiency by recycling nutrients on-site [98].
These management strategies are particularly important for developing countries like
China, India, and Brazil that are major players in the beef and dairy industries [99] where
ruminant feed is mostly associated with inferior quality of feed leading to a low-efficiency
animal diet [100]. On the other hand, adopting alternative approaches, such as rearing
mono-gastric non-ruminants, for instance, poultry, rabbit, swine, and horses (which are
typically on a better and balanced diet than beef and dairy cattle) may potentially lead to
efficient nutrient use and lower nitrogen loss [98]. Additionally, supplementing animal
feed with amino acids such as lysine has the benefits of reduced N loss from swine and
poultry by 30% compared to traditional feeding routine [101]. In managing pasture soil
health, alternative ways of adding N have been investigated. In addition to adding organic
fertilizers such as poultry [102] in managed pastures, using N-fixing legumes to supply
soil N is an ecologically safe practice [103]. For instance, in long term pastures in Australia
and New Zealand, and organic farming in the UK, white clover (Trifolium repens) is grown
with other grass species and the fixed N is released slowly to the grass once released into
the soil through root exudates and dead legume tissue [104–106]. In more recent studies on
drought-tolerant forages, inter-seeding alfalfa into established Old World bluestem (OWB)
grass helped restore soil health and enhance soil microbial community complexities [107].

4.5. Managing Livestock Wastewater

On-site livestock wastewater may be managed with the use of microalgae in the
wastewater where livestock feces and urine (high N content). Due to its high concentra-
tion of N content, this animal waste tends to produce pollutants such as NH3 and N2O,
which are essential for microalgal growth [108]. In addition to inorganic P, microalgae are
known to assimilate inorganic N species and transform them into organic nitrogenous com-
pounds [109]. Nitrogen oxide emissions from the wastewater, for instance, were reduced by
80% with Chlorella sp. [110] and entirely with Gracilaria birdiae (red seaweed) [111]. Seaweed
can reduce N2O emissions by assimilating and storing N in high concentration [112] and
decreasing available NOx in the wastewater system [113].

4.6. Carbon-Rich Sources

In terms of regulating N loss or impacting the N cycle, manure or litter broadcast
leads to enhanced N2O emission [114], whereas, the sole application of biochar or a
combination of lime and biochar (livestock slurry) showed a significant reduction in NH3
emissions [115] and cumulative N2O loss [116]. In production agriculture, especially,
where litter or manure is used, ammonia is the precursor of nitrous oxide emission and
volatilized ammonia can travel up to 5 km from its source of origin and a minor portion
(1% proportion) has the potential to be re-emitted as nitrous oxide upon redeposition [117].
The application of biochar has been shown to reduce the emission of nitrous oxide from
redeposited ammonia by 69% and this was attributed to the increased aeration caused by
the inherent porosity of the biochar [118]. Similar high C sources, obtained as an agro-
industrial byproduct, known as char (contains 30% of total C) have shown a reduction in
NH3 volatilization up to 37% under fertilized soil compared to control [119]. In current
agronomic practices, sewage sludge is commonly used, however, its use is associated
with a greater risk of toxic substance accumulation, for instance, heavy metals, polycyclic
aromatic hydrocarbons, or polychlorinated biphenyls, phenanthrene, and pyrene [120,121].
Furthermore, upon application, sewage sludge may phyto-accumulate and can be trophic
transferred in agroecosystem food webs [122]. However, in recent years, the use of sewage
sludge in conjunction with carbon adsorbents like activated carbon or biochar is gaining
popularity both in terms of environmental safety and soil health [123–125]. In a recent study,
conjunctive use of sewage sludge and biochar as soil amendments showed a dramatic
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decrease in sludge toxicity shortly after application due to nutrient immobilization and a
significant reduction in nitrate loss from the soil profile [126]. Therefore, in addition to the
phyto-stabilization of heavy metals [127], the use of high C sources in regulating N loss is a
potentially promising avenue for further research.

4.7. Engineering Cereal Crops for Nitrogen Fixation

For the last five decades, scientists and agronomists have been studying the prospects
of N fixation in cereal crops and evidently, there has been tremendous progress in areas
like the expression of nitrogenase gene in eukaryotes and the nodule formation workflow
in plants [128]. These efforts have led to investigate the scope of engineering cereal crops to
perform symbiotic or autonomous N fixation, however, several factors, namely, population
growth and a high rate of N application in production agriculture can outwit the constant
efforts of developing N fixing transgenic cereals [129]. The primary tenet behind expressing
nitrogenase in cereals is to re-envisage the legume-rhizobia symbiosis leading to nodule
formation. The presence of building blocks for nodule formation in cereals is indicated by
the presence of several common plant hormones [130,131].

Furthermore, Nod factors (legume-rhizobia symbiosis) and Myc factors (cereals and
arbuscular mycorrhizal symbiosis) are structurally similar, indicating the possibilities,
although abstract but promising, to engineer cereal crops to express Nod factors and
initiate the first step toward nodulation [130,132,133]. On the contrary, considering the
technical challenges of engineering cereals crops for nitrogen fixation, a sustainable and
potential alternative approach such as root-associated diazotrophs in fixing and supplying
N to cereals may offer a solution in N management with a short turnover time [134,135].
Although less sensitive than the legume-rhizobia symbiosis, nevertheless, the association
between cereal crops and the rhizosphere shares a sophisticated signal route between
microbes and plant host [136–139]. A recent ground-breaking study from the N depleted
areas of Oaxaca, Mexico, showed mucilage associated with the aerial roots of Sierra Mixe
maize can colonize free-living diazotrophic bacteria and the estimated up to 82% of the
nitrogen content of maize [140]. The known association between plant and diazotrophs
may improve the growth and yield of cereals in low N soils but the performance of these
microbial strains is often not reproducible in the field [141,142].

4.8. Plant Growth Promoting Microbial Consortia

Soil microbes are key players in organic matter decomposition, macro, and micronu-
trient cycling, and facilitating nutrient availability for plant uptake [143,144]. Microbial
communities associated with plants are also capable of abating environmental pollu-
tion [145]. Rhizosphere dwelling microbes are also known as plant growth-promoting
microorganisms (PGPMs) [146] because they encourage plant growth and foster soil health
by N fixation, P solubilization, mineralization of macro (calcium, magnesium, and potas-
sium)/micronutrients (zinc, iodine, and nickel) and secreting phytohormones, and finally
suppressing pathogens [147,148]. Additionally, animal wastes like poultry litter or com-
posted poultry litter is a major source of organic N in production agriculture but poultry
manure can cause a high loss of nitrogen via ammonia volatilization [149]. Therefore,
farmers, industries, and researchers are giving considerable attention to the formulation of
these microbial communities on-farm or off-site and using them to fortify the resilience of
the agroecosystems. However, the function and propagation of these concocted exogenous
microbes may be limited to their ability to survive under a highly diverse, competitive,
and constantly changing medium such as soil [150,151]. In Southeastern USA, recent
research on the production and application of locally derived exogenous microorgan-
isms in managing nutrient availability from animal waste and utilizing them in nutrient
cycling, especially in N-cycling, has shown higher potential nitrogen mineralization in
soil 0–5 and 0–15 cm depth indicating a more robust and complex microbial community
composition [152–154]. Additionally, microbially mediated decomposition of nitrogenous
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compounds in soil may enhance the N availability and consequently be intercepted by
plant roots and taken up [155].

4.9. Phytogenic Approach and Fungal Utilization

As discussed above, nutrients excreted by livestock reflect the diet consumed and are
an indicator of N, P, and CH4 release into the environment. Tannins and saponin-rich plants
such as Acacia mearnsii, Delonix regia, Enterolobium cyclocarpum, and Musa paradisiac may
be used as animal feed supplementation to enhance N retention [156–159]. For instance,
alfalfa silage has a higher crude protein and nitrate content, which upon feeding may lead
to higher N2O emission as opposed to feeding a combination of corn silage and grass
hay [160]. In some countries in Asia, for instance, China and India, rice and wheat straws
are burned, thus, causing environmental havoc like, smog. However, inoculating the
straws with fungal species like Aspergillus terreus may reduce the lignocellulose content and
enhance the decomposition process by soil microbes, which in turn enhance the nitrogen
mineralization process [98].

4.10. Organic Agriculture as a Tool in Nitrogen Pollution Remediation

The history of organic agriculture is somewhat contentious and at the turn of the
21st century, some critics portrayed organic farming as an ideologically driven inefficient
food production system [161–163]. Nonetheless, globally, the organic farming community
experienced a continuous increase in the number of organic farms, acreage of land, the
consumer market for organic foods, and organic agriculture-focused research funding [164].
As of now, more than 160 countries practice organic farming and more countries continue
to join the community [164]. Worldwide, nearly 2.3 million organic farmers are growing
organic produce in 0.99% of the total cultivable land [165] (Table 3).

Table 3. Regional distribution of land area (Mha and percent) under organic agricultural land.

Region Area (Mha) Percent (%) of Total Organic
Agriculture Land

Oceania 17.3 40
Europe 11.6 27

Latin America 6.8 15
North America 3.7 8

Asia 3.6 7
Africa 1.3 3

There are some intrinsic weaknesses in organic farming practices, especially, in the
timely release of nutrients that coincide with plant N demand from typical organic amend-
ments such as compost [166,167] and consequent potential higher nutrient loss mainly as
nitrate [168]. Nitrate leaching losses have been reported to be similar or minutely lower in
conventional agriculture compared to organic practices in several studies [169]. Neverthe-
less, organically managed agricultural systems can potentially contribute to the mitigation
of climate change through efficient nutrient management techniques leading to reduced
emission of nitrogenous gases from the production system and sequester carbon in the
soil. Probably the most powerful aspect of organic agriculture, especially in developing
countries, is its capacity to compete and often attain equal or higher yields as compared
to traditional farming practices [170]. Organic farming practices have been shown to safe-
guard water quality in rivers as well. In a simulation study, a researcher has shown that a
combined effect of higher precipitation and ethanol production from common biofuel crops
could cause the river N level to rise by 24%, whereas, simple practices that are common
to organic farming such as cover cropping, use of legumes in crop rotations, etc., could
decrease the river N level by 7% [171]. Organic cropping systems to succeed, a few factors
need to be considered, for instance, the synchronicity between crop N demand and N
delivery from animal waste, greater flexibility in designing crop rotations, pretreating
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the compost with microbial inoculum to facilitate greater and rapid N availability from
compost for plant uptake, etc. [154,169].

4.10.1. Limited External Input

In organic agriculture, inputs such as synthetic fertilizers, chemical pesticides, and
herbicides are strictly restricted, hence, external energy for the chemical synthesis of
nitrogen or phosphorus fertilizer is not required. In a conventional wheat-growing system,
typically, 56% of the energy burden falls on chemical fertilizers and 11% on pesticides [172],
thereby, increased the chances of nutrient loss. Although, organic agriculture avoids this
requirement of energy but often highly dependent on the use of fossil fuels, especially
in mechanical weed management. A study in the UK compared crops grown on seven
conventional and organic farms and realized that although there is a higher energy demand
of machinery to produce foods, the energy balance still tilted toward energy savings in
organic farms (indicated by a 15% lower energy demand) gained by waiving the use of
synthetic fertilizers and pesticides [173].

4.10.2. Crop Diversification

Cropping of diverse assemblages of local plant varieties fosters resilience in agroe-
cosystems to counter sudden environmental stresses such as droughts and economic
volatility such as price variations [174]. Additionally, cropping diversity encourages the
efficient use of soil nutrients and optimum yield [175].

4.11. Ecological Ditch

In addition to N2O emission and NH3 volatilization from agricultural fields, a major
source of nitrogen pollution is agricultural drainage [176,177]. Typically, the compositional
nature of agricultural runoff is complex due to the sheer number and types of nutrients,
for instance, runoff often contains nitrate, ammonium, inorganic phosphorous, organic
pollutants, and heavy metals [178]. These N and phosphorus (P) nutrients play a crucial role
in the growth of aquatic plants, which upon a lack of regulation can lead to eutrophication
in the downstream receiving aquatic systems [179]. Heavy nutrient loads from agricultural
lands can potentially cause eutrophication, hypoxia, and ecological damages in nearby
water bodies [180].

The “ecological ditch” (eco-ditch) is an effective component in alleviating non-point
agricultural pollution. Eco-ditches are examples of best management practices and a stark
contrast to the traditional agricultural drainage ditches. Eco-ditches create an exclusive
ecosystem where the participating parties are aquatic plants and associated microbial
communities fueled by the constant nutritional substrates [181]. Eco-ditches are designed
to absorb nutrients that are otherwise lost through surface runoff and make those nutrients
available for root uptake or be incorporated into microbial metabolites [182,183]. Eco-
ditches designed with Leersia oryzoides and Typha latifolia reduced the load of inorganic N
from 2.5% to 1.5%, accounting for more than 50% of the total reduction over 2 years in
Northern Mississippi [184]. However, in designing eco-ditches, plant population diversity
needs greater attention and highly efficient ditch plants should be selected. One possible
constraint of these ditches could be the variability in nutrient removal capacity by plants,
which is strictly dependent upon the growth stages of plants. For instance, during the
growing period, plants tend to uptake more nutrients as opposed to the senesce period [185].
Plant harvesting continuously in the eco-ditches may offer a possible solution [186].

4.12. Genetic Improvement
4.12.1. Identifying Candidate Gene in Plants for Improved NUE

Nitrogen use efficiency of plants is genetically regulated; thus, nutrient use varies
vastly among plant species. These variations lead to differences in several aspects in
different plants including N assimilation, uptake, and remobilization capability, hence,
alludes to the need to screen for potential genetic traits across these genotypes.
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a. Differentially expressed genes (DFEs) to validate their roles in NUE of different
genotypes of crop species can be profiled globally for different genotypes under
different N treatments. DFEs have four components and these are:

i. Hybridization based transcriptome analysis to identify differentially expressed
traits with low abundance [187];

ii. Analyzing short sequence tags of individual mRNA and then linked to form
long sequences and finally cloning them [188];

iii. Probe-targeted hybridization of immobilized cDNA molecules to generate a
large amount of data and analysis of the whole genome [189];

iv. RNA sequencing involves the sequencing of every RNA molecule and subse-
quently profiling a particular gene expression [190].

b. Functional validation of genes by mutation and transgenic studies.

Both the mutant population and natural variants can be studied to identify genes
of interest in crop NUE. The steps involve propagation of the mutated population and
screening for mutated phenotypes, finally followed by gene recovery through map-based
cloning strategies.

4.12.2. Discovery of Genes by Mapping Studies

Biomarker-based mapping studies by biparental linkage analysis and association
studies in naturally existing genotypes are two possible strategies in identifying the position
of the NUE genes in crops. In low and optimum N systems, a meta-analysis of the
quantitative trait loci (QTLs) for yield was mapped to discover linked markers with the
gene that controls the specific trait, which in this case was N use and the study revealed a
total of 22 meta-QTLs under low N [191]. Additionally, another association study in 196
accessions of wheat for yield components expressed 23 N-responsive regions, which can be
exploited by breeders to develop highly N responsive varieties of wheat [192].

In the coming decades, one of the greatest challenges humanity faces is climate change,
and agriculture is both a key contributor to crisis and will be immensely impacted by this
problem [193]. Thus, minimizing the loss and emission of reactive N is crucial in slowing
down the rate of climate change [194,195] (Table 4).

Table 4. Mitigation strategies to prevent potential N loss.

Mitigation Strategies Approach

Farming System Design Agronomic
On-Farm Best Available Techniques (BATs) Agronomic
Improved Nitrogen Use Efficiency (NUE) Agronomic

Pasture and Livestock Management Agronomic and landscape
Managing Livestock Wastewater Hydrologic

Carbon-rich sources Agronomic
Engineering Cereal Crops for Nitrogen Fixation Molecular
Plant Growth Promoting Microbial Consortia Agronomic and molecular
Phytogenic Approach and Fungal Utilization Agronomic and molecular

Organic Agriculture Agronomic
Ecological Ditch Landscape

Genetic Improvement Molecular

Adapting to a combination of these mitigation strategies will enable individual grow-
ers and the farming community at large. For instance, agronomic approaches such as
formulating microbial inoculum from a local source (discussed in Section 4.8) are afford-
able and particularly is very important for agriculture in developing countries, while
molecular techniques such as N-fixing cereal crops, NUE gene identification, and map-
ping (discussed in Sections 4.7 and 4.12) are time-consuming and requires a long-term
research investment. Nonetheless, policy-driven and ecosystem service-oriented mitigation
strategies will help combat future N losses from agriculture and offer ecological safeguard.
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5. Nitrogen Status in Agriculture during the COVID-19 Pandemic

On 11 March 2020, the World Health Organization (WHO) declared that the world
faces a pandemic by the novel coronavirus (COVID-19) [196,197]. The tremendous disrup-
tions across the globe caused by the COVID-19 pandemic are affecting the entire realm of
human activities. A recent study investigating the relationship between long-term expo-
sure to NO2 and coronavirus mortality through the analysis of tropospheric NO2 mapping
and distribution data generated by the Sentinel-5P satellite showed that 78% of death
cases were in five regions located in Northern Italy and Central Spain that displayed the
highest NO2 concentration levels and low circulation of air to disperse the pollution. These
findings suggest that long-term exposure to this pollutant may be a major contributor to
COVID-19 death in these regions and possibly in other parts of the world [198]. However,
the COVID-19 outbreak and consequent social distancing activities led to an extensive
decline in traffic and allowed comparisons of air quality during and before the decline to
document the impacts of COVID-19 on NO2 concentration in Florida Counties through
March 2020. The results indicated a 54.07% decrease in NO2 in the atmosphere [199]. In
the context of agricultural safeguard, According to World Economic Outlook, the emerging
and developing nations will face extreme severity of negative growth [200], and according
to the Food and Agriculture Organization (FAO) and World Food Program (WFP), there
will be food insecurity at an unprecedented level [201]. In this time of global crisis, now
more than ever, soil plays a pivotal role as production agriculture and bedrock of resilience
in food security [202]. The impact of this global pandemic on agriculture will likely be
learned in waves in the coming years. Assessing the current soil N, carbon (C), and P
content as impacted by the pandemic for devising future strategies to recover from the
pandemic and establish long-term sustainable goals to maintain soil health for future needs
is very crucial. Likely lower livestock production and with lower fertilizer application
due to the COVID-19 restrictions, global agriculture may see improved farm management
scenarios resulting in reduced GHGs, like, N2O, lower NH3 emissions, and low nutrient
loss to surface water. For instance, there have been limited agricultural activities in live-
stock production that are being reflected in the reduced greenhouse gas emission such as
NOx in countries such as China and Italy; however, the same study also concluded that
agricultural pollution via NH3 emission has not changed significantly compared to the
pre-pandemic era [203]. This may consequently result in improved ecosystem services
and higher food quality. A closer look at the examination of macronutrients such as N
and P is crucial, where N limits crop growth and P fertilization plays a crucial role in crop
yield. However, during this pandemic, due to lockdown, food supply chains have been
massively disrupted on a regional and global scale, thus, raising the most imminent threat
from the huge addition of organic waste as mass disposal from the dairy and vegetable
industry. Additionally, reduced meat consumption in the USA during the earlier months
of 2020 has led to the massive burial of swine and poultry in many parts the country [202].
Such an influx of surplus organic matter to the soil, especially, P in the organic matter,
may result in an imbalanced soil nutrient status. Therefore, for future crop fertilization
strategies, application based on N requirements of the plant may result in over-application
of P, which in turn may be fixed in the soil–mineral complex, making the soil depleted
in plant-available P. In this context, the long-term consequences of the massive burial of
organic waste may introduce additional complication is land use, surface, and groundwater
quality, soil macro and microfauna and flora diversity, critical ecosystems services, and
human well-being.

6. Knowledge Gaps and Questions

The agricultural system is complex and often the feedbacks and processes are non-
linear. Nitrogen loss mitigation strategies require sustainable, resilient, and redundant
ways of producing and consuming that can also be adopted in climate change strategies in
a broader sense [204]. Immediate attention is required to explore and interpret data from
low-income countries in this regard. Although, the greatest emission of GHGs such as
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N2O is estimated to be higher in the low to middle-income parts of the world from food
waste there exists close to no empirical studies on how to tackle these challenges [205,206].
The problem is further complicated as the mean income in these countries increases, the
dietary habits change. High protein and carbohydrate diets lead to intense livestock and
cereal production systems ensuing in greater GHGs emissions [207]. However, climate
implication is yet to be explored in those countries as compared to developed parts (high-
income) of the globe [208]. Another aspect of identifying and abating N loss is investing
resources into research on post-harvest management of crops and crop residues [209].
Inclusive public policies and equitable funding mechanisms that are equitable and resilient
are the two major catalysts that will lead to lower agricultural system N footprints. A major
shortfall in global climate change strategies is the lack of financial allocation for tackling
emission problems, especially in developing countries, and uncertainties shrouded by the
lack of research to indicate whether the allocated money is being used for climate-smart
agriculture. For instance, in 2015, out of $391(US) billion only $8 (US) billion was issued
to address and adopt strategies to mitigate climate strategies like nitrogen use efficiency,
soil health, and GHGs emission mitigation [210]. Furthermore, assigning sustainability
indexes to agricultural commodities and assimilating sustainability benchmarks in dietary
intake guidelines may lead to change in dietary regimens fostering healthy and low N
footprint foods and low emission diets [211,212]. Countries such as Brazil, Germany,
Qatar, and Sweden have taken steps towards this goal already, and the USA has thus far
failed to adopt [213]. Government policies now must realize that voluntary measures are
not adequate in lowering N footprints at farm level production, rather strict regulation,
financial incentives, and subsidies for regenerative agriculture are obligated [214]. Now,
the world is faced with an entirely new challenge of the COVID-19 pandemic, and the
existing soil and agricultural management strategies must include the complex task of
including the COVID-19 pandemic as a variable along with the existing ones, for instance,
climate change, food insecurity, freshwater crisis, and continuously endangered and fading
biodiversity. A radical shift from the dependencies on industrialized mono-agriculture to
more diverse agroecology may be required in the coming days as the global population
traverse through this pandemic.

7. Conclusions and Future Directions

The nitrogen challenge at its core requires societal recognition and indicates a potential
opportunity to steer away from a fragmented policy approach, rather than toward rapid
solutions [215]. Addressing the loss of N in agricultural production and proposing possible
mitigation strategies should aim to be inclusive, realize the current shortcomings, and most
importantly should be realistic to attain. From simple measures such as, the inclusion of
nitrogen-fixing legumes in production agriculture as cover crops [216] to more complicated
efforts that aim to materialize artificial symbioses or associative nitrogen fixation in non-
legume plants, especially in cereals [128] are some of the possible ventures that may
be undertaken. Moreover, undertaking efficient N management measures, for instance,
controlled release of N or drip N fertilization in rice and maize, respectively, can direct the
cost–benefit balance to lean toward profit [217,218]. Additionally, 4R (Right Source, Right
Rate, Right Time, and Right Placement) N guidelines for corn are extremely profitable (40%
increase) while decreasing the N application rate (21% reduction) [219]. Thus, connecting
socioeconomic requirements with landscape potentials should be the central aspect in
future N loss-related plans and policies [220]. Another key element to be explored is soil
resilience and should be implemented wherever possible. Resilience will enable degraded
or depleted soil to recover and possibly stop the soil from being a sink but a source. In the
coming days, the soil should not be discussed as an isolated component rather it should
be thought of as an essential tool of regenerative agriculture where possible answers to
pollution questions can be sought after. Including soil as a resource in strategizing grass-
root policies may reduce the risk of market vulnerabilities and associated risks. Finally, to
summarize, while policy and funding apparatuses have been proposed amply but few have

94



Sustainability 2021, 13, 2400

been implemented to address and mitigate the global N pollution status for regenerative
and sustainable agriculture.
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Abstract: The study of interrelationships among soil health indicators is important for (i) achieving
better understanding of nutrient cycling, (ii) making soil health assessment cost-effective by elim-
inating redundant indicators, and (iii) improving nitrogen (N) fertilizer recommendation models.
The objectives of this study were to (i) decipher complex interrelationships of selected chemical,
physical, and biological soil health indicators in pastures with history of inorganic or broiler litter
fertilization, and (ii) establish associations among inorganic N, potentially mineralizable N (PMN),
and soil microbial biomass (SMBC), and other soil health indicators. In situ soil respiration was
measured and soil samples were collected from six beef farms in 2017 and 2018 to measure selected
soil health indicators. We were able to establish associations between easy-to-measure active carbon
(POXC) vs. PMN (R2 = 0.52), and N (R2 = 0.43). POXC had a noteworthy quadratic relationship
with N and nitrate, where we found dramatic increase of N and nitrate beyond an inflection point of
500 mg kg−1 POXC. This point may serve as threshold for soil health assessment. The relationships
of loss-on-ignition (LOI) carbon with other soil health indicators were discernable between inorganic-
and broiler litter-fertilized pastures. We were able to establish association of SMBC with other soil
variables (R2 = 0.76) and there was detectable difference in SMBC between inorganic-fertilized and
broiler litter-fertilized pastures. These results could be useful for cost-effective soil health assessment
and optimization of N fertilizer recommendation models to improve N use efficiency and grazing
system sustainability.

Keywords: soil health indicators; grazing systems; nitrogen; permanganate oxidizable carbon; soil
microbial biomass

1. Introduction

Soil is a complex and dynamic ecosystem; hence, a deep understanding of complex
interrelationships between soil health indicators is required for sustainable utilization of
this non-renewable resource. There is no single indicator that can describe the overall state
of soil health and productivity [1,2]; thus, several indicators are used for that purpose [3].
However, many indicators provide redundant information; thus, the study of their inter-
relationship is very important for cost-effective assessment of soil health. Moreover, soil
health is highly affected by climate and management [4–7], and a deeper understanding
of interrelationship between soil health indicators and management factors [8], such as
fertilizer source and grazing system, is highly important [9].

Chemical indicators are the oldest and most studied indicators of soil health and
they still remain the most important ones from farmer’s perspective, although biological,
physical, and biochemical indicators are equally important [3], if not more [10]. Nitrogen
fertilizer remains one of the most important inputs in agricultural production [11]; hence,
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soils’ ability to store and release nitrogen has always been a high priority research area
among soil scientists. Traditional fertilizer recommendation models typically depend on the
soil test value of the nutrient and plant requirement; however, advances have been made
to utilize other soil health indicators for optimum fertilizer recommendation [10,12,13].

In this manuscript we focused on several chemical indicators (potentially mineraliz-
able nitrogen, inorganic nitrogen, loss on ignition carbon, permanganate oxidizable carbon,
Mehlich-I phosphorus) of soil health, along with one physical (bulk density) and two
biological indicators (soil respiration and soil microbial biomass). The main goal of this
research was to analyze and report the interrelationships of selected soil health indicators
and to provide generalized models for predicting soil microbial biomass and N availability,
by utilizing a large number of soil-samples from multiple locations and two common
grazing systems in the Piedmont region of Georgia.

2. Materials and Methods
2.1. Study Sites

Soil samples were collected from six study sites (Figure 1), including twelve grazed-
pastures and one hay field, between May 2017 and July 2018 (Table 1). JPC and ADS
(two of the sites) are research pastures owned by University of Georgia, whereas WF, TC,
TH and FC are farmers’ fields in Northeastern Georgia. A detailed description of the
pasture characteristics is shown in Table 1. The study area has a hot humid sub-tropical
climate with mean minimum annual temperature of 10.4–11.1 ◦C, mean maximum annual
temperature of 22.5–25.6 ◦C and mean annual rainfall of 1190–1230 mm.
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Table 1. Location, pasture attributes, management, soil type, and sampling time of study sites.

Site Location Pasture Attributes Management/Fertilization Soil Type Sampling
Dates

Soil
Samples

JPC
J. Phil Campbell Sr.

Research and Education
Center Watkinsville, GA

Four Tall
Fescue-Bermudagrass

mixed pastures,
approx. 17 ha each.

Historically (more than 10 years
before 2016) conventionally

grazed. In May 2016, 2 pastures
were strategically grazed and

other 2 were continuously
grazed with rolling out of hay.

Inorganic fertilizer

i. Fine, kaolinitic, thermic
Typic Kanhapludults

(NRCS-First Order
Soil Survey)

July 2017
July 2018 492

ADS
Animal and Dairy

Science Beef Cattle Farm,
Eatonton, GA

Four Tall
Fescue-Bermudagrass

mixed pastures,
approx. 17 ha each.

Same as JPC except no external
fertilizer applied after May 2016.

i. Fine, kaolinitic, thermic
Rhodic Kandiudults;

ii. Loamy, mixed, active,
thermic, shallow
Typic Hapludalfs

(NRCS-First Order
Soil Survey)

July 2017
July 2018 528

WF Hartwell, GA
One Tall Fescue

pasture (19.71 ha) and
one Hay field (4.28 ha)

Rotationally grazed; Broiler
litter fertilized

i. Fine, kaolinitic, thermic
Typic Kanhapludults

May 2017
June 2018 52

TC Danielsville, GA One Tall Fescue
pasture (6.93 ha)

Rotationally grazed; Broiler
litter fertilized

i. Fine, kaolinitic, thermic
Rhodic Kandiudults;

ii. Fine, kaolinitic, thermic
Typic Kanhapludults

June 2018 25

TH Crawford, GA One Tall Fescue
pasture (2.27 ha)

Rotationally grazed; Broiler
litter fertilized

i. Fine, kaolinitic, thermic
Typic Kanhapludults June 2018 13

FC Devereux, GA One Tall Fescue
pasture (11.26 ha)

Rotationally grazed; Broiler
litter fertilized

i. Fine, kaolinitic, thermic
Rhodic Kanhapludults;

ii. Fine-loamy, mixed, active,
nonacid, thermic Oxyaquic

Udifluvents

May 2017 12

2.2. In Situ Soil Respiration and Soil Sampling

In JPC and ADS pastures, soil samples (0–5, 5–10, and 10–20 cm) were collected from
1020 locations in July 2017 and July 2018 by using a 5-cm diameter Giddings hydraulic
probe (Giddings Machine Corporation, Windsor, Colorado). Two replicate soil samples
were collected from each sampling location which resulted in 2040 soil samples. On the
day of soil sampling, in situ alkali traps, containing 1 mol L−1 Sodium Hydroxide (NaOH)
were installed in a static PVC chamber that was inserted to a 5-cm soil depth to measure
soil respiration as described by Anderson [14]. After 24 h, alkali traps were brought to the
lab and Barium Chloride (BaCl3) was added to precipitate the CO2 captured by NaOH,
then residual NaOH was titrated with 1 N HCl (Hydrochloric acid) to calculate the amount
of CO2 produced by soil respiration in 24 h. Similarly, in WF, TC, TH, and FC pastures, soil
samples were collected in the same manner as JPC and ADS, however only at 0–10 cm soil
depth, resulting in 204 samples.

2.3. Soil Analysis

Soil samples were air-dried for two weeks, ground, and sieved (2-mm mesh) then
stored in air-tight plastic bags for further analysis. Bulk density for each soil core was
measured following the USDA Soil Survey Laboratory Methods Manual [15]. Samples
were analyzed for Loss-on-Ignition Carbon using the combustion method as described in
the USDA Soil Survey Laboratory Methods Manual [15]. Two replicate cores were then
composited for further analysis, which resulted in a total of 1020 samples from JPC and
ADS pastures, and a total of 102 samples from other pastures. Permanganate Oxidizable
Carbon was analyzed by using the method described by Weil et al. [16]. Soil Microbial
Biomass was measured using the method described by Vance et al. [17], in a smaller subset
of the samples. Soil samples were extracted using 2 mol L−1 KCl [18] then NH4

+-N was
measured as described in Kempers and Zweers [19] and the NO3

−-N was measured as
described by Doane and Horwath [20]. Inorganic N was calculated as the sum of NH4

+-N
and NO3

−-N fractions from 2 mol L−1 cold KCl extraction. Potentially mineralizable N was
measured using the hot KCl extraction method [21], In this method, 20 mL of 2 mol L−1 KCl
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was added to 3 g of soil, heated at 100 ◦C for 4 h in a hot water bath, allowed to cool to room
temperature, and filtered through Whatman #42 filter paper. Then the supernatant was
analyzed for NH4

+-N as described by Kempers and Zweers [19]. Potentially mineralizable
N was calculated by subtracting cold KCL extracted NH4

+-N from hot KCl extracted
NH4

+-N. Plant available P (Mehlich-I P) was measured using the method described by
Mehlich [22]. Clay percentage in each sample was calculated from NRCS_USDA (Web
Soil Survey) [23] and first-order soil survey conducted by NRCS in the pastures. Clay
percentage was not used in the analysis due to coarse resolution of the data, but could be
useful for interpretation of some results.

2.4. Statistical Analysis

All data processing and analysis was done using R Statistical Software [24]. Stepwise
backward selection method, with minimum AIC [25], was used to identify variables. The
dependent variable and a multiple regression model was fit using selected variables. The
regression model was defined as

Y = Xβ + ε (1)

where, Y denotes the response variable, X denotes the matrix of explanatory variable, β
denotes the vectors of regression coefficients, and ε denotes the vector of random error term.
Several simple linear regression models were fit between different variables to understand
their interrelationships as follows:

y = β0 + β1x + ε (2)

where y is the response variable, x is the predictor variable, β0 is the intercept of the model,
β1 is the slope, and ε is the error term.

For some variables, a quadratic model was more suitable:

y = β0 + β1x + β2x2+ ε (3)

where y is the response variable, x is the predictor variable, β0 is the intercept of the model,
β1 is the regression coefficient related to x, β2 is the regression coefficient related to the
quadratic term, and ε is the error term.

In addition, a factor analysis of mixed data (FAMD) was conducted to identify vari-
ables contributing most to the overall variance of the dataset as suggested by [26]. FAMD
is a Principal Component Analysis (PCA) method which allows both categorical and quan-
titative variables. All variables were normalized in order to balance the effect of each set of
variables.

3. Results and Discussion
3.1. Summary Statistics of Soil Health Indicators

A summary of all variables under study, grouped by soil-depth and fertilizer manage-
ment systems, is presented in Table 2. Except bulk density, there was a general decrease
in all soil parameters with soil increasing depth. Bulk density was highest in the 5–10 cm
depth followed by 10–20 cm and 0–5 cm. We utilized soil samples with a wide range of soil
health indicator values to increase the applicability of the developed models. For example,
soils had a wide range of LOI which ranged from 1.6 to 3.6 g 100 g−1, while POXC values
ranged from 192 mg kg−1 to 1355 mg kg−1. Research pastures (23%) had greater clay
content compared to farmer’s pastures (15.6%).
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Table 2. Summary statistics of variables including number of samples, median, mean, standard deviation, minimum and
maximum, grouped by type of fertilizer applied and depth of soil samples.

Soil Health Indicator Soil Depth N Median Mean SD Min Max

Research Pastures (Inorganic and/or No Fertilizer)

Loss on Ignition Carbon (LOI)
(g 100 g−1)

0–5 335 73 78 27 29 211
5–10 335 44 48 17 19 159

10–20 323 41 45 17 16 107

Active Carbon (POXC)
(mg kg −1)

0–5 335 722 736 240 24.88 1355
5–10 334 299 317 143 0.1 9996

10–20 321 180 192 110 0.1 645

Soil Microbial Biomass (SMBC)
(mg CO2-C kg−1) 0–5 27 168 172 85 16 409

Soil Respiration
(mg CO2-C m−2 24 h−1) 0–5 316 844 1078 849 19 4136

Inorganic Nitrogen (N)
(mg kg−1)

0–5 329 36.6 44.9 39.1 0.7 327.1
5–10 329 7.9 10.5 10.1 0.5 93.6

10–20 316 4.7 6.3 7.6 0.1 79.5

Potentially mineralizable Nitrogen
(PMN)

(mg kg−1)

0–5 330 20.7 21.6 12.2 0.1 59.2
5–10 329 9.6 10.1 5.1 1.0 33.1

10–20 317 6.2 6.5 3.7 0.1 31.7

Nitrate-Nitrogen (NO3
−-N)

(mg kg−1)

0–5 330 31.7 39.3 37.8 0.00 298.2
5–10 329 5.3 7.6 9.4 0.00 78.7

10–20 317 2.5 4.3 7.5 0.00 77.9

Mehlich-I Phosphorus (P)
(mg kg−1)

0–5 302 13.3 18.3 27.5 0.2 383.5
5–10 328 6.7 17.0 33.1 0.0 257.9

10–20 315 3.1 14.2 34.8 0.0 321.3

Bulk Density (BD)
(g cm−3)

0–5 333 1.32 1.31 0.19 0.68 2.41
5–10 330 1.51 1.51 0.15 0.82 2.41

10–20 315 1.47 1.45 0.13 0.62 1.78

Clay%
0–5 335 23.5 21.1 7.0 10 37.5
5–10 335 21 22.0 10.3 10 36.5

10–20 323 21 26.6 14.9 10 50

A. Farmers’ Field (Broiler Litter Fertilized)

LOI (g 100 g−1) 0–10 102 9.4 11.8 7.8 2.5 36.1
POXC (mg kg−1) 0–10 102 611 596 139 251 956

SMBC (mg CO2-C kg−1) 0–10 64 25.9 45.7 47.1 4.2 235.8
N (mg kg−1) 0–10 102 37.5 39.9 16.3 8.5 70.1

PMN (mg kg−1) 0–10 102 12.3 12.4 5.1 1.4 30.1
NO3

−-N (mg kg−1) 0–10 102 28.2 28.1 12.9 5.1 53.8
P (mg kg−1) 0–10 64 64.1 62.0 44.9 1.5 246.7
BD (g cm−3) 0–10 102 1.41 1.41 0.62 1.13 1.67

Clay% 0–10 64 15 15.6 5.3 9.9 31

3.2. Exploratory Data Analysis

The PCA analysis showed that first two principal components accounted for 55% of
total variability of the dataset. As expected, soil depth was a significant contributer in both
first and second principal components. Year of sampling did not have any useful role. BD,
LOI, Nitrate, PMN, Inorganic N, and POXC were important contributer on the first principal
component, whereas Mehlich-1 P was an important contributor in the second principal
component (Figure 2). More details on the role of qualitative and quantitative variables in
overal variation on data are presented in the Supplementary Materials (Figures S1 and S2).
While we realize that depth of sampling had a profound effect on the dataset, the objective
of this manuscript is not to estimate the differences in soil health indicators by soil depth.
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Rather, the focus is on understanding the relationships between soil health indicators in a
diverse population of soil samples.
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3.3. Relationship of Soil Nitrogen with Other Soil Health Indicators

PNM is a widely used indicator of soil health [3] and could be used for making nitrogen
fertilization decisions in pastures to avoid over-application and potential loss of nitrogen
via runoff, leaching, and volatilization [27]. In agreement with other researchers, we found
that PMN was related to inorganic N (Figure 3A). Ros et al. [28] and Picone et al. [21]
reported correlation of 0.74 and 0.68, respectively. PMN is the fraction of soil N which is yet
to be mineralized and as shown here it contributes to the readily plant-available inorganic
N fraction (inorganic N, Figure 3A), when mineralized [28,29].

Bulk density had a significant inverse relationship with N and PMN which was
explained by a quadratic relationship (Figures 3B and 4C). Chaudhari et al. [30] also
reported a significant negative correlation between bulk density and N + P + K (−0.87)
content in tropical croplands, for a smaller sample size. Other studies [31,32] found a
highly significant negative relationship between BD and total N. Generally, soils with BD
greater than 1.6 g cm−3 are highly restrictive for root growth [9]; however, it has also been
suggested that soils with BD as low as 1.2 might have detrimental effect on overall root
and shoot growth in perennial ryegrass [31,33]. Root growth restriction coupled with low
nutrient holding capacity of high BD soils might lead to over application of expensive
nitrogen fertilizer and losses during runoff.
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LOI had positive relationship with N and PMN which were explained by simple linear
models (Figures 3C and 4D). Our result is in agreement with a study by Yang et al. [34]
in Tibetan grasslands, who reported that a simple linear model explains the relationship
between total carbon and total nitrogen to a depth of 100 cm. Steffens et al. [35] also reported
a similar relationship in arid regions of China. In this analysis, grasslands that received
broiler litter as primary source of fertilizer behaved differently as compared to pastures
that received inorganic fertilizers or no fertilizers (Figure 3C). Inorganically fertilized
pastures had significantly (p < 0.001) steeper slope (6.8) compared to broiler litter fertilized
pastures (1.24). Broiler litter pastures had very high (up to 40 g 100 g−1) LOI; however,
the rate of increase in N per unit increase in LOI was significantly lower as compared to
inorganically fertilized pastures. Past studies [36,37] have reported an improved prediction
of mineralizable nitrogen when organic matter was included in the model; however, our
results indicate that we need to use caution as the relationships between organic matter
and nitrogen can be dissimilar for different fertilizer management systems [38]. This might
be attributed to high C/N ratio [39,40] of the bedding material used in poultry farms which
could result in an accumulation of carbon but little corresponding increase in nitrogen. In
addition to that, soils in research pastures with high in clay content could have retained
more nitrogen due to greater surface area of clay particles. Upon extraction, nitrogen was
released rapidly, showing a steeper slope of relation between LOI and nitrogen fractions.

111



Sustainability 2021, 13, 4844

As sampling depths for inorganic (0–5, 5–10 and 10–20 cm) and broiler litter pastures
(0–10 cm) were different, we also calculated all soil health indicators for 0–10 cm soil
depth for inorganic pastures (by averaging values for 0–5 cm and 5–10 cm) and did a
confirmatory analysis. The results from this confirmatory analysis are presented in the
supplementary section (Figures S3–S5). Confirmatory analysis corroborates our findings as
described earlier.
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POXC has been suggested as a reliable and management sensitive soil health indica-
tor [16,41]. In these pasture soils, the POXC relationship with inorganic N was explained
by a quadratic model (Figure 3D). We found that up to a value of POXC = 500 mg kg−1,
inorganic N was consistently low (within 50 mg kg−1). When POXC was greater than
500 mg kg−1, there was a dramatic increase in inorganic N. This inflection point might be
utilized as a soil health criterion or a threshold for given management systems or carbon
sources. The relationship of POXC and inorganic N did not have the characteristic dif-
ference (which was seen for LOI vs. N, Figure 3C) between broiler litter and inorganic
pastures signifying the reliability of POXC, as a soil health indicator, because it was more
stable across two fertilizer management systems. PMN also had significant strong posi-
tive relationship with POXC which was explained (R2 = 0.52) by a simple linear model
(Figure 3A). Ros et al. [28] found high correlation (r = 0.84) between hot water extractable
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carbon and mineralizable N for native grasslands and croplands soils with a history of
mixed chemical and manure fertilization system. Since POXC is reliable and easy to mea-
sure [16] as compared to hot water extractable carbon or PMN, the POCX relationship may
be a more accessible means to better understanding of nitrogen availability and nitrogen
fertilizer recommendation in pastures.

3.4. Relationship of Soil Nitrogen with Other Soil Health Indicators

Soils contain more organic carbon than global vegetation and atmospheric carbon [42],
and soil organic matter is central for agricultural production [43]; thus, the study of its
interrelationship with other soil parameters is important to increase the productivity of
agricultural systems. LOI and POXC had inverse relationship with BD and was explained
by a simple linear model (Figure 5A,C). Typically, an increase in LOI is associated with
reduced BD, but the two fertilizer application systems differed in the rate at which BD
reduced with increasing LOI (Figure 5A). In cases of LOI, in inorganic fertilizer pastures,
the slope of the equation was significantly (p < 0.001) steeper (−0.043) as compared to the
broiler litter fertilized pastures (−0.015). In broiler litter pastures, some soil cores with LOI
values as high as 30 g 100 g−1 had BD of 1.2. This incongruity between inorganic pastures
and broiler litter pastures might also be due to differences in managerial decisions and
stocking density. In addition, inherently greater bulk density of clay soils from research
pastures could have added to this inconsistency between two systems by limiting the range
of bulk density values. Generally our finding is in agreement with Franzluebbers [44]
who reported an inverse relationship between soil organic carbon and bulk density and
suggested an exponential model for predicting bulk density (R2 = 0.64). The shorter-
term Franzluebbers [44] study had different fertilizer sources, but there was no distinct
separation between the carbon and BD relationship based on fertilizer source. Similarly, in
case of POXC vs. BD, we found an inverse relationship (Figure 5C). The difference between
two fertilizer systems, as was found in LOI vs. N (Figure 5A), was not observed. This again
indicates that the active fraction of carbon could be a more reliable soil health indicator
across pastures with different fertilizer sources.

LOI and POXC had a positive significant relationship and was explained by linear
regression model (Figure 5B); however, broiler litter applied vs. inorganic pastures behaved
differently. The slope of line for inorganic pastures was very steep as compared to the
broiler litter applied pastures. Past studies [45–47] also reported that total organic carbon
was linearly related to POXC in plantation, cropland, and pasture soils, respectively.

POXC had an interesting relationship with NO3
−-N which was explained by a

quadratic model (Figure 5D). POXC values below 500 mg kg−1 had very low NO3
−-N

(below 20 mg kg−1), but beyond 500 mg kg−1 POXC, there was a sharp increase in NO3
−-N.

This relationship might be an important consideration in fertilizing hay pastures or predict-
ing NO3

−-N in forage to prevent nitrate toxicity in cattle.
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3.5. Soil Microbial Biomass vs. Other Soil Health Indicators

Soil microbial biomass [17] has been suggested as a reliable indicator of soil health [3,44];
however, its measurement is highly time- and resource-consuming and requires hazardous
chemicals. Thus, research is required in various agroecosystems to create models to assess
soil microbial biomass by using other easy-to-measure soil health indicators.

The multiple regression model Equation (1) had an R2 of 0.76 (Figure 6A), suggesting
that most of the variables under consideration were useful indicators of SMBC (Table 3).
The regression parameters (Table 3) show the complex nature of this biological soil health
indicator. The POXC/PMN ratio had a significant positive effect, whereas the ratio of
LOI/P ratio had a negative effect on SMBC. While others found a positive relationship with
SMBC [16,48,49], our research showed weak though significant relationships which varied
by fertilizer management systems (Figure 6B). High LOI/P ratio and high BD had negative
effect, whereas LOI alone did not have any effect. The dissimilar relationship of LOI with
POXC (Figure 5B) in broiler litter pastures vs. inorganic pastures may have been why
we did not detect an effect of LOI in SMBC. For similar LOI values, POXC was relatively
high in inorganic pastures as compared to broiler litter applier pastures. Furthermore,
Franzluebbers and Stuedemann [50] suggested that larger biologically active carbon pools
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can be related to higher microbial carbon, whereas very high biologically resistant carbon
(likely present in pastures with long history of broiler litter application) might have lower
microbial biomass [51].
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Table 3. Multiple regression results for Soil Microbial Biomass prediction.

Multiple Regression for SMBC

Term Estimate SE t-Value p-Value VIF

Intercept 190.977 59.973 3.18 0.0021
Inorganic-Broiler −42.586 6.563 −6.49 <0001 1.67

POXC/PMN 0.395 0.074 5.34 <0001 1.51
P −0.564 0.118 −4.79 <0001 1.3

PMN 3.114 0.913 3.41 0.001 1.74
LOI/P −3.770 1.187 −3.18 0.0021 1.16

BD −85.584 36.337 −2.36 0.021 1.59
The variables are ordered by the log-worth in descending order. SE = standard error, t-value = t score for respective
term, VIF = variance inflation factor. Terms with p-value less than 0.05 listed are significant at α = 0.05 significance
level. POXC = active carbon, BD = bulk density, P = Mehlich-I phosphorus, Resp = soil respiration, N = inorganic
nitrogen, LOI = loss-on-Ignition carbon, PMN = potentially mineralizable nitrogen.
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Contrary to previous studies [50,52], broiler litter applied pastures had significantly
less SMBC as compared to the inorganic pastures. However, those studies had applied
poultry litter for only 4 years as compared to >20 years in our study. Typically, broiler
litter applied pastures are rich in Phosphorus [53], which was the case in our study, and
the negative effect of P (Table 3) might be confounded with the presence of heavy met-
als in broiler litter pastures. Past studies have suggested that long term application of
poultry litter leads to accumulation of heavy metals such as Arsenic, Copper, Zinc, and
Manganese [14,29,49,54].

3.6. Inorganic N and PMN vs. Other Soil Health Indicators

A multiple regression model was fit for Inorganic Nitrogen (Figure 7) as explained
in Equation (1). Inorganic N was significantly related to all variables under consideration
(Table 1). As PNM and LOI variables were correlated with POXC, they were removed
from the model to address the problem of collinearity. Only variables with VIF (Variance
Inflation Factor) less than 2.5 were kept in the model. Since inorganic nitrogen is the most
readily plant available fraction of soil N, its accurate measurement is important from a
producer’s perspective. Figure 3 shows how soil health indicators under consideration
relate with N. There was under-prediction below 10 mg kg−1 N and over-prediction above
60 mg kg−1 N.

Sustainability 2021, 13, x FOR PEER REVIEW 13 of 16 
 

3.6. Inorganic N and PMN vs. Other Soil Health Indicators 
A multiple regression model was fit for Inorganic Nitrogen (Figure 7) as explained 

in Equation (1). Inorganic N was significantly related to all variables under consideration 
(Table 1). As PNM and LOI variables were correlated with POXC, they were removed 
from the model to address the problem of collinearity. Only variables with VIF (Variance 
Inflation Factor) less than 2.5 were kept in the model. Since inorganic nitrogen is the most 
readily plant available fraction of soil N, its accurate measurement is important from a 
producer’s perspective. Figure 3 shows how soil health indicators under consideration 
relate with N. There was under-prediction below 10 mg kg−1 N and over-prediction above 
60 mg kg−1 N. 

 
Figure 7. Predicted vs. actual plots for (A) Inorganic N, and (B) Potentially mineralizable N. 

PMN was significantly affected by POXC, BD, P, and Resp (Table 4). POXC had most 
significant impact on PMN which was indicative of the ability of active carbon in soil to 
predict potentially mineralizable nitrogen in soil. Several researchers found respiration to 
have a significant positive effect on inorganic N, because higher soil respiration can be 
indicative of high microbial activity and associated N mineralization, which releases a 
flush of inorganic N [55,56]. Thus, soils with higher respiration rates had accumulated 
more inorganic N. In our work, Resp had a negative effect on PMN because actively re-
spiring soils mineralize organic matter and release nitrogen in mineral form causing a 
decrease in potentially mineralizable nitrogen pool. 

Table 4. Multiple regression results for Inorganic N and Potentially Mineralizable N 

Multiple Regression for N  Multiple Regression for PNM  
Term Estimate SE t-Value p-Value VIF Term Estimate SE t-Value p-Value VIF 

Intercept 40.134 7.598 5.28 <0001  Intercept 9.057 2.559 3.54 0.0004  
POXC 0.049 0.003 17.34 <0001 1.60 POXC 0.022 0.001 19.64 <0001 2.02 

BD −32.034 4.693 −6.83 <0001 1.58 N 0.058 0.011 5.39 <0001 1.88 
P 0.136 0.021 6.5 <0001 1.02 Resp −0.001 0.000 −5.18 <0001 1.02 

Resp 0.002 0.001 2.77 0.0057 1.01 BD −3.399 1.599 −2.13 0.0339 1.63 
The variables are ordered by the log-worth in descending order. SE = standard error, t-value = t score for respective term, 
VIF = variance inflation factor. Terms with p-value less than 0.05 listed are significant at α = 0.05 significance level. POXC 
= active carbon, BD = bulk density, P = Mehlich-I phosphorus, Resp = soil respiration, N = inorganic nitrogen. 

  

Figure 7. Predicted vs. actual plots for (A) Inorganic N, and (B) Potentially mineralizable N.

PMN was significantly affected by POXC, BD, P, and Resp (Table 4). POXC had most
significant impact on PMN which was indicative of the ability of active carbon in soil to
predict potentially mineralizable nitrogen in soil. Several researchers found respiration
to have a significant positive effect on inorganic N, because higher soil respiration can be
indicative of high microbial activity and associated N mineralization, which releases a flush
of inorganic N [55,56]. Thus, soils with higher respiration rates had accumulated more
inorganic N. In our work, Resp had a negative effect on PMN because actively respiring
soils mineralize organic matter and release nitrogen in mineral form causing a decrease in
potentially mineralizable nitrogen pool.
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Table 4. Multiple regression results for Inorganic N and Potentially Mineralizable N.

Multiple Regression for N Multiple Regression for PNM

Term Estimate SE t-Value p-Value VIF Term Estimate SE t-Value p-Value VIF

Intercept 40.134 7.598 5.28 <0001 Intercept 9.057 2.559 3.54 0.0004
POXC 0.049 0.003 17.34 <0001 1.60 POXC 0.022 0.001 19.64 <0001 2.02

BD −32.034 4.693 −6.83 <0001 1.58 N 0.058 0.011 5.39 <0001 1.88
P 0.136 0.021 6.5 <0001 1.02 Resp −0.001 0.000 −5.18 <0001 1.02

Resp 0.002 0.001 2.77 0.0057 1.01 BD −3.399 1.599 −2.13 0.0339 1.63

The variables are ordered by the log-worth in descending order. SE = standard error, t-value = t score for respective term, VIF = variance
inflation factor. Terms with p-value less than 0.05 listed are significant at α = 0.05 significance level. POXC = active carbon, BD = bulk
density, P = Mehlich-I phosphorus, Resp = soil respiration, N = inorganic nitrogen.

4. Conclusions

We documented significant relationships of active carbon (POXC) with PMN, N, LOI,
BD, and SMBC, which substantiates the importance of POXC as an easily measured soil
health indicator within the Southern Piedmont, USA. Of particular importance is our
finding of the strong positive relationship of POXC with N and PMN, which showed the
ability of active carbon-fraction to influence dynamics of nitrogen cycling in pastures. The
quadratic relationship of POXC with N and nitrate-N is very interesting and needs to be
studied in various grazing management systems to determine if there is one or several
inflection points. These inflection points may serve as a soil health criterion/threshold
or as indicator when nitrates in forages could be hazardous to grazing animals or as hay.
We conclude that soil microbial biomass, a reliable and sensitive but difficult-to-measure
indicator of soil health, could be assessed using other easy-to-measure variables. Fertilizer
management systems significantly affect the relationship between soil health indicators and
this information needs to be included in fertilizer recommendation models. The multiple
regression models presented for Inorganic N, PMN and SMBC provide useful insights
for developing and updating fertilizer recommendation models. Measurement of POXC
and BD will help modelers, farmers, and farm managers to determine optimum nitrogen
fertilizer recommendations for healthy and sustainable grazing systems.
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Abstract: The exercise of biochar in agribusiness has increased proportionally in recent years. It has
been indicated that biochar application could strengthen soil fertility benefits, such as improvement in
soil microbial activity, abatement of bulk density, amelioration of nutrient and water-holding capacity
and immutability of soil organic matter. Additionally, biochar amendment could also improve nutrient
availability such as phosphorus and nitrogen in different types of soil. Most interestingly, the locally
available wastes are pyrolyzed to biochar to improve the relationship among plants, soil and the
environment. This can also be of higher importance to small-scale farming, and the biochar produced
can be utilized in farms for the improvement of crop productivity. Thus, biochar could be a potential
amendment to a soil that could help in achieving sustainable agriculture and environment. However,
before mainstream formulation and renowned biochar use, several challenges must be taken into
consideration, as the beneficial impacts and potential use of biochar seem highly appealing. This review
is based on confined knowledge taken from different field-, laboratory- and greenhouse-based studies.
It is well known that the properties of biochar vary with feedstock, pyrolysis temperature (300, 350,
400, 500, and 600 ◦C) and methodology of preparation. It is of high concern to further investigate the
negative consequences: hydrophobicity; large scale application in farmland; production cost, primarily
energy demand; and environmental threat, as well as affordability of feedstock. Nonetheless, the current
literature reflects that biochar could be a significant amendment to the agroecosystem in order to tackle
the challenges and threats observed in sustainable agriculture (crop production and soil fertility) and
the environment (reducing greenhouse gas emission).

Keywords: biochar; food security; socio-economics benefits; sustainable agriculture; sustainable
environment

1. Introduction

The world’s population is increasing day by day and is expected to reach 9.8 billion by 2050
(United Nations Department of Economics and Social Affairs, New York, NY, USA), which will put
the world’s agricultural system under an increasing threat. Thus, to feed the increasing population
and fulfil the constantly growing demand for grains and organic food, the farming system has
become dependent on technological and chemical inputs [1]. Some parts of the world have
met the needs for food through improved farming system technologies. Such farming systems
have been classified as agroforestry, agroecology, sustainable agriculture, organic agriculture,
etc. [2]. The objective of all these improvements in the farming systems is to reduce hankering
and enhance crop yield to obtain sustainable agriculture and the environment [3]. This concept
has directed the attention of the scientific community and farmers towards natural residue and
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organic matters instead of commercially prepared products [4]. Biochar is one of the outcomes of
scientific experiments, which has an important role in achieving sustainable agriculture and the
environment [5]. Biochar, a type of charcoal obtained after the combustion of feedstock under
no or very limited supply of oxygen, is considered as a potential soil conditioner [3]. It is also an
efficient measure to sequestrate carbon to tackle climate change and global warming. It is highly
durable when applied to the soil and can remain in soil for hundreds to thousands of years [5].
Biochar has become a public interest in the framework of bio-based industries, which depends on
the alteration of feedstock into value-added chemicals and energy.

The term “sustainable agriculture” is defined as the consolidation of bioprocesses, chemi-
cal processes, physical activities, ecological processes, and socio-economic sciences in a holistic
manner to design new agricultural practices that are safe and environmentally friendly [6].
Sustainable agriculture is a procedure by which agrofarming can nourish itself over an ex-
tended period by preserving and maintaining all its natural resources, e.g., maintaining the
fertility of the soil, safeguarding surfaces and underground resources, developing renewable
sources of energy, and seeking solutions to revamp farming methods to climate change [7,8].
Agrofarming must also consider the sustainability of the vast area and social groups.

Biochar is also being examined to rehabilitate environments, to diminish pollutant mobility in
contaminated soils, and to reduce alteration of perilous elements to agronomic crops [7]. Mostly,
biochar is produced from waste residues such as agricultural wastes, animal manures, and forest
residues. The significance of these feedstocks is to produce biochar in a way that potentially
transforms waste into a useful and valuable product [9]. Its impact on soil amendment includes
increased soil quality and plant growth with enhancement in crop yield. The response and behavior
of biochar can be substantially influenced by its manufacturing process, soil conditions and types
where applied, and as well as the kind of crop to be grown [10,11]. In keeping with the importance of
biochar, many researchers have studied the adaptability of biochar for the improvement of soil and
environmental health. This review highlights the production processes of various feedstocks and
pyrolysis temperatures at which biochar is produced and their impact on agriculture sustainability
via improving soil ecosystem functions and services. This review is intended to help researchers
globally in the selection of proper biochar produced at a certain temperature to improve agriculture
and environment sustainability without compromising crop yield.

2. Brief Methodology

Data and literature were collected from Web of Science eBooks Freedom Collection (Sci-
enceDirect) https://www.sciencedirect.com/; EBSCO Publishing (elFL.net duomenų bazių
paketas) http://search.epnet.com/; Emerald Management e-Journals Collection https:
//www.emeraldinsight.com; Science Direct; Taylor & Francis https://www.tandfonline.
com/; Springer LINK https://link.springer.com/. We collected and synthesized published
literature from 1997 to 2020 using keywords “biochar”, biochar and soil nutrients, “biochar
and environment”, etc., in the database. Though more than 1000 articles were downloaded,
we focused on those indicating empirical outcomes. The cited literature was based on
field studies as well as greenhouse pot or laboratory studies (Figure 1a,b). The online data
search was irrespective of the region, biochar type, etc.

Figure 1. The details of cited information are (a) types of experiment and (b) countrywise published
cited research.
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3. Formulation, Morphology and Biochemistry of Biochar

Biochar is the bioproduct of thermal decomposition of renewable feedstock (forest and
agricultural residues, hard woods, bamboos, livestock manure, etc.) under zero or low oxygen (O)
conditions [12,13]. Feedstocks lose their mass when pyrolyzed at a minimum of 200–250 ◦C, as
the thermal deterioration of the pulp occurs and leaves behind a spongy structure. Slow pyrolysis
at low to intermediate heating (around 300 ◦C) and outstretched reaction times have been used
for a long time to transform wood feedstock into high yields of biochar (biocarbon) [14]. The slow
pyrolysis process also produces lower yields of bio-oil and gaseous by-products. In the past three
decades, fast pyrolysis accomplished at medium temperatures (≤500 ◦C) and very short process-
ing times (couple of seconds) has received substantial interest as a method for generating higher
yields with considerably higher energy density than the original feedstock, in conjunction with
20% of biochar and 15% of gas. Biochar yield and physiochemical properties considerably depend
upon the pyrolysis process and feedstock used [15,16]. Biochar produced at a low temperature
contains more aliphatic compounds in the pores that increase the hydrophobicity [17,18], while
high temperature pyrolysis allows a much smaller number of aliphatic compounds to remain
in the pores [17]. In a few studies, biochar had no significant influence on soil water repellency
(SWR) and water holding capacity (WHC) of hydrophobic soil with high total organic carbon
content [19]. In this study, to better understand the dynamics of biochar, thermogravimetric
analysis (TGA) of swine manure (feedstock) was performed prior to its conversion to biochar for
the ongoing field experiment. It was found that the digestate starts losing humidity in between 15
and 20 min at 200–300 ◦C of temperature followed by the loss of different volatiles, which leads to
pure black carbon at 900 ◦C and evolution of porous structure.

The formulation of biochar was reported in [10–22] rice straw (RS), vinasse (VI), Phyl-
lostachys pubescens (PP), Arundo donax (AD), chicken manure (CM) and sugarcane bagasse (SB)
residues. The samples were cut into pieces (<5 cm) or crushed and dried for 24 h to achieve a
constant weight before pyrolysis. Two kilograms (Kg) of each sample was put into the furnace
and heated to the recommended temperature. The obtained biochar was passed through an
80 mm-mesh sieve to obtain finer biochar. Similarly, in [23], the same process of preparing
biochar from Pine and Jarrah wood was indicated. The biochar obtained was alkaline in nature
and had a large surface area, with tremendous porosity and molar ratio, e.g., C/N; H/C; and
a large number of beneficial elements and organic matter, e.g., C, H, N, S, and O [20,22]. The
aromaticity and the surface charge of the biochars decreased after coating with FA [15] and
humic acid [12]. Antonangelo [24] reported that biochar obtained from witchgrass (Panicum
capillare) and poultry manure (SGB and PLB, respectively) was thermally decomposed at various
temperatures, e.g., 350 and 700 ◦C. The pH and elemental configuration of biochars were found
to be alkaline and nutrient rich, and a strong correlation between accessible nutrients and
ash contents was recorded [24,25]. The internal porosity of the biochar influences the surface
chemistry and the bulk density of the biochar. Additionally, the source of feedstock controls the
hydrophobicity and porosity of the material, along with production temperature.

4. Biochar and Nutrients

The nutrient composition of biocarbon always differs with the type of biomass and
pyrolysis temperature (Table 1). The concentration of nutrients in animal-derived biochar
would not necessarily be higher than in plant-derived biochar pyrolyzed at the same
temperature [26]. Biochar produced from lantana camara at 300 ◦C was rich in available P
(0.64 mg kg−1), available Ca (5880 mg kg−1), available Mg (1010 mg kg−1) and available
Na (1145 mg kg−1) [24]. Dried swine manure waste-derived biochar under slow pyrolysis
(300–750 ◦C) was found to be rich in soil micronutrients and macronutrients, such as Ca,
Mg, Na, Fe, Mn, Cu, Zn, N, P and K [25]. Total N contents were significantly greater for
poultry manure-derived biochar pyrolyzed at 400 and 600 ◦C treatments in silt loam and
sandy soils; however, they were not affected by swine manure-derived biochar (400 and
600 ◦C) and wood chip biochar (1000 ◦C) in the same soils [26]. Similarly, freshly prepared
biochar is a rich source of available nutrients and could discharge a significant amount of
N ranging from 23 to 635 mg kg−1 and P ranging from 46 to 1664 mg kg−1 [27]. Jiang et al.
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reported that old biochar was not as effective for soil organic carbon (SOC) protection as
fresh biochar. The decline in SOC stability with old biochar might be associated with the
attenuated sorption of SOC on aged biochar [28]. Compared with old biochar, the addition
of fresh biochar in sandy loam soil increased the biomass production [29]. Major nutrients
such as N, P and K could assume the role of fertilizer and be absorbed by plants and soil
microbes. Therefore, these examples indicate that biochar can potentially influence soil
nutrition. Several studies have assessed the availability of nutrients in biochar by carrying
out transient and long-term leaching experiments in recent decades. Mallee wood-derived
biochar was easily drainable with double distilled water after a day (24 h) (15–20% Ca,
10–60% of P and 2% of N) [30]. However, it is necessary to choose the suitable biochar for
its long-term nutrient availability to plants.

Table 1. Nutrient composition of various biochars at different pyrolysis temperatures.

Biochar
Feedstock

Pyrolysis Temp.
(◦C)

pH
C N C/N P K CA MG References

(%)

Corn cob 600 10.1 79.1 4.25 19 - - - - [31]
Corn stover 600 9.95 69.8 1.01 70 0.181 2.461 0.938 0.858 [32]
Peanut hull 400 10.0 65.5 2.0 33 0.00162 0.0015 0.00044 - [33]
Pearl millet 400 10.6 64 1.10 58 1.60 2.52 1.47 1.06 [34]
Corn stover 300 7.33 59.5 1.16 51 0.137 1.705 0.648 0.588 [32]

Dairy manure 700 9.9 56.7 1.51 38 1.69 2.31 4.48 2.06 [35]
Poultry litter 350 8.7 51.1 4.45 12 2.08 4.58 2.66 0.94 [35]
Turkey litter 700 9.9 44.8 1.94 23 3.63 5.59 5.61 1.24 [35]
Cow manure 500 9.20 33.6 0.15 22 0.814 0.005 0.042 0.034 [36]

5. Biochar and Chemical Properties

The additions of biochar with organic matter and humic substances are getting increasing
attention regarding their influence on soil fertility and crop yield [37]. Cacao shell- and rice husk-
derived biochar at 600 and 500 ◦C, respectively, increased the pH and released dissolved organic
matter from the soil [38]. Straw-derived (500–600 ◦C) biochar enhanced the degradation of organic
matter and maturity and increased soil nutrients [39]. Composting dynamics are influenced by
biochar via increasing the speed of organic matter decomposition and enhancing soil porosity,
therefore improving composting efficiency and humification processes [40,41]. Ten percent of
poultry manure-derived biochar and cow manure-derived biochar application into a composting
mixture increased carbon content in humic and fulvic acids [42]. Acacia saligna-derived biochar
at 380 ◦C and sawdust-derived biochar at 450 ◦C were the potential sources of humic substances
(17.7 and 16.2%, respectively) [43]. Adding biochar during the composting process to maize
straw and sewage sludge increased the available water content in sandy soil [44]. Biochar with
mushroom residues and with corn straw could accelerate biodegradation of polycyclic aromatic
hydrocarbon [45]. The amendments of biochar help in carbon (C) abetment and improving
soil quality [46–48]. However, there are several studies comparing the physicochemical and
morphological characteristics of biochar obtained from various feedstock sources and at different
temperatures (slow, medium and high), as their effect when used in soil acclimatization may
vary, since thermal decomposition has a great impact on biochar characterization [49,50]. Biochar
produced at low thermal decomposition is often rich in carbon biomass content [51,52]. Liard [53]
reported that slow pyrolyzed biochar has a higher amount of available P content compared to fast
pyrolyzed biochar. This could be attributed to the lower percentage of crystallized P-associated
minerals in slow pyrolyzed biochar. Moreover, the total K and available K (water soluble) content
increases with an increase in pyrolysis temperature [54]. C richness allied with high adsorption
capacity, porous structure and high alkalinity makes biochar inclusion into soil a practicable and
effectual way to enhance soil quality and fertility [55–58]. The alkaline nature of biochar and
organic carbon richness also enhance cation exchange capacity (CEC), which leads to a greater
heavy metal adsorption capacity [59], and thus improves soil quality [60]. Further, numerous
studies have focused on the physicochemical properties of biochar and its influence on soil
nutrients and crop yield (Tables 1 and 2).
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6. Biochar and Physical Properties

Biochar amendment reduces soil bulk density and enhances water holding capacity
(WHC) and nutrient holding capacity (NHC) as a result of its large surface area which
increases water and nutrient use efficiency (Figure 2) [74–77]. Biochar could decrease
soil bulk density by 3 to 31% and increase porosity by 14 to 64%. It shows a promising
behavior of WHC and NHC in sandy soil due to its macropores and lower surface area [78].
Biochar could have a positive impact on WHC (Figure 2) and NHC, thus increasing
water and nutrient availability to plants in sandy soil [79]. Barrow [80] proposed that
biochar amendment could be an effective strategy to combat desertification and promote
plant growth. Straw-derived biochar at 525 and 400 ◦C has a long-term effect on soil
physiochemical properties, as it is most efficient in enhancing plant available water and
soil aggregate stability in a coarse-textured Planosol [81]. The information on the physical
and chemical properties of biochar is also presented in Table 1.

Figure 2. Determination of pore size distribution by 3D image analysis of X-ray tomography image
(top panel) and the change in the pore size distribution due to biochar addition and determination of
soil water content [82].

7. Effect of Biochar on Microbiota

The effect of biochar on the activity of soil microbes is dependent on types of soil
and crop [83]. Wood-derived biochar application at a rate of 30 and 60 t ha−1 has a very
short-lived positive effect on the microbial community [84]. In a recent study, Lu [85]
reported that the porous structure of biochar substantially enhanced soil microbiota, due to
the niche environment favorable to microbes. Otsuka [86] reported that multifariousness
of the soil bacterial community expanded by 25% following biochar amendment compared
to untreated soils. However, microbial biomass carbon and N mineralization were lowered
with biochar amendment, thus reflecting that any boon from the liming effect of biochar
is counterbalanced by a decrease in mass and community of soil microbes [87,88]. The
application of biochar may increase soil pH. An increase in alkaline microsites may also
alter the ammonia oxidizer population, particularly in acidic soil [89,90]. Similarly, rice
straw biochar application significantly decreased Actinobacteria and Ascomycota fungi
communities; however, soil microbial species diversification and copiousness may vary
after biochar application [91]. Further, biochar amendment alters the soil nutrient cycling
and nutrient supply, which in turn may affect the microbial community [92].

8. Biochar and Abatement of Greenhouse Gases

Climate change is usually attributed to the enhancing atmospheric abundance of
greenhouse gases (GHGs) due to anthropogenic activities. Ninety percent of the anthro-
pogenic climate warming is caused by three major GHGs, i.e., CO2, CH4 and N2O [93].
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Biochar has been suggested as an idle matter and beneficial soil amendment for carbon
(C) sequestration to reduce CO2 emission and its abundance from the environment [94,95].
Biochar offers a multitude of benefits for ensuring environmental safety. In view of their
importance and diverse dynamics, a new terminology, “biochar culture”, has been in-
troduced to encircle the implementational and environmental gains of biochar [96]. It is
an extremely valuable soil conditioner, as it changes a number of soil physicochemical
characteristics (enhances soil moisture retention and increases air permeability) and im-
pacts the soil microbial activity [97]. Biochar amendment also helps in the mitigation of
greenhouse gases or setback by efficient management of agrofarming. Consequently, the
“carbon foot-printing” of a specific land management has to be distinguished earlier than
the targeted use for reducing emission by increasing “carbon sequestration” [96,97]. As
“carbon sequestration” aims to reduce global warming by capturing the GHGs for a longer
period, it can be proficient, because biochar overwhelmingly contains cyclic carbon with
high aromaticity and exhausted H and O, which confer defiance to microbial strike on
amendment in soil [98]. This increased obstinacy aspect, which helped in mitigating the
emission of GHGs by reducing microbial decay and carbon digestion of organic biomass.
Therefore, manufacturing of biochar and its amendment principally exploits the natural
process of photosynthesis for crop biomass generation with the exception of removing at-
mospheric CO2 by autotrophic microbes, that is, plants, mitigation of CO2 to carbohydrate
and other materials. Rondon [99] was the first scientist who reported N2O emissions from
a greenhouse experiment amended with biochar. Biochar pyrolysis at high temperatures
and low N content might be more suitable to mitigate CO2 and N2O emission. A study
from Terra Preta soil of the Amazonian region [100] reported that biochar can mitigate
CO2 emission for hundreds to thousands of years. Further, Wang [101] demonstrated
from his dimensional analysis studies of the putrefaction and dressing effects on biochar
stability in soil that only 3% of biochar C is bioavailable, and the rest is rendered into
long-term stability. We expect a 4.0 ◦C rise in temperature by the end of the 21st century.
Such environmental changes are the result of an increase in the atmospheric denseness of
GHGs [102]. Biochar is anticipated to possess the desirable conditions for combating global
warming and climate change. Biochar helps in atmospheric expulsion of CO2, and due
to its intractable nature, it captures the carbon to facilitate a huge carbon-negative econ-
omy [103]. Biochar amendment to soil curbs the emission of not only CO2 but also about
a hundred other potent GHGs, particularly nitrous oxide and methane [104]. Numerous
studies advocate a substantial reduction in emissions of CO2, N2O and CH4 gasses due to
biochar application in land use under vegetable cultivation [105,106], but more long-term
studies are needed.

9. Biochar and Soil Fertility
9.1. Effect of Biochar on Soil Nutrients

The effects of biochar on soil physicochemical properties are shown in Table 3. Biochar
application is an effective practice for restoration of the functionality of degraded soils,
and maintenance of long-term soil functions and fertility [107]. The addition of biochar
improves degraded and low fertility soils, and thus improves crop production [108,109].
A. El-Naggar reported that biochar has the potential to be the best management practice
for low fertility soils [110]. Major nutrients in biochar might not be necessarily available
to plants in the desired amount [111]; the available NH4+, NO3−, PO4−3 and K+ might be
associated with the amount of total N, P and K. For instance, the total N loss leads to a
reduction in available N in highly thermally decomposed biochar [112]. The absorptivity
of different nutrient ions on the surface of biochar and release occur due to variation
in the CEC and pH of soil amended with biochar [113]. Yao [114] reported that the
uptake of N and P as ammonium/nitrate and phosphate ions is significantly decreased by
biochar application, decreasing their frequency in soil leachates by a high proportion. The
properties of soil, e.g., texture, SOC, clay-to-sand contents and pH can change the biochar
nutrient-sorption characteristics [114]. Additionally, the nutrient movement also changes
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biochar adsorption and succeeding release properties. The nutrient use efficiency of added
organic fertilizer also increases with biochar amendment. The dynamism of nitrogen,
principally engaging a decrease in nitrate transformation for subsequent reduced N loss,
happens in response to biochar amendment, which can be deemed significant for optimal
nitrogen use efficiency [78]. Thus, nutrient dynamics of biochar also assist in temperature
and pH- reliant slow release of adsorbed nutrients by capturing nutrients from draining,
runoff, leaching, microbial digestion and physical volatility processes. Therefore, plants
and crops can potentially uptake nutrients, as these will be in plant-available forms in the
root zone [112,113]. A sustained improvement of the physical characteristics of soil with
biochar amendment involves better aggregate stability and formation, and alteration in the
soil microbial community and activities imposes an indirect effect on retaining highly and
reasonably mobile nutrients such as N and P [114].

Table 3. Different feedstock of biochar alters soil physicochemical properties.

Biochar
Feedstock

Type of Soil
Sand Silt Clay

pH TN TC
References

%

Wheat straw Sandy loam - - 16 5.6 0.18% 2.01% [115]
Charcoal
biochar sandy 90.9 4.6 4.5 6.8 0.1 g kg−1 1.0 g kg−1 [116]

Charcoal
biochar Sandy loam 67.3 25.9 6.8 6.1 1.7 g kg−1 31.0 g kg−1 [116]

Oak and wood
Bamboo Clay loam 22 40 38 4.57 0.94 g kg−1 5.50 g kg−1 [117]

Poultry litter Silt loam 26.6 33.7 39.7 7.99 0.13% 0.70% [118]
Fruit tree and
stem branches Sandy loam 61.7 32.1 6.17 7.33 0.71 12.6 g kg−1 [119]

Poultry litter Sandy clay
loam 52 17 31 3.95 0.25% 3.5% [120]

Sewage sludge Loam 71 25 4 6.50 0.04 5.48% [121]
Wheat straw Silt clay loam 16 52 32 8.3 1.0 g kg−1 8.1 g kg−1 [122]
Maize straw Silty loam 13 72 15 7.9 0.99 g kg−1 15.1 g kg−1 [123]
Commercial

biochar Silt loam 16.1 64.1 19.8 6.90 0.13% 1.96% [123]

Bamboo
biochar Sandy loam 49.2 39.2 11.6 4.72 0.17% 1.83% [124]

Pine sawdust Silt loam 30 56 14 5.7 2.2 g kg−1 21.3 g kg−1 [125]
Apple

branches Silty clay 10.7 73.0 16.8 6.23 0.47 g kg−1 3.32 g kg−1 [126]

Wheat straw
(WSB) and
miscanthus
straw (MSB)

Sandy loam 73 15 12 6.46 1.28 g kg−1 9.84 g kg−1 [127]

Corncob Silty loam 12.0 85.1 2.94 7.94 0.95 g kg−1 8.23 g kg−1 [128]
Sugarcane

bagasse Sandy loam 77.3 20.3 14.5 7.54 13.40 g
kg−1 4.20 g kg−1 [129]

Pine sawdust Clay loam 29 36 35 6.3 9.0 g kg−1 97.2 g kg−1 [125]

9.2. Effect of Biochar on Soil Organic Matter

The anticipation of enhanced soil fertility assigned to biochar amendment originates
from the investigation of the terra preta that comprises a large percentage of black car-
bon [130]. Terra preta soil was found to be rich in organic matter content, which reflects the
earlier evidence of biochar existence in the soil. Wang [131] reported that biochar enhanced
C storage in macroaggregates of the fine-coarse soil and thereby increased the physical
security of soil organic matter (SOM); C storage in stable microaggregates can promote the
stabilization of SOM for a long period of time [132]. Biochar-stimulated physical fixation
of C may be related to the existence of partially carbonized, highly degradable organic
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residues, often a characteristic of low thermally decomposed biochars [133]. Though
SOM is usually more vulnerable to digestion in coarser rather than finer textured soils
because of the lower surface area of mineral binding sites that can brace organic particles,
Fang [134] indicated that Eucalyptus saligna wood biochars enhanced the mineralization
of indigenous organic C in sandy soil, but not in a clayey textured soil. Moreover, biochar
amendment to a grassland soil results in the arousal of mineralization of indigenous soil
organic C because of the positive short-term priming effects [135].

10. Affinity of Biochar and Soil Characteristics

Biochar increases water and nutrient holding capacity (Table 2, Figure 3); however,
these characteristics depend not only on biochar types but also on retention capability of
soil [136]. Jien [136] reported that due to the physical structure of biochar, it improves
soil porosity and structure, aggregate stabilization [137], nutrient cycle [138], penetration
resistance [139] and tensile strength [140]. Asai [141] added that biochar enhances soil
infiltration and lowers water runoff, thus decreasing erosion due to its bulkiness and
spongy structure. Biochar amendment alters the physiochemical properties of soil, which
highly influences P retention in soil. [142]. Thus, the effect could be different depending on
soil properties when biochar produced from the same feedstock is added to various soil
types. The release of phosphorus in sandy soil is quicker compared with that in clay soil.
Therefore, biochar acts as a holding agent of P and prevents the leaching or runoff loss of
P from sandy soil [143,144]. The P release characteristic of biochar-amended soil is even
independent of the pyrolysis temperature at which biochar is produced [145].

Figure 3. Thermogravity of swine digestate performed by author.

With the evolution of pore structure, the morphology of biochar also undergoes
tremendous fluctuation under pyrolysis. Biochar gains the parental features of feedstock
irrespective of the rate of temperature [146]. The permeable configuration in corncob [147],
“beehive-like” pore structures in sugarcane [148], the symmetrical structure in wood [149]
and the origin of surface morphological structure in rice husk and sawdust [150] were all
retained after pyrolysis at 400–900 ◦C. At higher pyrolysis temperature (>1000 ◦C), melting
with substantial deformation of biochar structure could be observed [150]. Under pyrolysis
at 2000 ◦C, the macropores of biochar surface disappeared due to melting, while small
grains emerged as the accumulation of beads on the surface of biochar [151].

The process of pyrolysis of organic feedstock into biochar brings stability to oxidized
carbon fractions existing in the organic debris [152] that can persist in soils for years [153].
Therefore, biochar amendment substantially reduces greenhouses gases [154] and can be
deemed as a climate change mitigation strategy. Due to these facts, biochar, the black
diamond, acts as an optimistic soil conditioner of high economic and environmental
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value [155]. Several studies demonstrated the positive effect of biochar application on crop
yield enhancement via different mechanisms. For instance, biochar amendment to soil
significantly improves soil micro and macronutrients [156], despite the fact that biochar
bears a higher pH value [155–158]. Nonetheless, biochar serves as a slow-release fertilizer
due the strong adsorption of soil nutrients [159]. So, it is considered that biochar could be a
perfect utility to acidic soil rather than alkaline or calcareous soil. Additionally, biochar,
due to its high surface area and large porous structure [160], causes indirect impacts on soil
physical characteristics, for instance, it significantly enhances water retention [158–162]
and hydraulic conductivity [163] while decreasing soil bulk density in sandy soil [164].
However, the efficiency of biochar application to soil is not always the same. Rather, it
depends on properties of applied biochar and soil conditions. Due to large surface area
porosity, biochar has a significant adsorbing ability in increasing the water holding capacity
(WHC) [165] and plant-available water capacity of soil (AWC) [166]. In the case of coarse
sandy soil, the water and nutrient storage is generally lower under a drought condition,
and thus large proportions of hydrophilic micropores (0.2–30 mm) are found in biochar,
potentially retaining plant-available water and benefiting coarse sandy soils [167]. Further,
gasification of biochar (GB) improves root development and thus enhances soil water
retention, hence improving crop productivity [168].

11. Immutability of Soil Organic Matter and Soil Configuration

The influence of biochar on aggregate formation and organic matter stability is of high
importance. Pituello [169] stated that biochar is a potential amendment for the stabilization
of aggregates, especially if soil has a coarse texture and a low organic content [169]. These
recommendations were further supported by Ma [170], who reported a significant increase
in aggregate stability and soil organic carbon. However, Fungo [171] reported from his two
year experiment that biochar had no effect on soil aggregates in tropical Ultisol. Moreover,
increasing biochar amendment to fine sand and sandy loam textured soil may decrease
aggregate strength [172]. Thus, the effect of biochar is multifarious and could vary with
soil types and textures.

Biochar improves the structure and fertility of soil [117,118]. Glaser [173] reported
that a substantial amount of biochar in terra preta was present in vulnerable fractions.
However, in [174], it was indicated that biochar was associated primarily with the ultrafine,
sub-50 µm soil chunk, and in [175], it was found that biochar, rather than as a free organic
matter, was preponderantly available in small clumps of soil particles or soil aggregates.
Brodowski [176] also found large macro-aggregate fractions with a small amount of prac-
tical biochar (>2 mm); thus, biochar might act as a binding agent for organic matter in
aggregate formation and soil against degradation. Due to the interaction of biochar with
soil organic matter and microorganisms and minerals, it may influence soil aggregates and
its stability [177,178]. The slow oxidation properties of biochar determine the long-term
effect on soil aggregation [179].

12. Biochar and Sustainability

The key obstacles with the current agrofarming systems are to enhance crop yield in a
more sustainable and environmentally friendly manner [180,181]. Post-green revolution,
agricultural practices enhanced their dependency on organic fertilizer for securing higher
crop yield. Chemical fertilizers do increase crop yield, but they also risk the sustainability
of the environment by provoking key ecological disparities, such as biodiversity loss, global
warming and inclusion of heavy metals in living organisms [182,183]. Thus, adopting a
more natural way of farming will reduce the reliance on organic fertilizers and sustain
agricultural production and productivity.

More recently, biochar is thought to be an auspicious soil conditioner to sustain carbon
and nutrients in soil, and thereby reflects the environmental problems regarding sustain-
able agricultural nutrient management [184,185]. Contemporary research on biochar is
predominantly focused on customizing biochar properties to enhance their elimination
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capability for organic and inorganic pollutants [89]. Biochar has comprehensive environ-
mental use due to its idiosyncratic properties, e.g., large surface area, microporosity, higher
adsorption capacity and ion exchange capacity [99,100]. These properties have substantial
consequences to its competency and potency in sustainability of the environment. The
transformation of feedstock into biochar is a carbon-negative technique and has been
indicated to sequestrate around 87% of carbon [186]. This not only reduces the problems
of waste disposal of agricultural residues but also provides a viable and frugal method of
waste transformation into value-added products. Due to its exceptional surface charac-
teristics, biochar shows remarkable efficacy in reducing contaminants such as antibiotics,
herbicides, dyes, pesticides and heavy metals and plays a key role in alleviating global
climate change [187]. Biochar is thus a promising way to return lost C into the soil [188].

Many investigators have suggested biochar as an efficient soil supplement to en-
courage C storage [189], to augment value to agricultural products and to foster plant
growth for sustainable agriculture [190]. Biochar has an exceptional function to immobi-
lize rhizospheric heavy metals and farm chemicals on its large surface and inhibits their
movement into the plants/crops, thus improving crop productivity [191]. Biochar sub-
stantially increased crop grain yield and biomass, and such favorable impacts of biochar
were greater under rational P fertilization where half (50%) of P is from a natural source
and the remaining 50% is from an inorganic fertilizer. The synergetic effect on nutrient
accessibility and plant uptake is necessary for better crop yield and soil fertility, which can
be gained by combinative use of organic and inorganic fertilizers with biochar [192]. In
addition, biochar amendment increase in grain yield could signal the instrumental role
of biochar in the conservation of soil nutrients and moisture, increasing nutrient uptake
for potential crop yield and development [193]. Biochar can strengthen crop biomass
and growth by enhancing nutrient availability [194]. Biochar application has been shown
to decrease the saturated hydraulic conductivity of the soil, especially in light textured
soils [195,196]. For example, Ajayi and Horn reported a decrease between 23 and 82%
in the saturated hydraulic conductivity of a fine-sand soil when amended with a large
application rate (2–5%, w/w) of biochar [197]. Several field trials have been conducted side
by side to greenhouse pot experiments on biochar effects on soil nutrients (Table 2). While
soil amendment with biochar resulted in an increase in crop production and improved soil
fertility under different natural and agricultural environments [198], the immediate impact
of biochar addition on soil fertility and nutrition is incoherent and weakly understood.
Biochar has a consistent effect on some parameters of soil but not in all conditions [199].
While the beneficial effects and usage of biochar are widely discussed, more research is
warranted to understand its perks and magnitudes, as well as the constraints of biochar
amendment, in agroecosystems (Figure 4). Farming systems mostly depend upon the
locally produced waste materials, e.g., crop residues and animal manures, as farmers have
very limited resources to buy commercially prepared organic fertilizers [200]. The Oxisol
class of soil by its very nature is poor in nutrients and organic matter content [201], which
further limits microbial activities, thus leading to low crop yield. Smallholder farmers have
access to bundles of local waste, so mutually rewarding benefits of crop yield and waste
management can be gained, if policies associated with biochar are made for its governance
in developing countries.
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Figure 4. A diagrammatic representation of biochar dynamics and its role in agroecosystem and
environmental sustainability.

13. Constraints of Biochar Application

Even though, overwhelmingly, the literature outcomes reflect the valuable prospect
of biochar application, there are some constraints of biochar application which deserve
attention. It is documented that weed yield increased by 200% with an increase in wheat
straw-derived biochar (300–1100 ◦C) application rate from 15 t ha−1, thus becoming a big
competitor for soil nutrients to the main crop [202]. Biochar has a repressive effect on
soil aging, and sporadic amendment of fresh biochar might be needed for the maximum
nutrient cycling and aqua environment in soil [203]. For example, Anyanwu [204] reported
that aged biochar derived from rice husk in soil has a substantially negative effect on the
growth of soil earthworms and fungi. Biochar application may cause a delay in flowering
in plants [205]. Additionally, Zhao [206] reported that aged biochar led to a significant
reduction in the root biomass of Oryza sativa and Solanum lycopersicum in the soil.
Biochar application at 14 t ha−1 enhanced vegetative growth but not tomato crop fruit
yield, thus indicating the impact of biocarbon and crop yield dependency on plant species
or the targeted part of the plant [207]. Furthermore, biochar is characterized by a selective
capability to assimilate pollutants. For example, dichlorodiphenyltrichloroethane (DDT)
chemical pesticide absorption was not limited by biochar application in a soil [208]. Thus,
Table 2 presents the current research cited on the effect of biochar amendment on crop yield
and fertility dynamics. The results fluctuate, both positively and negatively, depending on
the biochar type, amount, soil type, crop type, etc.

133



Sustainability 2021, 13, 1330

14. Conclusions

Agroecosystems are extremely important to ensure food security and abate GHG
emissions. Measures to reduce chemical fertilizer inputs and alleviate GHGs emissions
include increasing soil C sequestration by addition of biochar, and thus increased crop-use
efficiency of fertilizer-N. Smart choice of biochar type, rate, and affinity with agrofarming
systems should not be ignored before its application. Biochar is an approach to slow the
release of nutrients, and thus protect the environment without compromising crop yield.
The beneficial capacity of biochar to amend agroecosystems and achieve a sustainable
environment needs rational research knowledge as well as economic and social research.
The practice of biochar application could enhance soil quality, increase the resilience of
agroecosystems and agroforestry and support their adaptation capacity to the fluctuating
climatic conditions. Nevertheless, the effects of biochar would be site dependent. Of course,
biochar is not a solution to all agroecosystem problems; however, it could be a substantial
strategy that deserves cognizance to achieve a sustainable agroecosystem in the future.
This review has indicated many benefits, complexities and effects of biochar; however,
more research is needed to provide a better understanding of biochar mechanisms and
their interactive effects on plants, soil and the environment.
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Abstract: Biochar, as a kind of soil amendment, has attracted wide attention from scholars in various
countries, and the effects of biochar on soil and water loss have been well reported. However, soil
erosion is significantly affected by geographical conditions, climate, and other factors, and research
on the characteristics of soil erosion and the effects of biochar application in seasonally frozen soil
areas is currently unclear. The purpose of this study was to explore the effect of corn straw biochar
application on soil and water conservation during the spring thawing period. Specifically, through
field experiments, the addition of 0, 6, and 12 kg m−2 biochar on slopes of 1.8, 3.6, 5.4, and 7.2◦ and
the effects on runoff and the soil erosion rate of farmland were analyzed. The results showed that in
the 6 and 12 kg m−2 biochar addition treatments, the saturated water content of the soil increased by
24.17 and 42.91%, and the field capacity increased by 32.44 and 51.30%, respectively. Compared with
the untreated slope, with an increase in biochar application rate, runoff decreased slightly, and soil
erosion decreased significantly. This study reveals that biochar can be used as a potential measure to
prevent soil and water loss on sloping farmland in cold regions.

Keywords: evaluation of soil and water conservation; simulated rainfall events; soil denudation;
water and sediment process

1. Introduction

Soil erosion has always been an environmental problem faced by humans. In modern
times, the development of large-scale industry and agriculture has intensified the occur-
rence of soil erosion, causing sharp deterioration in the ecological environment, which
severely restricts agricultural development and threatens the survival of humankind. There
are many forms of soil erosion, and regional differences in climate characteristics, topogra-
phy, and soil vegetation types result in different forms of soil erosion [1,2]. For example,
the soil in the loess region of Northwest China tends to be loose, poorly agglomerated,
and structurally unstable; thus, the soil can be susceptible to erosion due to rainfall and
runoff [3]. However, in the black soil region of Northeast China, due to seasonal climate
change, freeze–thaw cycling between winter and spring leads to soil accumulation in
ditches caused by changes in soil structure, permeability, water conductivity, water content,
strength, and aggregate water stability, which make the soil in this region vulnerable to
erosion [4,5]. Soil erosion as a result of freezing and thawing is an important process and
occurs mainly at high latitudes and high altitudes. When the environmental temperature
changes, the water in the soil undergoes a phase change. This change results in the soil
being mechanically damaged and then migrating and accumulating under the action of
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gravity and runoff [6–8]. The soil erosion process caused by freezing and thawing is very
complex; therefore, studying soil erosion under the action of freezing and thawing has
important practical significance for regional agricultural development and environmental
governance [9,10].

The black soil region in Northeast China is an important base of grain commodity
production [11]. The black soil region is an area with a concentrated distribution of black
soil, chernozem soil, and meadow soil. Because the surface of these soils is rich in organic
matter (OM), they have an obvious black color and similar properties (The Ministry of
Agriculture of the People’s Republic of China, 1996) [12]. Therefore, the distribution areas
of black soil, chernozem, and meadow soil are collectively referred to as the northeastern
black soil region [13]. Most of the three large black soil areas in China are located in
the northeast. Among them, the Songnen black soil area is the largest, at approximately
0.208 million km2, representing 65.38% of the agricultural land area in the northeast [14].
Due to the combined effects of agricultural development and seasonal changes, the soil and
water losses in the region are significant. Yu et al. [15] showed that 37.9% of the cultivated
land in this area was threatened by significant soil erosion. Therefore, mitigating soil
erosion in this area is an urgent problem that must be solved.

In recent years, biochar has shown potential for retarding land degradation and enrich-
ing soil organic carbon (SOC), and it has received extensive attention from environmental
departments in China and abroad [16,17]. Biochar is composed of a wide range of raw
materials, including agricultural and forestry wastes, such as wood, straw, and fruit peels,
as well as industrial and urban organic wastes [18]. The raw materials used for biochar
production vary regionally [19–21]. For example, large areas of cotton are planted in the
Yangtze River Basin of China [22]. In this area, cotton straw is used as the main raw material
to produce biochar, while in Northeast China, where maize, rice, and soybean are the main
crops, the straw remaining after harvesting provides sufficient raw material for the prepa-
ration of biochar. The total amount of agricultural waste produced in China in 2018 was
9 × 108 tons. The safe disposal and utilization of carbon-rich biomass residues are major
challenges [23]. Traditional methods (e.g., incineration) not only fail to effectively recycle
resources but also lead to severe atmospheric pollution (emission of greenhouse gases).

The unique and large specific surface area and multiporous structure of biochar
reduce soil bulk density, increase porosity, actively improve soil hydraulic parameters,
and increase the soil water-holding capacity, thus aiding in overcoming land degradation
and other issues [24,25]. Atkinson et al. [26] found that the incorporation of biochar
into soil can affect soil physical properties, such as structure, texture, porosity, particle
size distribution (PSD), and bulk density [27,28]. Biochar application can reduce soil bulk
density and increase porosity, thus affecting soil infiltration, erosion, and runoff by affecting
the soil hydraulic characteristics [21,29–32]. Biochar is an organic material obtained by
pyrolysis and carbonization in the complete or partial absence of oxygen. Biochar has the
characteristics of low density, a high pH value, a high cation exchange capacity (CEC), and
high stability [33–35]. After biochar was applied to soil by Wang et al. [36], the proportion
of carbon storage in the soil increased. In the application of biochar, Shang et al. [37]
and Liu et al. [38] found that biochar increased the SOC content, supplemented mineral
nutrients, reduced the use of agricultural chemical fertilizer, and increased crop yield. In
the black soil area of Northeast China, Wei et al. [39] applied 50 t hm−2 biochar to sloping
farmland for two consecutive years; the generalized soil structure index (GSSI) was greatly
improved, and water savings and yield increases were achieved. When biochar is mixed
with soil, its porous structure reduces the soil bulk density [24], changes PSD [25], increases
porosity [26], and actively improves soil hydraulic parameters and the soil water-holding
capacity [29,30]. By affecting soil hydraulic characteristics, biochar application can affect
soil runoff, infiltration, and erosion, thus helping to overcome land degradation [31,32].

Dong et al. [40] found that biochar is stable in dry–wet and freeze–thaw cycles and
under tillage conditions in the field, and Kettunen and Saarnio [41] noted that biochar
application can reduce nitrogen loss in winter soil and increase crop yield in the second
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year. Zhou et al. [42], Lee et al. [43], and Sadeghi et al. [44] also found that the application
of biochar to soil significantly reduced soil loss and increased inorganic nitrogen and total
phosphorus contents to levels higher than those in untreated soil. However, previous
studies have shown that the ability of biochar to improve soil quality, slope erosion, and
soil physical and chemical properties depends on the type of soil and the amount of
biochar applied [45]. In addition, the relationship between the effective amount of biochar
on different slopes, the soil type, and other environmental factors remains unclear. For
example, Li et al. [46] found that as the biochar application rate on a 27% slope on the Loess
Plateau increased, the impact on soil and water loss increased. However, Peake et al. [47]
determined that the lowest biochar content best enhanced soil water saturation, and Reddy
et al. [48] believed that the water conductivity and shear strength of soils increased with
a decrease in the applied biochar content. Therefore, among the different soil types and
different slopes, the level to which biochar decreases soil erosion differs. Moreover, soil
erosion is greatly affected by climate conditions, especially under the effects of dramatic
climate change, and the occurrence of soil erosion may be aggravated [2]. Compared with
nonfrozen soil areas, in seasonally frozen soil areas with high latitude and high altitude,
the free–thaw process may be an important process leading to soil erosion [49]. When
the environmental temperature changes rapidly, the water in the soil undergoes a phase
transition, which leads to mechanical damage [50], and the resistance to erosion of the soil
decreases [4].

A large number of studies have reported that biochar can reduce soil erosion; however,
in seasonally frozen regions such as Northeast China, after freezing and thawing, it is
not clear whether biochar has a positive effect on soil and water conservation during
spring thawing. Moreover, research on soil erosion following freezing and thawing has
been conducted mostly in indoor simulated freezing and thawing environments, while
indoor simulated and natural environments have different climatic conditions; therefore,
the impact of freeze–thaw action on soil erosion requires further study. Based on the freeze–
thaw interactions in the cold northeastern region, outdoor sloped land on the Songnen
Plain of Northeast China was selected as the research area of this study, and the impact of
biochar on sloping farmland soil erosion was explored. The thawing period of the frozen
spring soil layer was selected; an artificial rainfall simulation including runoff, infiltration,
and soil erosion was conducted; and the effects of biochar content on the soil erosion of
different slopes under these climatic conditions were explored.

2. Materials and Methods
2.1. Test Area Overview

The experiments were conducted at the comprehensive test site of the School of Water
Conservancy and Civil Engineering at Northeast Agricultural University. The geographical
location is 45◦44′22′ ′ N, 126◦43′6′ ′ E, and the average elevation is 138 m. The test area
location is shown in Figure 1, and the experimental area is located in the southeastern part
of the Songnen Plain of Northeast China [51]. The area is mainly dominated by plains
and has a mid-temperate continental monsoon climate. The average daily temperature
is between −2.66 and 7.92 ◦C, the four seasons are distinct, and rain is concentrated in
the summer. The average annual precipitation is approximately 583 mm, and summer
precipitation accounts for 65% of the total annual precipitation. The rainfall duration is
short and concentrated between June and September. Winters are cold and prolonged, with
a regional soil freezing period of approximately 110 days and a snowfall of approximately
109 mm from November to April [52].
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Figure 1. Test location.

Liu et al. [11] obtained slope information from 90 × 90 m topographic survey (Shuttle
Radar Topography Mission (SRTM)) data from the US space shuttle. The areas of land with
slopes of 0–1◦, 1–2◦, 2–3◦, 3–4◦, 4–5◦, and 5–8◦ accounted for 72.25, 17.77, 6.37, 2.12, 0.79,
and 0.58% of the total area, respectively, and slopes of 0–8 degrees accounted for 99.88%
of the total area. According to the USDA Soil Taxonomy, soil in the area is classified as
Argiborolls, Haploborolls, Cryoborolls, and Haprostolls of mollisols, and the soil in this
area is also listed as phaiozem in the United Nations World Soil legend. In the Keys to
Chinese Soil Taxonomy (3rd edition), the phaiozem in Northeast China can be divided into
three major types: black soil, chernozem, and meadow soil. The cultivated land vegetation
is mainly corn and soybean and is grown in the drylands [53–55].

2.2. Test Methods

Rainfall was simulated using a rainfall simulation system with downward sprinkling.
The artificial simulated rainfall equipment was designed and manufactured by Harbin
Tianyu Automation Instrument Co., Ltd (Harbin, China). The rainfall simulator includes
five nozzles, and the raindrop size and rainfall intensity can be adjusted by adjusting the
nozzle aperture and water pressure, which can be set at any rainfall intensity between
50 and 100 mm h−1. The rainfall height can be adjusted in the range of 2.5–3.5 m, the
rainfall uniformity is greater than 85%, the simulated raindrop diameter distribution is
approximately 0.15–3 mm, and approximately 80%–90% of the raindrop diameters are
less than 1.5 mm. The above artificial rainfall parameters can evenly cover an area of
2 × 7 m, which can meet the rainfall uniformity of each experimental plot; additionally,
the size and distribution of simulated raindrops are similar to those of natural rainfall,
and the simulated rainfall intensity was designed to be 80 mm h−1 given the intensity of
erosion-causing rainstorms in the black soil area in Northeast China.

Twelve trapezoidal runoff test plots (5 m length, 2 m width) (No. P1–P12 in Table 1)
with a slope adjusted from 0 to 15◦ by filling soil were used in this study. Each runoff test
plot was trapezoidal box shape, the upper surface was of an inclined plane, and the lower
surface was connected with the ground, as shown in Figure 2. The design gradients of this
test were 1.8◦ (P1–P3), 3.6◦ (P4–P6), 5.4◦ (P7–P9), and 7.2◦ (P10–P12) because this slope
range caused the most serious soil erosion in the northeastern black soil area during the
last 30 years. The lower end of the test area was equipped with a collecting port, and runoff
samples were collected through the connected bucket. The soil used was collected from
the plow layer in Harbin, located in the black soil area of Northeast China. The soil in
the experimental plot was loaded according to the soil type of the sloped farmland in the
black soil area. Impurities such as gravel and straw were removed from the soil. To best
retain its natural state, the soil was not sifted; thus, its aggregates maintained their original
aggregation state and manually filled into the test plots. After adding the parent material
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layer soil, the soil was compacted artificially, then the surface layer soil was added, and
the same autumn plowing treatment as the local farmland was used. The surface layer
of 0–30 cm was classified as loam (particle size fractionation: 46.3% sand, 20.4% silt, and
33.3% clay), and the bulk density was approximately 1.15 g cm−3. The 30–60 cm parent
material was clay loam, and the particle size fractionation was 38.7% sand, 24.7% silt, and
36.6% clay. The average bulk density of the soil was 1.30 g cm−3, which is the same as that
of the bottom of the plow layer in the northeastern black soil area.

Table 1. Slope gradient and biochar application in the experimental plots.

Biochar Content
(kg m−2)

Slope (◦)

1.8 3.6 5.4 7.2

0 P1 P4 P7 P10
6 P2 P5 P8 P11

12 P3 P6 P9 P12
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The biochar used was corn straw biochar purchased from Liaoning Jinhefu Agricul-
tural Development Co., LTD (Anshan, China). The preparation of this biochar involves
high-temperature cracking at 450 to 500 ◦C under low-oxygen or limited-oxygen conditions.
The basic physical and chemical properties are as follows: particle size of 1.5–2.0 mm, pH
value of 9.14; nitrogen content of 1.53%, phosphorus content of 0.78%, potassium content
of 1.68%, total organic carbon (TOC) content of 409.7 g kg−1, and ash content of 31.8%.

From late September to early October 2017, 0, 6, and 12 kg m−2 biochar was applied
on the surface of the test area at a depth of 0–30 cm. The biochar was evenly mixed with the
cultivated soil by the traditional agricultural tillage method, and a biochar–soil mixed layer
(approximately 0–30 cm) was formed. The control group (0 kg m−2) was also tilled to the
same extent. The volume ratio of biochar to 0–30 cm surface layer soil was approximately
3.33–6.67%. Table 1 shows the amount of biochar applied in each test area.

During the freeze–thaw period from October to April of the next year, plots P1–P12 in
the test area were allowed to keep their natural snow cover without human interference.
The test areas were adjacent to each other, with no differences in climate or environment. On
8 April 2018, 9 equidistant sampling points (3× 3) were selected for each plot. Undisturbed
soil samples (0–10 cm) were collected by the cutting ring method [56], the natural water
content was determined by the drying method [57], the content of soil organic matter was
determined by the potassium dichromate oxidation external heating method [58], and
a simulated rainfall experiment was carried out. The meteorological conditions on that
day were as follows: the average daily temperature was 0.3 ◦C, the average wind speed
was 2.6 m s−1, the average relative humidity was 56%, the daily evaporation rate was
2.8 mm d−1, the accumulated precipitation was 0.2 mm, and there was no precipitation
in the test area on that day. The meteorological data were collected from the China
Meteorological Data Network (http://data.cma.cn/). On 8 April, the range of the thawing
depth was 45–50 cm, and the frozen soil depth was measured by using a frozen soil device
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composed of a PVC pipe and rubber hose (LQX-DT, Jinzhou Licheng, Jinzhou, Liaoning,
China) [51]. To ensure that the initial water content of each plot was consistent and to
minimize the impact of rainfall on the thawing depth, a rainfall pretreatment with a rainfall
intensity of 80 mm h−1 was carried out 24 h before the test. When runoff appeared on the
slope, the rainfall was stopped immediately to ensure that the initial soil moisture content
of all slopes reached saturation. In the rainfall-runoff experiment, the time started when
runoff appeared on the slope and lasted for 40 min. Three repeated rainfall experiments
were carried out in each plot. The runoff water and eroded soil material were collected
through the collection port of the test chamber [59], and the time was recorded with a timer
with an accuracy of 0.01 s [60]. The runoff water and eroded soil material were collected
every 5 min after runoff generation, and the method of sample collection was consistent
throughout the test. After the rainfall, all samples were weighed with an electronic balance
with an accuracy of 0.01 g, and the runoff was measured. Then, the samples were allowed
to stand for 12 h for sedimentation. After removing the supernatant, the sediment mixtures
were put into an oven, dried at 105 ◦C for more than 24 h, and then weighed with an
electronic balance with an accuracy of 0.01 g [61].

2.3. Calculation of the Average Infiltration Rate

Water infiltration into the soil is a dynamic process in which water, such as water
from rainfall and runoff, migrates under the action of gravity and other potential forces
and is stored as soil water. The extent of bare soil and the soil texture and slope under
the same rainfall and intensity conditions are important factors affecting the amount of
soil infiltration. The soil infiltration rate is an important index reflecting soil permeability
characteristics because it directly reflects the soil water retention capacity. According to
rainfall and runoff data, the average infiltration rate of a slope under the conditions of
unchanged rainfall and rainfall intensity can be calculated according to Formula (1) [62]:

fi =
Ptcosα− 10R

S
t

(1)

where fi represents the average infiltration rate of the slope (mm min−1), P represents the
rainfall intensity (mm min−1), α represents the slope (◦), t represents the rainfall time (min),
R represents the runoff (mL) generated during rainfall time t, and S represents the actual
rain-affected area (cm2).

2.4. Grey Relational Projection Model

The main factors affecting soil and water conservation were determined. In this study,
the soil water-holding capacity, runoff, and soil loss rate were selected as indicators for
the grey relational projection method. The test results were made dimensionless by the
extremum method [63]. Generally, the indexes of the grey relational projection model
include “benefit type” and “cost type.” The benefit index refers to the index with the larger
attribute value, the better; the cost index refers to the index with the smaller attribute
value, the better. The effect of soil and water conservation includes soil water-holding
capacity, runoff rate, infiltration rate, and soil loss rate. These indexes have “benefit type”
and “cost type” indexes, respectively. Therefore, 12 runoff plots are regarded as 12 soil
and water conservation schemes, and the grey relational projection model is used to find
the relative best decision-making scheme among the 12 schemes. In the grey relational
projection model, it is necessary to determine the weighted vector of the index. The analytic
hierarchy process (AHP) can decompose the relevant key index factors according to the
actual problems. By constructing the judgment matrix, the weight of the key factors can
be calculated through the matrix. After the consistency test, it provides an objective and
scientific judgment method for comprehensive decision-making. The judgment matrix
A = (aij)n×n is constructed by using the numbers 1–9 and their reciprocals as the scales
of each criterion layer and index layer. The judgment matrix, ranking calculation, and
consistency test together formulate a persuasive final result that has obvious advantages
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compared with other methods, making this approach more suitable for determining the
weight of the evaluation index of a decision scheme. Test plots P1 to P12 were considered
to correspond to 12 schemes, and the grey correlation projection value of each scheme
was calculated.

The decision matrix is determined as follows. The set of runoff and soil conservation
schemes in the 12 small areas is defined as A. The soil and water conservation index set of
the experimental plot is V. The value matrix Yij of scheme Ai is attributed to evaluation
index Vj:

A = {P1, P2, · · · , P12} (2)

V = {moisture content, in f iltration rate, soil loss rate} (3)

Yij(i = 1, 2 · · · , 12; j = 1, 2, 3) (4)

The optimal scheme of the three indexes is selected, comprising the maximum mois-
ture content, the maximum infiltration rate, and the soil loss rate from the test data. The
optimal residual augmented matrix is formed with the original indicators.

Y =
[
Yij
]
(12+1)×3(i = 0, 1, 2, · · · , 12; j = 1, 2, 3) (5)

The evaluation index is dimensionless, and the initial decision matrix Y′ ij is obtained.

Y′ ij = Yij/Y′0j, i = 0, 1, 2, · · · , 12; j = 1, 2, · · · , 3. (6)

The grey correlation matrix rij is determined, and the coefficient γ is taken as 0.5.

rij =
min

12
min

3

∣∣Y′0j −Y′ ij
∣∣+ γmax

12
max

3

∣∣Y′0j −Y′ ij
∣∣

∣∣Y′0j −Y′ ij
∣∣− γmax

12
max

3

∣∣Y′0j −Y′ ij
∣∣ (7)

The grey relational judgment matrix f composed of rij is established.

Fij =

∣∣∣∣∣∣∣∣∣

F01 F02
F11 F12
...

...

F03
F13
...

F12 1 F12 2 F12 3

∣∣∣∣∣∣∣∣∣
(8)

If the evaluation index of weighted vector W = [W1, W2, W3]
T > 0, the weight is

normalized, and Wj is the grey correlation projection weight vector.

Wj = W2
j/

√√√√
m

∑
j=1

Wj
2,j = 1, 2, 3. (9)

On the basis of Formulas (8) and (9), the grey correlation projection value Dj is calculated.

Dj = FijW j, j = 1, 2, 3. (10)

The larger the projection value Dj of a given test scheme is, the closer the test results
are to the optimal result.

2.5. Analytical Methods

SPSS 22 and Origin 2017 were used for data processing, drawing, and tabulating.
Data points were summarized by calculating the mean and standard deviation. The least-
significant difference (LSD) method of single-factor square analysis (ANOVA) was used to
test the difference in slope water content and sediment loss in different treatment modes
with a significance level of p = 0.05.
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3. Results
3.1. Effects of Biochar on the Natural Moisture Content of the Slope Surface

The basic slope soil physical indicators after biochar application are shown in Table 2.
The saturated water content and field water-holding capacity of the soil were significantly
higher than those of the soil without biochar application and increased as the amount of
biochar applied increased. However, after the first application of biochar and freezing in
winter, during the thawing period in spring, the soil OM content changed slightly.

Table 2. Basic soil physical properties after biochar application.

Biochar Application
Rate (kg m−2)

Saturated Moisture
Content (g kg−1)

Field Water-Holding
Rate (g kg−1)

Dry Weight of Soil
(g cm−3)

Organic Matter (OM)
Content (g kg−1)

0 392.7 ± 9.73 281.7 ± 3.15 1.43 ± 0.015 38.6 ± 0.95
6 487.6 ± 8.58 373.1 ± 6.26 1.35 ± 0.018 39.1 ± 1.36

12 561.2 ± 7.21 426.2 ± 3.86 1.17 ± 0.013 38.8 ± 0.89

Note: The results are presented as the means ± standard deviations (n = 3), and the data in the table were measured before the
simulated rainfall.

As shown in Figure 3, compared with those of the untreated plot (P1), the natural
moisture contents of P2 and P3 were significantly higher at a slope of 1.8◦ (p < 0.05), and the
difference between P2 and P3 was not significant. This result indicated that biochar played
a role in increasing the natural water content on this slope, but the difference between 6 and
12 kg m−2 was not significant. The natural water content of P6 was significantly higher than
that of P4 at a 3.6◦ slope (p < 0.05). The difference in the natural water content of P5 from
those of P4 and P6 was not significant, indicating that only biochar application at 12 kg m−2

played a significant role in increasing the natural water content of soil at a 3.6◦ slope. There
was no significant difference in natural water content between the biochar-treated slopes
at 5.4◦ (P7–P9) and 7.2◦ (P10–P12) and the untreated slopes. The results showed that the
natural water content of the slope at 1.8◦ significantly increased with biochar application.
Only biochar application at 12 kg m−2 on the 3.6◦ slope significantly increased the natural
water content. It may be that the gradients of 5.4 and 7.2◦ were relatively large. Under the
action of gravity, the adsorption of water by the medium and large voids after applying
biochar was insufficient, which led to the movement of water to the bottom of the slope
and the failure to improve the water-holding capacity of the soil.
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letters (a, b) indicate significant differences between treatments at the p < 0.05 level according to the
least-significant difference (LSD) test; ns denotes nonsignificant.

3.2. Effects of Biochar on Rainfall Runoff and Slope Infiltration during the Thawing Period

The runoff and infiltration rates of the slopes are shown in Figure 4. According to
the change in runoff rate, 0–40 min was divided into a nonsteady stage from 0 to 20 min
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and a quasisteady stage from 20 to 40 min. The runoff and infiltration on the slope were
analyzed. Overall, in the 1.8◦ slope test plot, the runoff rate began to increase rapidly in the
nonsteady stage, and the difference between the three treatments was small and gradually
stabilized in the quasisteady stage. In the quasisteady stage, the runoff rate was ranked
P1 > P2 > P3 and decreased with increasing biochar content. The infiltration rate decreased
rapidly in the nonsteady stage. In the quasisteady stage, the average infiltration rate of the
plots treated with 6 and 12 kg m−2 biochar increased by 3.94% and 7.12%, respectively. In
the 3.6◦ test plots, the runoff rates of P4, P5, and P6 were almost the same in the nonsteady
stage. In the quasisteady stage, the runoff rate of P4 continued to increase, exceeded the
runoff rates of P5 and P6, and tended to become stable; the average infiltration rates of the
P5 and P6 plots increased by 6.68% and 11.44%, respectively. Although the runoff rates of
P8 and P9 were less than that of P7 among the 5.4◦ test plots, biochar application had little
effect on the runoff rate at this slope.

1 

 

 

Figure 4. Runoff and infiltration rates of the four slopes from 0 to 40 min.

In the quasisteady stage, the average infiltration rates of P8 and P9 increased by 3.42%
and 5.58%, respectively, compared with that of P7. In the 7.2◦ test plots, the runoff rates of
P11 and P12 decreased significantly compared with that of P10, and the difference between
P11 and P12 was very small. The runoff rates under biochar application at 6 and 12 kg m−2

decreased with the slope. However, the difference between the two biochar treatments was
very small. Compared with that of P10, the average permeation rates of P11 and P12 in the
quasisteady stage increased by 16.97% and 17.38%, respectively.

3.3. Effects of Biochar on the Soil Loss Rate of the Slopes

The soil loss rate (g m−2 min−1) is the mass of sediment lost per unit time and unit
area of soil on a slope under the interaction of rainfall and runoff [64]. The variation in the
soil loss rate with rainfall duration on the four slopes is shown in Figure 5.

Within 0–20 min after the onset of runoff, the soil loss rates of plots P1–P12 rapidly
increased; the soil loss rates tended to become stable from 20 to 40 min. We also found that
in the quasistable stage, the effects of slope and biochar content on the soil loss rate were
significant (p < 0.001), as shown in Table 3.
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Table 3. Average soil loss rate (g m−2 min−1) of the four slopes under the three treatment conditions
in the quasistable stage from 20 to 40 min. n = 4. Values of the soil loss rate followed by different
letters (i.e., a through c and A through D) are significantly different at p < 0.001 according to ANOVA.
Different capital letters in the same row indicate significant differences on different slopes with the
same biochar content (p < 0.001); different lowercase letters in the same column indicate significant
differences in biochar content on the same slope (p < 0.001).

Biochar Content
(kg m−2)

Slope Gradient (◦)

1.8◦ 3.6◦ 5.4◦ 7.2◦

0 1.905 ± 0.068 Da 3.193 ± 0.015 Ca 5.795 ± 0.071 Ba 7.708 ± 0.140 Aa
6 1.465 ± 0.011 Db 2.155 ± 0.015 Cb 3.670 ± 0.088 Bb 5.708 ± 0.112 Ab
12 1.132 ± 0.086 Dc 1.895 ± 0.023 Cc 3.060 ± 0.068 Bc 4.363 ± 0.158 Ac

In the quasistable stage, the soil loss rates under biochar application at different
concentrations were significantly different at the same slope (p < 0.001), the soil loss rates
were significantly lower than those under no treatment at the same slope, and the soil
loss rates under 12 kg m−2 biochar application were less than those under no treatment
or 6 kg m−2 biochar application. Under the same treatment conditions, the soil loss rate
significantly differed among slopes (p < 0.001). Under the same biochar application rate,
the soil loss rate increased with increasing slope.

In the total runoff period from 0 to 40 min, compared with those of P1, the soil loss
rates of P2 and P3 decreased by 21.37% and 32.75%, respectively; at 3.6◦, the soil loss rates
of P5 and P6 were 24.88% and 33.35% lower than that of P4, respectively; and at 7.2◦, the
soil loss rates of P8 and P9 were 31.54% and 41.61% lower than that of P7, and those of P11
and P12 were 25.16% and 40.71% lower than that of P10. According to the above results, the
effect of 6 and 12 kg m−2 biochar application on reducing the soil loss rate first increased
and then decreased with increasing slope gradient. Under these conditions, the rate of
soil loss decreased the most at 5.4◦, by 31.54% and 41.61% for 6 and 12 kg m−2 biochar
applications, respectively. Although there were differences among previous studies in
terms of the amount of biochar applied, soil type, and climatic conditions, similar results in
the literature show that biochar has a significant effect on reducing soil loss on slopes.

3.4. Evaluation of the Soil and Water Conservation Ability of Test Plots P1–P12 Based on the Grey
Relational Projection Model

The weighted values of the three characteristic indexes correspond to eigenvector
values of 0.086, 0.258, and 0.657. The projection values (Dj) of test plots P1–P12 obtained
through the grey relational projection model are shown in Figure 6. The Dj of P3 was
larger than that of P2. The Dj of P2 was larger than that of P1. The Dj under 12 kg m−2

biochar application was higher than that under 6 kg m−2 biochar application for the same
slope. This result was also found in the test plots with slopes of 3.6, 5.4, and 7.2◦. The
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Dj of the biochar-treated test plots was higher than that of the plot with no biochar at the
same slope, and the Dj of the test plot under 12 kg m−2 biochar application was higher
than that of the test plot under 6 kg m−2 biochar application. In other words, biochar can
enhance soil and water conservation on the slope of 1.8–7.2 degrees, and the effect of B12
treatment was the most significant. In addition, the Dj values under 12 kg m−2 biochar
application at 3.6, 5.4, and 7.2◦ were higher than those under no treatment at 1.8, 3.6, and
5.4◦. The results show that biochar application can effectively control soil and water losses
on sloping farmland with gradients between 1.8 and 7.2◦ after freezing and thawing and
that the effect of the biochar application rate on soil and water conservation is consistent in
this gradient range. In the test plots with slopes between 1.8 and 7.2◦, the degree of soil
and water loss after biochar application was less than that in the untreated test plot, but
the loss in the untreated plot was lower at 1.8◦.
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4. Discussion

Usually, the water storage capacity of soil after biochar application increases with
the number of medium and large aggregates and the soil pore size (30–75 µm) [65], and
the pores in biochar itself can also store water. Fu et al. [65] considered that the effect of
the combined application of biochar and freeze–thaw cycling on soil water content was
mainly achieved by reducing the proportion of micropores (<0.3 µm) in the soil layer
and increasing the proportion of medium pores (>30–75 µm). Therefore, under the same
natural conditions, the natural water content of the soil treated with biochar was higher
than that of the untreated soil, and the soil water content at 1.8 and 3.6◦ was significantly
affected by biochar application. However, the two biochar treatments at 5.4 and 7.2◦ had
less of an effect on the soil water content. The soil dry weight decreased as the amount
of applied biochar increased, which is consistent with the effect of biochar on basic soil
physical properties reported by Li et al. [66]. The soil moisture content in the spring
during the thawing period is higher than that of dry unfrozen soil, which is affected by the
melting snow water [67]. Brodowski et al. [68], and Sachdeva et al. [69] believed that the
main mechanism of the bioenhancement of soil OM was that biochar particles are the core
component and are gradually covered by clay, silt, and OM particles. The reason for the
small change in the soil OM content may be because biochar application occurs in autumn,
and the subsequent lower ambient temperature and the freezing effect of winter cause
the biochar to freeze for most of the winter, but measurements were taken in the thawing
period of the freezing and thawing process. As a result, the OM and microorganism
contents in the biochar and soil particles were not fully aggregated in the following spring,
and because the microorganisms in the soil had a low activity for a long time, the rate of

153



Sustainability 2021, 13, 1460

decomposition of animal and plant residues was slow [70], resulting in a very small change
in OM content.

The slope runoff rate is an important factor affecting soil erosion [46]. He et al. [71]
found that when biochar was mixed with soil, the soil intergranular pore space could
increase through the presence of macrovoids in the biochar, thus improving the efficiency
of soil water movement, increasing the soil permeability rate, and reducing the runoff
rate. Liu et al. [72] reported that biochar is an important factor in changing soil properties.
Similar to the results of Jien and Wang [45], Lee et al. [73] and Sadeghi et al. [32], appropriate
biochar application was used to protect the soil surface from scabbing and increase the
seepage rate, thus delaying the runoff generation time and reducing runoff. In this study,
the difference between the two biochar treatments was less than 1%. The results show
that biochar can increase the infiltration rate and reduce rainfall runoff on slopes, which is
similar to the results of Sadeghi et al. [32]. Smetanova et al. [74] showed that 10% biochar
application could increase the soil infiltration rate, reduce runoff events by up to 40%, and
decrease the runoff coefficient by 16%. Bissonnais et al. [75] also found that biochar could
reduce the impact of runoff on slopes and enhance the resistance of soil to raindrop impacts
and runoff scouring. In this study, the runoff rate of the biochar-treated plots was slightly
lower than that of the untreated plots at the same slope, but the differences were less than
those in previous studies due to the limited conditions of the test site, climatic conditions,
and other factors. To ensure a consistent freezing depth, the test utilized limited climatic
and geographical conditions. The effect of biochar on the infiltration rate in this study
may be related to the thawing depth. Therefore, it can be considered that the influence of
biochar on slope runoff is constrained by the amount of biochar applied, the soil type, and
the slope. Similar to the results of this experiment, a previous study found that the effect of
biochar application on slope runoff was not significant in the red soil sloping farmland of
southern China [76]. In contrast, the results of Jien and Wang [45] and Abrol [77] showed
that with an increase in the amount of biochar applied, the control effect on slope runoff
decreased. We speculate that perhaps there were differences in slope and soil texture.

Raindrops detach soil particles, destroy soil structure, and finally increase runoff and
soil erosion [61]. Lee et al. [78] speculated that biochar could stabilize soil aggregates
and form loose biochar–soil mixtures under Coulomb and van der Waals forces; these
mixtures could absorb or buffer the energy of larger raindrops to prevent the separation of
soil particles and soil scabs, thus reducing soil loss. Abrol et al. [77] significantly reduced
soil loss by biochar application. These authors believed that biochar increased the soil
surface roughness and that a large number of biochar particles accumulated on the soil
surface. Greater soil surface roughness will likely interfere with the lateral movement of
separated soil particles in runoff, thus reducing soil transport. Jien and Wang [45] and
Doan et al. [79] found that the application of biochar could reduce the soil loss rate by
15–78%. In our study, soil loss decreased by 21.37–41.61%, similar to the soil loss reduction
reported by Li et al. [46], and biochar application had an obvious effect on reducing soil
erosion. In addition, we found some black biochar particles during the collection of runoff.
We speculate that biochar may migrate upward because higher-density sand particles
displace lower-density biochar particles and that the influence of raindrops helps this
migration. We consider another dynamic mechanism of biochar migration to the upper
soil layer to be buoyancy because of the tar and oil on the biochar surface, as biochar
itself is hydrophobic and its dry density is lower than that of water [80]. It may also be
that the very fine fraction of biochar particles move upward toward the biochar near the
surface and that water can penetrate and fill most of the voids in the soil particles. New
pore spaces in shallow soils are available for deep biochar entry. Some studies have also
found biochar particles in runoff [32], which means that biochar application may need to
be combined with treatment measures such as straw mulching, fertilizer application, or
polyacrylamide treatment to improve the viscosity of biochar and soil particles and avoid
floating after rainfall.
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The soil and water conservation effects of the 6 and 12 kg m−2 biochar treatments
significantly improved in the spring thawing period after the winter freezing period, and
the effect of the 12 kg m−2 biochar treatment was higher than that of the 6 kg m−2 biochar
treatment. This finding is similar to the results of many scientific studies on the influence
of biochar on slope runoff [17,66]. However, the conditions in Abrol et al. [77] and Wei
et al. [80] did not include freeze–thaw effects after biochar treatment, as a result of which
biochar had a lower effect on the slope runoff rate but a similar effect on significantly
reducing the soil loss rate. The soil and water conservation effects of the 6 kg m−2 and
12 kg m−2 biochar treatments were evaluated by the grey relational projection method.
The results showed that biochar treatment could improve the degree of soil and water
conservation, and the effect of the 12 kg m−2 biochar treatment was higher than that of the
6 kg m−2 biochar treatment in the range of 1.8◦ to 7.2◦. Therefore, biochar treatment can
be used as a soil conditioner to improve soil and water conservation in seasonally frozen
soil areas. To further improve the economic efficiency of biochar application, exploring the
most appropriate biochar dosage in different slope ranges should be the focus of research
related to the large-scale application of biochar.

5. Conclusions

Three different proportions of corn straw biochar were used on four different slopes
in a seasonally frozen soil area. The results showed that biochar had a positive effect on the
soil water-holding capacity of the 0–20 cm soil layer on plots with small slopes, which was
beneficial for improving the soil and water conservation effects. However, when the slope
increased, the effect of biochar treatment on the soil water-holding capacity was limited. In
addition, the soil loss rates of the 6 kg m−2 and 12 kg m−2 biochar treatments decreased
significantly in the spring thawing period and increased with increasing biochar content.
The grey correlation results for the effects of biochar on slope soil and water conservation
showed that the effects of the two biochar treatments on soil and water conservation
were better than those of no treatment. The results of the field experiment with seasonal
freezing and thawing show that biochar treatment has a positive effect on reducing the soil
loss rate in seasonally frozen soil areas. For the extensive application of biochar, we also
need to understand the matching of different biochar types and amounts with different
soil types in long-term experiments, and the impact on soil organic matter is also worth
further exploration.
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Abstract: Agricultural production is influenced by the water content in the soil and the availability
of nutrients. Recently, changes in the quantity and seasonal water availability are expected to impact
agriculture due to climate change. This study aimed to test an agricultural product with promising
properties to improve soil quality and water-holding capacity during agricultural application. Most of
the traditional hydrogels are low-biodegradable synthetic materials with under-researched long-term
fate in field soil conditions. The novel, biodegradable hydrogel made from acid whey and cellulose
derivatives cross-linked with citric acid was used. The soil-improving effects were tested under
controlled experimental conditions with the sandy artificial soil consisting of 10% finely ground
sphagnum peat, 20% kaolinite clay, and 70% quartz sand. Soil pH, the content of organic carbon
(Cox), total nitrogen (N), available forms of the essential macronutrients (P, K, Ca, and Mg), the cation
exchange capacity (CEC), the maximum water capacity (MWC) and water holding capacity (WHC)
were determined. The results showed a positive effect on water retention and basic soil properties
after the different levels of hydrogel had been introduced into the soil. Generally, the addition of
whey-based hydrogel increases the available nutrients concentration and water retention in soil.

Keywords: hydrogel; soil quality; chemico-physical properties; sustainability

1. Introduction

The concept of agricultural sustainability spans both a way of thinking as well as of
farming practices towards an environmentally sound, productive, economical, and socially
needed agriculture [1]. The use of absorbent hydrogels in the field of agriculture presents
several benefits for soil—conservation of water, reducing the usage of soil nutrients, and
lowering the negative effects of dehydration and moisture stress in crop plants [2].

Hydrogels are a special part of gels, obtained by the chemical stabilization of hy-
drophilic polymers in a tridimensional network [3], having a remarkable ability to absorb
water [4,5]. They show desirable physical and mechanical properties, and also economical
reasonability in some cases. Polymer technology has provided a massive contribution to
the development of novel cross-linking methods to design hydrogels. Various hydrogel
preparation methods have been published for the formation of materials with various
compositions, structures, and properties [6]. Due to their properties, they have been
widely used in various fields ranging from industry and tissue engineering to pharmacy,
medicine, cosmetics, and grocery [7]. Hydrogels are also widely utilized in forestry [8],
reclamation [9], and agriculture where their good water retention and slow-release capacity
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showed promising results for the improvement of soil properties, reduction of fertilizer
loss [10,11], or ameliorative advance fertilization [3].

An ideal hydrogel/superabsorbent for agricultural or industrial use must meet several
requirements, including high capacity for absorption water and absorption rate, reasonable
economy, stability after swelling and during storage, rewetting capability, and nontox-
icity [12]. Most of the traditional hydrogels on the market are acrylate-based products,
thus low-biodegradable materials with complicated fate in soils [13]. Whilst industrial
utilization may profit from the high stability of (semi)-synthetic hydrogels with an effect of
long service life, the same property may turn undesirable for environmentally friendly use
in agriculture. With regard to the growing attention to environmental issues, biodegrad-
able hydrogels are of particular interest for potential commercial use in agriculture [14].
Hydrogels derived from natural sources offer advantages over synthetic forms, owing to
their biocompatibility, physicochemical, physico-mechanical, and environmentally friendly
properties.

Numerous studies have reported the potential for increasing water retention properties
after the use of synthetic polyacrylicacid [15] and polyacrylamide [16] hydrogel with a
proven large capacity for water retention [8,15]. These acrylate-based products have
been successfully used as soil conditioners to increase water holding capacity or nutrient
retention of soils during practical agricultural testing [17–19].

Recently, various natural ingredients were effectively incorporated into hydrogels
to increase their biocompatibility and biodegradability and resulted in novel hydrogels
for agricultural applications—i.e., biodegradable cellulose-based superabsorbent [3,20,21]
hydrogels based on pectin, cashew gum, starch, Arabic gum [22], kernel gum [23], natural
and semi-synthetic chitosan [12], various proteins, polysaccharides and their combinations
with different cross-linking methods [6], and casein [24]. Nevertheless, the practical
agricultural testing of their behavior under field conditions has been applied to few studies
only. Practical use was presented e.g., by Demitri et al. [20] or Montesano et al. [3] who
conducted pilot studies of the cellulose-based hydrogel with special attention to the changes
in the water absorption capacity of the soil.

Acid whey is a dairy industry waste obtained from cheese production [25] for which
the industry has long tried to find a sustainable utilization [26]. The increased demand for
dairy products creates an excessive supply of acid whey (approximately 9 kg of whey per
kilogram of cheese) that must be either disposed of or repurposed [27]. The worldwide
production of whey is approx. 115 MM tons annually which involves both sweet whey
(pH cca 6.0) with numerous utilizations in the food production and less beneficial acid
whey (pH cca 4.6) [28]. Applying the recent trends toward eliminating waste and keeping
products in circulation, the various ways of acid whey valorization are investigated [29].
The whey is typically compound from proteins, lactose, milk fat, minerals, lactic acids, and
amino acids [30]. The chemical properties of whey give it the potential to be used as a
direct source of nutrients (N, P, K, S, Ca, Na, and Mg) [29,31,32], and as potential biological
fertilizer for plant growth [27,33].

For our experimental testing, acid whey was used as a base together with car-
boxymethylcellulose sodium salt and hydroxyethylcellulose cross-linked with citric acid to
develop novel biodegradable hydrogel with the aim to obtain an effective soil conditioner
with a high swelling capacity enabling optimal conditions to improve the soil quality in
terms of water conservation and nutrients supply. In order to minimize the effects other
than the dose and duration connected to the hydrogel application, the artificial soil was
used as a standard soil medium and reference matrix [34]. Especially, the advantage is that
the natural soil-inherent diversity can be reduced under strictly controlled experimental
conditions of a simple artificial soil system. The artificial soil mixture was prepared with
sandy textures since the sandy soils are highly permeable with poor water retention capac-
ity and nutrient deficiency [35]; hence, suitable candidates to examine the efficacy of the
hydrogel application.
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Since the laboratory characterization of the novel whey/cellulose hydrogel cross-
linked by citric acid showed a decent capacity for water uptake together with desirable
properties of thermal stability and viscoelasticity [36], the objective of this study was to
explore the effects of different soil–hydrogel mixtures on several critical soil parameters
under controlled experimental conditions. The investigated soil parameters were chosen
to cover the basic desirable properties (water retention characteristics), synergic amelio-
rative effects (nutritional status of soil), and the potentially adverse effects (undue pH
drop, excessive mobilization of soil macro-elements). The main aim of this research is
to determine the suitability of whey-based hydrogel for application in agriculture with
benefits for environment and waste management by testing soil quality improvement after
hydrogel application. The purpose of presented research was to prove the synergic effect
of whey-based hydrogel amendment on soil water-holding capacity and the availability of
nutrients under controlled conditions of artificial soil.

2. Materials and Methods
2.1. Hydrogel Preparation and Analysis

Carboxymethylcellulose sodium (Sigma Aldrich No.C5013, St. Louis, MO, USA)
salt and 2-hydroxyethylcellulose (Sigma Aldrich No. 434973) (3%) at a weight ratio of
3:1 were dissolved in the acid whey (a by-product of the milk processing) to yield the
solution for hydrogel preparation. The citric acid in anhydrous form (Lach-Ner, Neratovice,
Czech Republic) was added at concentrations equal to 10% wt as a cross-linking agent.
The hydrogel samples were prepared according to the procedure detailed by Durpekova
et al. [36]. The hydrogel samples were analyzed by accredited methods (Table 1) in the
Research Institute for Soil and Water Conservation.

2.2. Artificial Soil Mixture

Soil composition was fixed by using artificial soil mixtures that cover the typical sandy
soils, which are assumed to preferentially benefit from the hydrogel supplementation. It
reduces both the variability of initial soil physio-chemical properties and the effects of field
management effects of field soils (e.g., possible post-harvest residue input to cropland,
the uncertainties of former fertilizing). The artificial soil (standard soil) was prepared
according to the standard guidelines of ISO 11268-1:2012 [37]. Artificial soil consists of
10% finely ground sphagnum peat, 20% kaolinite clay, and 70% quartz sand. Quartz sand
of 0.05–0.2 mm grain size from Střeleč, kaolinite clay (30% kaolinite) from Sedlec and
commercially available sphagnum peat were used. The individual components were mixed
with an electric mixer, dried spontaneously, and incubated for one month before use.

2.3. Hydrogel Application in a Pot Experiment

A pot experiment was set up with four variants in three replicates: the pure artificial
soil as a control soil, artificial soil mixed with three variants of the hydrogel supply (Figure 1.
Plastic planting containers with a volume equal to 3.2 L were filled with 3.6 kg of artificial
soil with a bulk density of 1.22 g·cm−3. The prepared hydrogel was weighed and mixed
with artificial soil in a particular amount (Figure 1). The soil–hydrogel mixtures were
homogenized in the entire volume and irrigated immediately. Pots were watered with
0.5 L of pure water three times a week for a period of four weeks. Soils were sampled
24 h, 7 days, and over the next 3 weeks after the experimental setup and basic chemical
properties were determined.

Soil samples for physical soil properties were prepared for saturation (part physi-
cal properties). Presented values resulted from six independent measurements for each
variant—i.e., control experiment with pure artificial soil without hydrogel and variants
with a dose escalation of whey-based hydrogel in three soil–hydrogel mixtures.
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2.4. Soil Analysis

The purpose of the analyses was to evaluate the effect of the hydrogel amendment
on the chemical properties of the soil. The analyses were performed in the accredited
laboratory of the Research Institute for Soil and Water Conservation, Prague. The quality
assurance of analytical data is guaranteed by the control process and certified methods of
the analyses. For the soils from experiments, a stable set of chemical soil properties was
determined, as given in Table 1.

2.4.1. Chemical Properties

Soil pH was determined by using the instrumental method [38] for the routine de-
termination of pH using a glass electrode in a 1:5 (volume fraction) suspension of soil
in water (pHH2O); the content of organic carbon by sulfochromic oxidation according to
ISO 14235 [39] and total nitrogen according to ISO 11261 [40] by the modified Kjeldahl
method. The nutritional status of soil was explored using the available forms of the es-
sential macronutrients (P, K, Ca, and Mg) after the common extraction in the Mehlich III
solution [41]. Mehlich III is a weak acid soil extraction used worldwide for extracting
bioavailable nutrients in soils and is standardized as a combination of five reagents at
a dilution ratio of 1:10 (0.2 mol·L−1 glacial acetic acid, 0.25 mol·L−1 ammonium nitrate,
0.015 mol·L−1 ammonium fluoride, 0.013 mol·L−1 nitric acid, and 0.001 mol·L−1 ethylene
diamine tetra acetic acid). The inductively coupled plasma optical emission spectrometry
(ICP-OES) was used to analyze the extractions from the soil samples. As the complementary
soil property for the potential of available nutrients, the cation exchange capacity (CEC) was
measured by a barium chloride solution buffered at pH = 8.1 using triethanolamine [42].

Table 1. Overview of the studied chemical soil properties and used methods.

Method Reference Accuracy (% rel.)

pH Determination of pH ISO 10390 [38] 4–5
C Oxidimetric method ISO 14235 [39] 10–15
N Modified Kjeldahl method ISO 11261 [40] 15–20
P Mehlich III solution Mehlich (1984) [41] 20
K Mehlich III solution Mehlich (1984) [41] 20
Ca Mehlich III solution Mehlich (1984) [41] 20
Mg Mehlich III solution Mehlich (1984) [41] 20

CEC Barium chloride solution ISO 13536 [42] 20
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2.4.2. Soil Physical Properties

In this study, the maximum water capacity (MWC, full water capacity) and water
holding capacity (WHC) were used as indicators for the effectiveness of hydrogel in
improving water availability in soil. The soil hydraulic parameters were measured by the
adjusted instrumental method according to EN 13041:2011 [43], ISO 11508:2017 [44], and
ISO 11272:2017 [45]. The soil–hydrogel mixture was placed into a two-part volumetric
stainless-steel ring. The prepared sample rings were placed into a water bath where the
pure water gradually flowed in until it reached the height of 1 cm below the rims. The
samples were then left to saturate for 24 h. The saturated rings are weighed and then
moved into sand tanks. The sand tanks are the PVC boxes with sealed bottom filled with
multi-layered substrates and equipped with the suction cup with height compensator,
allowing to create a partial vacuum where the negative fluid pressure is set as a function
of the depression of the suction cup. The rings were left for suction for 48 h by the
negative pressure of 1 kPa. After the first suction period, the two-part sample rings were
separated—the upper part is removed and weighed, the lower part was given back into
the sand tank and left for suction for the period of 48 h by the negative pressure of 3 kPa.
After the second suction period, the sample rings were oven-dried at 105 ◦C for the period
until successive weighing agrees to ±0.1 mg.

As soon as the sample rings were proceeded using the described instrumentation and
the measured weights were gathered, the maximum water capacity (MWC) and water
holding capacity (WHC) were calculated from the following equations:

MWC = (M1 − M3)/V1 × 100 (% vol.) (1)

WHC = (M2 − M3)/V1 × 100 (% vol.) (2)

where M1 is the mass of saturated sample including ring (g), M2 is the mass of the sample
after the first suction section (−1 kPa, 48 h), M3 is the mass of the sample with the ring after
the second suction section (−3 kPa, 48 h), and V1 is the measured volume of the steel ring.
The first equation (Equation (1)) targets the soil state when practically all pore spaces are
completely filled with fluid and there is plenty of water available to the crop at saturation.
Only a portion of the available water is easily used by the crop, and hence, the second
equation (Equation (2)) targets the available moisture that a given soil can hold for crop
use. In the field conditions, soil texture and organic matter are the crucial determinants for
soil water holding capacity, while in our artificial soil experiment these factors were fixed;
hence, enabling us to observe the effects of hydrogel addition in various application rates.

2.4.3. Statistical Analysis

Soil samples were assayed in three (chemical properties) and six (physical properties)
replicates for each analysis. The data were subjected to a normality analysis using the
Shapiro–Wilk test. One-way ANOVA was conducted to test the significance of differences
in the soil water characteristics among the different soil–hydrogel mixtures using the
Statistica software (Version 10 for Windows; StatSoft, Inc., Tulsa, OK, USA). Statistical
significance was considered at p < 0.05 unless otherwise stated.

3. Results

The whey-based hydrogel was analytically characterized before the experiment. The
chemical properties of hydrogel and artificial soil are given in Table 2. Measured pHH2O
was 4.17. Since both the initial whey additive and cross-linking agent yielded a low pH, the
possible acidification may be a matter of attention due to several adverse effects of the pH
drop on the availability of soil nutrients, and the toxicity or mobility of soil microelements.
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Table 2. Whey-based hydrogel characteristics.

Hydrogel Characteristics

Properties

pHH2O 4.17
C % 40.1
N % 1.26
P mg·kg−1 6683
K mg·kg−1 13,059
Ca mg·kg−1 6093
Mg mg·kg−1 806

CEC mmol·100 g−1 82.2

Direct chemical extraction of nutrients in whey-based hydrogel showed a shift of chem-
ical composition towards higher contents and availability of three elements (K > P~Ca)
and relative depletion of nitrogen.

The artificial soil is characterized as a sandy soil with a near-neutral pH (pHH2O
was 7.6). Since the quartz sand dominates the artificial soil composition, the soil can be
characterized as poor in nutrients (N, P, K) (Table 3) with a low cation change capacity,
typical for sand-textured soils. Nevertheless, the admixture of sphagnum peat resulted in
an above-average Cox content and relatively higher content of Mg or Ca.

Table 3. Artificial soil characteristic.

Artificial Soil Characteristics

Soil Properties

pHH2O 7.65
Cox % 2.54
N % 0.075
P mg·kg−1 18.0
K mg·kg−1 73.5
Ca mg·kg−1 3204
Mg mg·kg−1 487

CEC mmol·100 g−1 9.35

3.1. Effect of Hydrogel on Chemical Soil Properties

There was observed a trend of pH drop with the changing ratios of soil to hydrogel in
mixtures. Soil pH decreased after hydrogel application from 7.65 to 7.56 (H1) and 7.52 (H3)
in a period of 24 h (Table 4). The lowermost pH was detected after the application of the
H3 dose.

Table 4. pHH2O values.

pHH2O

Variant 24 7 3

AFS control 7.65 7.75 7.62
AFS+H1 7.56 ** 7.73 7.57
AFS+H2 7.67 7.62 7.62
AFS+H3 7.52 ** 7.57 7.51

** mean values significantly different at α = 0.05 compared to control. AFS control—artificial soil, AFS+H1—artificial
soil with 1% of hydrogel, AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—artificial soil with 3% of hydrogel.

The maximum pH drop was 1.7%. The addition of whey hydrogel did not cause
the soil pH to drop to a point that would be injurious to plants. Within 7 days there was
perceptible lower pH in all variants with the hydrogel application but without statistical
significance in the linear model. After 4 weeks after the hydrogel application, differences
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between hydrogel variants and control soil decreased (Figure 2) and soil pH stabilized
again due to the buffering capacity of higher Ca content in both artificial soil and whey-
hydrogel. In the artificial soil, the addition of hydrogel in testing doses did not cause a
long-term decrease of soil pH and did not decline more than 3%.
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Figure 2. The effect of whey hydrogel application on soil pHH2O. AFS control—artificial soil,
AFS+H1—artificial soil with 1% of hydrogel, AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—
artificial soil with 3% of hydrogel, pH24—pH measured after 24 h, pH7—pH measured after 7 days,
pH3—pH measured after next 3 weeks.

The nitrogen content in the artificial soil (control) at the beginning of the experiment
was 755 mg·kg−1. As shown in Table 5, concentrations of this element immediately
increased after the hydrogel addition while the highest content after the addition was found
in the H1 variant. Differences between variants were very low and were not statistically
significant. The nitrogen amount in whey hydrogel was very low and soil nitrogen was not
affected by the hydrogel addition. After 7 days (Figure 3) from the hydrogel application,
the amount of nitrogen further increased, and the highest amount of nitrogen contained
variant with the highest amount of hydrogel. After another three weeks, a decreased
content of nitrogen was found in all variants.

Table 5. Nitrogen, phosphorus, and potassium mean values in variants.

Variant 24 7 3

N

AFS control 755 800 700
AFS+H1 785 805 745
AFS+H2 780 885 670
AFS+H3 760 915 740

P

AFS control 18 17 19
AFS+H1 21 24 27 **
AFS+H2 27 ** 28 ** 29 **
AFS+H3 29 ** 35 ** 44 **

K

AFS control 74 82 72
AFS+H1 102 99 ** 101
AFS+H2 114 ** 114 ** 113 **
AFS+H3 135 ** 140 ** 160 **

** mean values significantly different at α = 0.05 compared to control. AFS control—artificial soil, AFS+H1—artificial
soil with 1% of hydrogel, AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—artificial soil with 3% of
hydrogel, 24—measured after 24 h, 7—measured after 7 days, pH3—measured after next 3 weeks.
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Figure 3. The effect of whey hydrogel application on nitrogen (N) and cation exchange capacity (CEC). AFS control—
artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-artificial soil
with 3% of hydrogel, N 24-N measured after 24 h, N 7-pH measured after 7 days, N 3-N measured after next 3 weeks.

The phosphorus content increased across all the hydrogel variants and sampling peri-
ods. After the hydrogel application, phosphorus increased immediately. The application
of soil mixed with the highest hydrogel ratio (H3) increased phosphorus by about 50%
compared to control, the same rise caused the mixture with the moderate ratio of hydrogel
(H2). Lowest change (16%) was following the application of the soil–hydrogel mixture H1
(Figure 4). Moreover, the available content of phosphorus increased also along the period
of sampling after the application, and especially a boosting effect was the most radical for
the mixture with the highest hydrogel proportion (H3). Nevertheless, major differences
among soil–hydrogel variants were proved statistically significant (Table 5).
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Figure 4. The effect of whey hydrogel application on phosphorus (P) content and cation exchange capacity (CEC). AFS
control-artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-
artificial soil with 3% of hydrogel, P 24-P measured after 24 h, P 7-P measured after 7 days, P 3-P measured after next
3 weeks.

Potassium showed a similar trend of rapid increase similar to phosphorus after the
hydrogel application. Application of whey hydrogel in the lowest soil–hydrogel proportion
(H1) caused an increase by about 39%, and with the increasing proportion of hydrogel
to soil in the mixture, the relative enrichment of K increased up to 55% (the middle soil–
hydrogel proportion—H2), resp. 84% (H3 variant). Similar to P, the ameliorative effects
of hydrogel application were temporally for K contents. In the contrary, the K contents
remained stable for variants with lower proportions of hydrogel to soil (H1, H2 variants)

166



Sustainability 2021, 13, 10701

(Figure 5). The K content significantly exceeded the control variant (up to 122%) after the
addition of the highest dose of hydrogel (H3). Significant differences in K contents among
the soil–hydrogel variants were found using one-way ANOVA (Table 5).
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Figure 5. The effect of whey hydrogel application on potassium content in soil and cation exchange capacity. AFS control-
artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-artificial soil
with 3% of hydrogel, K 24-K measured after 24 h, K 7-K measured after 7 days, K 3-K measured after next 3 weeks.

Generally, the results showed the gradual increase of nutrients’ available pools with
the changing hydrogel dose. As shown in Figures 3–5, along with the nutrients’ level,
cation exchange capacity (CEC) also significantly changed after hydrogel addition. Since
the cation exchange capacity measured by a pH 8.1 buffered barium chloride solution
usually shows a decent correlation with exchangeable cations in soil samples, there was
observed a similar dose gradient of CEC for various soil–hydrogel mixtures. Differences
in soil CEC between control and hydrogel application were found evident soon after the
application of the H3 dose into artificial soil and then remained relatively stable during the
consecutive sampling periods.

The contents of available calcium and magnesium were also determined (Figure 6).
In both cases, there was an immediate decline in the available nutrients’ pools. After the
application of hydrogel, the lowest values were determined after the application of the
H3 dose in the first sampling period (24 h). The relative decrease of available Ca pools
was proportional to the hydrogel dose in the mixture and decreased from 5.5% for the low
dose (H1) up to 9 resp. 14% for higher hydrogel doses (H2 resp. H3 dose). During the
consecutive sampling periods, differences between soil–hydrogel variants and the control
soil were still considerable while differences among particular soil–hydrogel variants were
low. A similar trend was found in the case of magnesium, for which the hydrogel dose
gradient in various soil–hydrogel mixtures resulted in an immediate decline by about 5,
10, and 16%. These results confirmed the crucial role of soluble Ca, Mg for buffering the
hydrogel-induced acidification of soil. Since the experimental artificial soil was relatively
rich in Ca and Mg, the soil pH changes were controlled by their pools. The question about
the soil acidification issues remains open for soils with very poor pH buffering capacity.

3.2. Effect of Hydrogel on Physical Soil Properties

In general, the determination of the physical properties of disturbed soils showed
that the hydrogel additions increased the water retention properties in untreated soil
(Figures 7 and 8); hence, the lowermost measured values for maximum water capacity
(MWC, water field capacity, soil saturation) and water holding capacity (WHC) were
mostly detected in control soils without the application of hydrogel. MWC values range
from 44.94% (control) up to 46.75% (H2), 47.67 (H2), and 49.95% (H3). In sandy artificial
soil, the addition of 1% hydrogel (H1) increased maximum water capacity by 4%, compared
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with untreated artificial soil (Figure 7). Amendment of 2% hydrogel (H2) had an increase
of 6% compared to the control. Amending artificial soil by 3% of hydrogel (H3) led to
an increase of maximum water capacity by about 11%. Differences between single doses
of hydrogel were not statistically proved and the highest influence on maximum water
capacity was found after H3 dose application into artificial soil. Statistically proved was
the difference between artificial soil (control variant without hydrogel application) and
artificial soil with 3% of whey–hydrogel.
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Figure 6. The effect of whey hydrogel application on calcium (Ca) and magnesium (Mg) content in soil. AFS control-artificial
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Figure 8. Water holding capacity of single hydrogel variant, control and different doses of hydrogel,
results of ANOVA. AFSC—artificial soil (control), AFS+H1—artificial soil with 1% of hydrogel,
AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—artificial soil with 3% of hydrogel.

Water holding capacity—available water-holding capacity is a key attribute, as it
quantifies the amount of water available for plants. Water retention in the soil is strongly
influenced by the soil composition, as well as the practices of soil use. The sandy artificial
soil used for our experiment dispose of 36.66% WHC. As in the case of maximum water
capacity, values of water holding capacity escalated from control variant up to variants
amended with increasing doses of hydrogel (from 40.19%, 41.03%, up to 42.21%). Our
results (Figure 8) showed an unequivocally positive effect of whey-based hydrogel on WHC.
The addition of 1% of hydrogel into the artificial soil increased WHC by 10% compared to
control soil. Under higher hydrogel doses (H1 resp. H2 dose), the water holding capacity
was measured at the level of 112 resp. 115% of the untreated variant. The mean WHC for
various experimental variants were proved to significantly differ at the significance level
α = 0.05. Statistically proved differences were between artificial soil (control variant) and
all variants with hydrogel amendment and between variants with 1% of hydrogel and 3%
of hydrogel.

4. Discussion

Synthetic hydrogels based on acrylates and acrylamides demonstrate high mechanical
strength and the potential to absorb large amounts of water [46]. Due to the problem
of their lower biodegradability, alternative (semi)natural biopolymers, such as alginate,
agar, cellulose, chitosan, and starch, have been attempted to replace them [3,12,20–23]. In
spite there are plenty of hydrogel formulations developed in laboratory conditions, only
a few materials meet the requirements for effective and safe agricultural utilizations i.e.,
simultaneous nontoxicity and biodegradability with favorable properties for application
(efficiency, applicability in field conditions) [47].

Several different polysaccharides have been used to prepare hydrogels as slow-release
fertilizer hydrogels with both water retention and slow-release properties [22,48]. Although
biopolymers could be used as macro- and micro-elements carriers for fertilization [46], our
research aimed to test the straight use of whey-based hydrogel as nutrients’ source for soil
amelioration.

Often, the hydrogel in different forms (granular, particle) is mixed with soil at the 0.1%
concentration ratio [21]. Miller and Naeth [9] tested the applicability of various doses—i.e.,
recommended dose (488 kg·ha−1), under- (one-half), and over-dosed (double) application
of a synthetic acrylic hydrogel cross-linked with polyacrylamide for reclamation of mine-
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impacted soils. They concluded a high effect of applied co-substrates for creating hydrogel-
amended soil substrates for reclamation. Similar to our results, the effects of hydrogel
addition led to initial high effects with application rate dependency on water retention
that faded away with time from the application. Concerning the polyacrylate hydrogel,
the common concentration ratios range between 0.1 and 0.4% [49,50]. When combining
chitosan with polyacrylamide hydrogel, Ritonga et al. [51] used the application rate of
0.1% for soil testing. During our study, the application rates were set to 1, 2, and 3% of
whey-based hydrogel tally with amounts of cellulose-based hydrogels used for agricultural
purposes [3,20]. Song et al. [52] applied 0.375, 0.650, and 0.975% of lignosulfonate and
sodium alginate hydrogel to optimize the soil available water content for tobacco crop
grown in loess soils under drought experimental conditions.

Since the acid whey was the source material for the synthesis of hydrogel, and pH was
recognized as one of the most important factors that control the healthy plant, the direct
sequential measurements of pH changes were conducted after certain time intervals. Whey
source as a mild acid suspension with typical solids concentrations near 8% has a high
content of soluble salts (including Ca, Na, and K salts), and hence, its direct application into
soil decreased soil pH and increases Ca solubility [53]. The mild acidity of whey usually
resulted in soil pH drop by neutralizing soil solution (bi)carbonates and consequently,
increased the solubility of calcium carbonates [54]. Long-term practicing of the land
disposal of acid whey in the field conditions, the benefits of direct whey application were
demonstrated for various soil-crop systems in Scotland [55], New Zealand [56], or the
US [31,32,57]. The pH changes may temporally reach a range of 2 pH units (depending
on application rate, original soil pH, and soil type) [58]. Especially for acid soils, the
pH drop may temporally reach the point beyond the optimal range for crop production.
On the contrary, the land-disposed whey rendered decent plant nutrition for crops on
calcareous soils in the 7.6 to 8.8 pH range under irrigation in an arid climate [54,59]. The
pH drop may impact early plant development, and hence, it is recommended to postpone
planting of sensitive crops to a few days later after whey application to eliminate soil
acidity effect on germination. Analyzing the germination capacity of seeds and plant
growth of three crops (soya, maize, broccoli), Grosu et al. [33] proved an inhibitory effect
of whey over the germination process while the positive influence of whey addition on
plants growth in the later development phase in a pot experiment. After the experimental
synthesis of whey-based hydrogel, pHH2O remained very low (4.17), i.e., with acidification
risk. Similar to previous studies, pH swing was observed in our experiment—i.e., pH
dropped immediately after the whey-based hydrogel application and steadied near the
initial value in the consequent sampling periods. The pH change remained below one pH
unit, probably because of a high Ca-content in the solution. Concerning the acidification
issue, care should be taken to avoid potential mobilization of soil contamination in acid
soils with enhanced contents of pH sensitive trace elements (Cu, Zn, Ni). Trace element
concentrations (Al, Cu, Zn, Mn, and Cr) are typically low in whey [31], and hence, the
soil application should be proceeded with caution to trace elements in target soils. The
temporal pH swing effect together with the ability to stimulate plant growth promotes
open possibilities of using whey-based hydrogels as co-substrates for phytoremediation
purposes. Also, the positive microbial biomass stimulation of whey makes it a candidate
substrate for appropriate in situ bioremediation of different compounds [60]. The pH
swing remains also very important because a significant effect of pH on the swelling ratio
of natural-based hydrogels was observed under laboratory [36] and field conditions [20].

The nutritional benefits and feasibility of direct land disposal of whey were practically
verified [32]. Land application of fresh acid whey does not present an odor issue, but it may
turn problematic with time in storage and when co-stored with manure [58]. Considering
that utilization of many soil conditioners is limited to seasonal application conditions,
preparing stable whey-based hydrogel seems worth the effort. Especially when the nu-
tritional benefits of whey are retained, as was shown in our experimental study with the
artificial soil (Figures 3–6). Levels of nutrients in whey-based hydrogel during our experi-
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ment showed a shift of chemical composition towards higher contents and availability of
three elements (K > P ~ Ca). On the contrary, the results showed hydrogel relative depletion
in nitrogen. However, more detailed research on the chemical composition of whey-based
hydrogel from multiple sources of acid whey is required because the simultaneous ratios
of macro elements play a crucial role when considering the synergic ameliorative effects
of the application of whey-based hydrogels. The typical feature of whey’s composition
is an elevated proportion of P and K. The initial composition of acid whey follows the
technological process of milk processing—especially Ca variability in whey from the cheese
production (Ca-bond with casein within cheese leading to depletion of Ca in whey) and
curd cheese processing (in-soluble Ca-salts enriched the acid whey). Since the nutrient
equilibrium is shifted towards K, Ca, and P, the ameliorative effects rather trend to nutrition
in K-deficit soils and targeting the situation where the optimal root growth is desirable. In
soils with low sorption, K may be extensively pumped off from soils by plants, especially
due to high demands of several crops. This process may be enhanced by the seasonal
water deficit, and hence, the synergic effects of increasing water availability and K sup-
plementation after hydrogel application may be worth considering. The direct positive
nutritional effects were observed for various (semi)natural hydrogels [51] or there were
observed the combined effects of hydrogel mixtures with different types of fertilizers based
on the traditional NPK [61]. Konzen et al. [61] promoted a positive effect on the growth of
Mimosa scabrella seedlings after application of combined hydrogel mixture, probably by
retaining more water and enabling increased nutrient absorption. In our experiments, we
tested both the ability to improve the soil water storing and fertilizing effects under various
application rates of hydrogel. Similarly, the chitosan-coated three-layer compound fertilizer
prepared from granular NPK coated with chitosan and poly(acrylic acid-co-acrylamide)
superabsorbent polymer was used by Wu and Liu [62] and they proved well-controlled re-
lease effect and quantitatively described the slow-release mechanism of nutrients. Another
multilayer-coated compound fertilizer prepared from NPK granules, polyvinyl alcohol,
and chitosan was prepared by Noppakundilograt et al. [63] and they demonstrated in-
creased release of nitrogen, phosphorus, and potassium nutrients. Our results showed
similar trends as presented by Rittonga et al. [51] who observed significant changes in
cation exchange capacity, levels of nitrogen, phosphorus, and potassium in the soil after
introducing hydrogel synthetized by copolymerization of chitosan-TiO2 composite with
polyacrylamide. Various application rates of hydrogel addition led to the differences in soil
CEC among variants and in comparison to the control variant with the peak differences up
to 38% for the hydrogel-rich mixture. Our results showed that the high application rate
(H3 variant) increased immediately CEC by 10% and then remained stable for the duration
of the experimental observation of the soil–hydrogel mixture. The differences among CEC
values after three hydrogel application rates were not proved statistically significant at
α = 0.05.

Concerning the potential of whey-based hydrogels to increase the efficiency of water
use in soils, synthetic hydrogels proved to be more efficient even under lower doses
necessary for water storage increase. Abdallah et al. [64] reported that an amendment of
the sandy soil with 0.3% of fine-grained polyacrylamide hydrogel significantly increased
the available water capacity. Agaba et al. [49] tested 0.2, and 0.4% w/w polyacrylate
hydrogel for its utilization for improving plant available water by an empirical estimation
of the water content as the initial and terminal weights of pots in a tree survival study
under experimentally induced drought conditions. They found that the addition of either
0.2 or 0.4% hydrogel to the five soil types, prolonged tree survival under water stress
compared to the control variants. The higher hydrogel efficiency was observed for the
sandy soils compared to loamy and clay soils. Johnson [65] denoted that the addition of
super absorbent polymer hydrogel at the dose of 2 g·kg−1 improved the water holding
capacity of sand from 171% up to 402%. Similarly, Abedi-Koupai et al. [66] proved the
effect of hydrogel treatment in the sequence clay < loamy soil < sandy loam soil. On the
contrary, Akhter et al. [50] found no significant differences in the amount of plant-available
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water between loam and sandy loam soil treated with a polyacrylamide–acrylate hydrogel
at three application rates (0.1, 0.2, and 0.3%). The experimental results generally showed
that well-drained soils (sandy loams, loams) are preferable for hydrogel treatment.

Compared to polyacrylic-based hydrogels, the natural-based hydrogels usually showed
a lower yet significant effect on water retention in soil. Song et al. [52] showed that the
addition of lignin/sodium alginate hydrogel can increase the maximum water holding
capacity of soil with varying intensity from the initial 52.66% up to 55.64%, 58.69% resp.
61.63% following the hydrogel composition (0.375%, 0.650%, resp. 0.975% hydrogel). The
whey-based hydrogel used in our study increased maximum water holding capacity from
the initial of 44.94% up to 46.75%, 47.67%, and 49.95% following the application rate of
hydrogel—1, 2 resp. 3% hydrogel. Despite using different methods for establishing the
effects of hydrogel on the soil water holding capacity, Montesano et al. [3] observed the
water retention increase depending on the application rate of cellulose-based hydrogel (0.5,
1, and 2%). The same amounts of hydrogel from cellulose derivatives of pharmaceutical
grade were used by Demitri (2013) [20]. The use of this hydrogel as water reservoir for
the cultivation of vegetables was found to be extremely advantageous for release of water
to the soil. The reason for divergences between various types of biodegradable hydrogel
could be due to the differences in the macromolecular design of the different gels [49]. Nev-
ertheless, the acrylic hydrogels are macromolecule composites with higher compression
strength, which may determine their higher absorption characteristics in comparison to
natural-based materials [67]. Since the novel whey-based hydrogel belongs to biodegrad-
able composites with lower compression strength, the water-holding characteristics were
measured relatively lower in comparison to the reported efficiency of synthetic hydrogels.
According to the chemical compositions, whey-based hydrogels are expected to be higher
biodegradable in comparison to synthetic super absorbents, but further investigations
should be performed to assess the hydrogel degradation chemistry and kinetics in the soil
under various conditions, as well as to evaluate the optimal hydrogel amount to be used for
the cultivation of different plant species. Also, there is still a need for some technological
solutions for the hydrogel delivery systems for broad field applications.

5. Conclusions

Sustainable agriculture strives to develop cropping systems where the soil sustains
the plant productivity for population needs as well as preserves healthy status. Moreover,
sustainable development generally turns the economy from linear to circular production,
and hence, the efficient solution for eliminating waste and keeping products in circulation
has also been developed in crop sciences. The crop vitality highly depends on both
water availability and soil nutrition status. Our results showed the perspective of whey-
based hydrogel for practical use in agriculture because the natural nutritional benefits of
agricultural utilization of whey are enhanced by water retention abilities via the chemical
cross-link of whey with citric acid. In the artificial soil experiment, the positive effects of
1%, 2%, and 3% hydrogel addition on both water-holding properties and the temporal
availability of nutrients were determined. The results show a clear influence of the whey
hydrogel in increasing the water holding capacity with a maximum increase of 15%. At the
same time, no adverse side-effects for basic soil properties were observed after different
levels of hydrogel had been introduced into the artificial soil. The application of 3% whey-
based hydrogel during our experiment increased the available level of phosphorus and
potassium up to 50 and 84%, and the nutritional value of whey-based hydrogel with
significant effects on elemental compositions may be beneficial during the critical phases
in the early crop growth in both agriculture and forestry.
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Abstract: The extraction of coalbed methane produces a significant amount of coalbed methane
co-produced water (CBMW). Coalbed methane co-produced water is often characterized by high
levels of pH, total dissolved solids (TDS), sodium (Na) and bicarbonate (HCO−3) and if used for
irrigation without treatment, it may be detrimental to the surrounding soil, plants and environment.
CBMW ideally should be disposed of by reinjection into the ground, but because of the significant cost
associated, CBMW is commonly discharged onto soil or water surfaces. This study was conducted
to elucidate the effect of the CBMW (with TDS value of <1500 ppm) at various blending ratios
with fresh water on the yield and quality of representative forage crops [i.e., oat (Avena sativa) and
alfalfa (Medicago sativa)]. Various blends of CBMW with fresh water reduced fresh and dry weight
of alfalfa by 21.5–32% and 13–30%, respectively, and fresh and dry weight of oat by 0–17% and
0–14%, respectively. Irrigation with various blends of CBMW and fresh water increased soil pH and
soil sodium adsorption ratio. However, forage quality parameters such as crude protein (CP), acid
detergent fiber (ADF), neutral detergent fiber (NDF), total digestible nutrients (TDN) and relative
feed value (RFV) of both forage crops remained unaffected.

Keywords: sodium adsorption ratio; relative feed value, forage nutritive value; oat; alfalfa; forage
crops; alternative water source

1. Introduction

Coalbed methane is a natural gas produced in underground coal seams through a
biogeophysical process and is subsequently extracted by pumping water through the
seams. Pumping of water lowers the pressure in the seam to release trapped methane, this
gas then moves towards the surface and is collected by a separation technique [1,2]. The
resulting pumped water, called coalbed methane co-produced water (CBMW), is a major
byproduct of coalbed methane extraction. This discharged water typically has high pH,
contains elevated concentrations of sodium (Na), bicarbonates (HCO3) and total dissolved
solids (TDS) and also has a high sodium adsorption ratio (SAR). Trace amounts of barium
(Ba), boron (B), sulfate, calcium (Ca), chlorine (Cl), magnesium (Mg) and potassium (K)
can also be detected in this water [2–4]. Nonetheless, concentrations of the constituents,
as mentioned above, vary by wells and locations [2]. Water with a high level of those
substances can be detrimental to the soil, plants and the environment.

Coalbed methane production is rising globally and the U.S has the largest coal reserves
in the world [5]. In 2017, the U.S. produced approximately 27.8 billion m3 of coalbed
methane that will likely continue in the future as the U.S. hold 3.4 trillion m3 of economically
recoverable coalbed methane reserves [6,7]. In the same year, the production of CBMW
was estimated to be somewhere from 77 to 428 million m3 [7,8]. The state of Wyoming has
the highest water to gas discharge ratio for coalbed methane extraction compared to other
wells in the U.S. and thus, produce a significant amount of CBMW [7,8]. The best method
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to dispose CBMW is through reinjection into the ground. However, the cost associated
with this method of disposal is very high; therefore, the Environmental Protection Agency
(EPA) has relaxed its guidelines for CBMW disposal [9], leading to CBMW being disposed
of on soil or surface waters.

Arid zones are in dire need of continuous fresh water supply for irrigation during the
production season. In the U.S., even if the arid states have enough freshwater resources,
existing water laws of interstate stream agreements do not allow that state to use its water
resources completely. Instead, it has to provide a certain amount of water to other nearby
states. Hence, states such as Wyoming experience freshwater shortages [10–12]. To address
freshwater shortages and to increase the use of alternative water sources, good quality
CBMW could potentially be used for the irrigation of forage crops [13]. However, studies
on exploring the use of CBMW for irrigation of forage crops are limited. In some of the
few related studies, irrigation with a mixture of CBMW and fresh water in specific ratios
was found to be as equally effective as irrigation with tap water alone [14,15]. In addition,
irrigation of dill (Anethum graveolens) with different ratios of CBMW and fresh water did
not affect plant height and plant weight [16]. Thus, there remains the possibility of using
CBMW as a source of irrigation for forages.

The majority of farmers in Wyoming grow forages; the state produced approximately
2.5 million tons of hay (forage) in 2017, of which 63.5% was alfalfa [17]. According to a
six-year report (2003–2008), a 50% decrease in the yield of alfalfa was observed on non-
irrigated land compared to irrigated land [18]. Alfalfa and oat both can tolerate moderate
salinity. Alfalfa can also tolerate sodicity, while oat is semi-tolerant to sodicity [19,20]
and these are usually considered representative forage crops. Hence, these forage crops
make good candidates for production in saline-sodic soil. If irrigation with CBMW alone
or at various blend ratios with fresh water can sustain forage yield and quality without
impairing soil characteristics, CBMW disposal as irrigation can be well justified. In addition,
CBMW produced in the state of Wyoming is of better quality compared to the national
average, with TDS value of <1500 ppm and pH value of <8.9 [2]. Therefore, we conducted
a greenhouse study to explore the use of CBMW at various blend ratios with fresh water on
oat and alfalfa. Fresh water in our study refers to potable water supplied by the Sheridan
municipal water plant. The objective of this study was to determine the effects of CBMW
irrigation treatments on yield and quality of those forage crop, while also outlining changes
in soil characteristics.

2. Materials and Methods
2.1. Plant Materials and Growing Conditions

This experiment was conducted at the University of Wyoming’s Sheridan Research
and Extension Center in Sheridan, Wyoming, from 3 October 2014 to 10 March 2015.
Coalbed methane co-produced water used in this study was hauled each week from
BeneTerra LLC in Sheridan, WY, USA. The quality of CBMW was analyzed and the results
are presented in Table 1. Alfalfa and oat were grown in a greenhouse, which allowed us to
control external conditions and make precise treatment applications. The temperature in
the greenhouse was set to 26 ◦C during the day and 18 ◦C during the night. The relative
humidity ranged from 50 to 60%. These are the optimal growth conditions for both oat
and alfalfa [21–23]. Cultivar (cv.) Monida of oat (Avena sativa) and cv. WL363HQ of
alfalfa (Medicago sativa) were used in this study. Certified seeds were obtained from the
Sheridan Research and Extension Center and sowed (1.2 cm deep) in plastic containers
(11.4 L volume, 25 cm deep and 28 cm diameter) on 3 October 2014 and left to germinate.
Germination percentage for oat and alfalfa was 92 and 90, respectively. A Hargreave–
Moskee sandy loam was used in this container study, as described in Web Soil Survey [24]
Each container was filled with 10 kg of clay loam soil that was high in organic matter
(Table 2). Soil was homogenized by digging 15 cm top layer of a field soil and then mixing
the soil before filling in the pots. The experiment was carried out in six replications without
initial fertilization. On 10 December 2014, 5 g of 20:20:20 general-purpose fertilizer (Jack’s
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Professional, JR Peters. Inc, Allentown, PA, USA) was applied to both crops mixed with
irrigation water. An additional 5 g of fertilizer/pot application applied on 15 January
2015 for alfalfa only. Before complete germination and emergence, irrigation was carried
out manually by pouring 600 mL of fresh water into each pot every three days until
13 October 2014. Complete emergence of the oat and alfalfa was observed on 13 October
2014 after which the irrigation treatment was started. The irrigation treatments contained
the following mixture of CBMW and fresh water: 0% CBMW (fresh water only); 25%
CBMW (25% CBMW and 75% fresh water); 50% CBMW (50% CBMW and 50% fresh water);
75% CBMW (75% CBMW and 25% fresh water); and 100% CBMW. Each pot received a
300 mL aliquot of either 0, 25, 50, 75 or 100% CBMW that was hand-applied every day with
few adjustments in water usage based on sunny and cloudy days. Plants in each pot were
thinned to 12 plants per container on 31 October 2014 and pots were frequently moved
around the greenhouse to maintain uniformity and randomization.

Table 1. Properties of pure coal bed methane co-produced water (CBMW) and fresh water used in greenhouse study at
Sheridan, WY, USA, for irrigating oat and alfalfa.

General Parameters CBMW Fresh Water Units Method Used

pH 8.83 7.8 s.u. SM 4500 H B
Electrical Conductivity 2.1 0.2 dS/m SM 2510B

Total Dissolved Solids (180) 1300 77 mg/L SM 2540
Alkalinity, Total (As CaCO3) 1193 28 mg/L SM 2320B

Hardness, Calcium/Magnesium (As
CaCO3) 16.3 28 mg/L SM 2340B

Nitrogen, Ammonia (As N) ND NA mg/L EPA 350.1
Sodium Adsorption Ratio 59.8 1.2 Calculation

Anions
Alkalinity, Bicarbonate as HCO3 1280 34 mg/L SM 2320B

Alkalinity, Carbonate as CO3 86 NA mg/L SM 2320B
Chloride 7 17 mg/L EPA 300.0

Nitrate+Nitrite as N ND ANC mg/L EPA 300.0
Sulfate ND 9 mg/L EPA 300.0
Cations
Calcium 4 8 mg/L EPA 200.7

Magnesium 1.3 2 mg/L EPA 200.7
Sodium 555 14 mg/L EPA 200.7

Cation/Anion-Milliequivalents
Bicarbonate as HCO3 21 ANC meq/L SM 1030E

Carbonate as CO3 2.873 ANC meq/L SM 1030E
Hydroxide as OH ND ANC meq/L SM 1030E

Chloride 0.196 ANC meq/L SM 1030E
Fluoride ND 0.7 meq/L SM 1030E

Nitrate + Nitrite as N ND ANC meq/L SM 1030E
Sulfate ND ANC meq/L SM 1030E

Calcium 0.19 ANC meq/L SM 1030E
Magnesium 0.12 ANC meq/L SM 1030E

Sodium 24.2 ANC meq/L SM 1030E
Cation/Anion Balance

Cation Sum 24.5 ANC meq/L SM 1030E
Anion Sum 24.1 ANC meq/L SM 1030E

Cation-Anion Balance 0.87 ANC % SM 1030E
Radiochemistry

Radium 226 (Dissolved) 0.3 ± 0.2 ANC pCi/L SM 7500-Ra B
Dissolved Metals

Aluminum ND ANC mg/L EPA 200.7
Antimony ND ANC mg/L EPA 200.8

Arsenic ND ANC mg/L EPA 200.8
Barium 0.33 ANC mg/L EPA 200.8

Beryllium ND ANC mg/L EPA 200.7
Boron 0.2 ANC mg/L EPA 200.7

Cadmium ND ANC mg/L EPA 200.8
Chromium ND ANC mg/L EPA 200.7

Copper ND 0.27 mg/L EPA 200.8
Iron ND ANC mg/L EPA 200.7
Lead ND ANC mg/L EPA 200.8

Manganese ND ANC mg/L EPA 200.7

179



Sustainability 2021, 13, 3545

Table 1. Cont.

General Parameters CBMW Fresh Water Units Method Used

Mercury ND ANC mg/L EPA 245.1
Nickel ND ANC mg/L EPA 200.7

Phosphorus ND ANC mg/L EPA 200.7
Selenium ND ANC mg/L EPA 200.8

Zinc ND ANC mg/L EPA 200.7

ND = Not Detected, ANC = Analysis not conducted.

Table 2. pH, organic matter (OM), electrical conductivity (EC), sodium adsorption ratio (SAR),
potassium, calcium, magnesium and sodium concentration of soil used for alfalfa and oat study.

pH OM EC SAR Potassium Calcium Magnesium Sodium

% (dS/m) ————————- ppm ——————–
7.6 4.36 3.74 0.4 799 2667 770 92

2.2. Harvesting and Drying

Crops were harvested at commercial maturity; oat was harvested once on 30 Novem-
ber 2014 and alfalfa thrice on 7 January 2015, 5 February 2015 and on 10 March 2015. Alfalfa
was harvested when 10–15% of the plants started flowering and oat was harvested at the
early milk stage, as these stages are optimal harvesting stage for highest forage nutritive
value [25,26]. Crops were hand harvested with clippers at 5-6 cm above the soil surface
and fresh weights were recorded immediately. Both crops were then packed in paper bags
and dried in an oven for 24 h at 65 ◦C to determine dry weight. Samples were then sent to
commercial, National Forage Testing Association (NFTA), certified Laboratory (American
Agricultural Laboratory, Inc, McCook, NE, USA) for analysis of forage nutritive value.
All the nutritive values parameters were determined on dry matter. For alfalfa, only the
final harvest samples were sent for analysis of forage nutritive value. After completion of
the study, soil samples from the top 15 cm were also sent to the National Forage Testing
Association (NFTA) certified Laboratory (American Agricultural Laboratory, Inc., McCook
NE, http://www.olsenlab.com/ accessed on 18 March 2021) for analysis.

2.3. Statistical Analysis

The study involved five different CBMW treatments with six replications per treatment
and two crop types. All plants were randomly arranged in the greenhouse. A two-factor
factorial analysis of variance was performed for CBMW treatments, crop types and CBMW
x crop interaction. Coalbed methane co-produced water treatments, crop types and CBMW
x crop interaction were significant (p-value < 0.05) for pH, Na, SAR, total fresh weight
and total dry weight. Hence, separate statistical analyses were performed by plant types
using the one-way analysis of variance. Forage nutrient quality parameters only differed
by plant type (p-value < 0.05), hence, all those parameters were pooled for various CBMW
treatments. All the statistical analysis were conducted in JMP®, Version 14.0.0 (SAS Institute
Inc., Cary, NC, USA). Post-hoc mean comparisons were performed using the Fisher’s least
significant difference test at p-value < 0.05. Regression analysis was performed on data for
fresh and dry weight. Models were verified by checking scatter plots of residuals. Both
fresh and dry weight of alfalfa followed quadratic regression model while fresh and dry
weight of oat followed simple linear model.

Y = a + bX (Linear model); Oat

where Y is either the fresh weight or dry weight of oat, a is the intercept at Y axis, b is the
slope of the line and X is the percentage of CBMW.

Y = a + b1X + b2X2 (Quadratic model); Alfalfa
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where Y is either the fresh weight or dry weight of alfalfa, a is the intercept at Y axis, b1
and b2 are the slope of the curve and X is the percentage of CBMW.

3. Results
3.1. Alfalfa Yield and Quality

The application of CBMW reduced fresh weight and dry weight of alfalfa, while its
forage quality remained unchanged. Alfalfa was harvested three times and the combined
fresh weight and dry weight for all three harvests were highest (102.2 g and 22.9 g per pot,
respectively) at the 0% CBMW treatment and lowest (67.9 g and 16.5 g per pot, respectively)
with the 100% CBMW treatment (Figure 1). Both fresh weight and dry weight gradually
decreased with increasing levels of CBMW treatment until 50% CBMW treatment and
then plateaued. Coalbed methane co-produced water treatments did not alter forage
characteristics such as crude protein, acid detergent fiber, neutral detergent fiber, total
digestible nutrients, net energy for maintenance, net energy for lactation, net energy gain
and relative feed value (Table 3).
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Figure 1. Mean of total fresh weight and dry weight of alfalfa (Medicago sativa) for six replicates
irrigated with various percentages of coalbed methane co-produced water (CBMW). Standard errors
of each mean are drawn as capped lines extended vertically from each mean. Irrigation treatments
contained the following mixture of CBMW and fresh water: 0% CBMW (fresh water only); 25%
CBMW (25% CBMW and 75% fresh water); 50% CBMW (50% CBMW and 50% fresh water); 75%
CBMW (75% CBMW and 25% fresh water); and 100% CBMW. Plants received CBMW treatments for
150 days. Both fresh weight (r-square = 0.54) and dry weight (r-square = 0.55) followed quadratic
regression curve with p-value of <0.0001. Y = 100.3 − 0.085x + 0.0055X2 and Y = 23 − 0.181x +
0.0012X2 represents equation for fresh weigh and dry weight, respectively; where Y is total weight
and x is the % of CBMW.
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Table 3. Mean value of crude protein (CP), acid detergent fiber (ADF), neutral detergent fiber (NDF), total digestible
nutrients (TDN), net energy lactation (NEL), net energy maintenance (NEM), net energy gain (NEG) and relative feed value
(RFV) of alfalfa (Medicago sativa) and oat (Avena sativa) for six replicates.

Crop type CP ADF NDF TDN NEL NEM NEG RFV

——————-% of DM—————— ———(Mj/kg)———
Alfalafa 28.5a 22.5b 26.8b 74.6a 7.1a 7.4a 4.8a 248.4a

Oat 25.1b 26.2a 42.4a 72.9b 7b 7.2b 4.6b 151b
ANOVA p-value

Crop <0.0001 <0.0001 <0.0001 <0.01 <0.01 <0.01 <0.01 <0.0001
CBMW NS NS NS NS NS NS NS NS

CBMW x Crop NS NS NS NS NS NS NS NS

Mj/kg = Mega joules/kilogram, DM = dry matter, NS = Not significant at p-value of <0.05. Mean separations for forage quality parameters
were carried out using Fisher’s least significant difference test at p-values < 0.05. Means within each column followed by the same letters
are not significantly different at given p-values of 0.05.

Increasing concentration of CBMW treatments increased soil pH. Soil pH was lowest
(7.33) at 0% CBMW treatment and increased with increasing levels of CBMW treatments
and was highest (pH 9.03) at the 100% CBMW treatments. Coalbed methane co-produced
water application did not alter electrical conductivity (EC) or organic matter (OM) of soil
with alfalfa. However, SAR and Na concentration in the soil increased drastically from 0.64
and 154.3 ppm, respectively, with 0% CBMW treatment to 12.37 and 2940 ppm, respectively
with 100% CBMW treatment. The concentrations of Mg and Ca were highest (867.67 ppm
and 2170 ppm, respectively) at 0% CBMW treatment, that slightly decreased with 50%
CBMW and then did not change (Table 4).

Table 4. Mean of pH, organic matter (OM), electrical conductivity (EC), sodium adsorption ratio (SAR), potassium, calcium,
magnesium and sodium of soils irrigated with various percentages of coalbed methane co-produced water (CBMW) at the
end of alfalfa (Medicago sativa) study.

CBMW pH OM EC SAR Potassium Calcium Magnesium Sodium

% (dS/m) ————————- ppm ——————–
0 7.33cb 4.10 5.56 0.64d 1042.0 2940.0a 867.7a 154.3e
25 8.16b 3.93 7.27 3.42c 844.7 2890.0ab 781.3ab 806.3d
50 8.20b 3.96 7.08 6.00c 1098.0 2500.0bc 664.0bc 1311.0c
75 8.56ab 3.60 7.20 9.45b 891.7 2306.7c 642.0bc 1985.0b

100 9.03a 4.00 5.75 12.37a 1018.0 2170.0c 591.0c 2514.7a
p-value <0.001 NS NS <0.001 NS <0.01 <0.05 <0.0001

dS/m = decisiemens per meter; ppm = parts per million; NS = Not significant at p-value of <0.05.

Irrigation treatments contained the following mixture of CBMW and fresh water: 0%
CBMW (fresh water only); 25% CBMW (25% CBMW and 75% fresh water); 50% CBMW
(50% CBMW and 50% fresh water); 75% CBMW (75% CBMW and 25% fresh water);
and 100% CBMW. Plants received CBMW treatments for 150 days. Mean separations
were carried out using Fisher’s least significant difference test at p-values < 0.05. Means
within each column followed by the same letters are not significantly different at given
p-values of 0.05.

3.2. Oat Yield and Quality

Similar to alfalfa, CBMW treatments influenced fresh weight and dry weight of oat,
but its forage quality remained unchanged. The fresh weight and dry weight were highest
(99.3 g and 18.0 g, respectively) for the 25% CBMW treatment and were lowest (78.2 g
and 15.4 g, respectively) for the 100% CBMW treatment (Figure 2). Both fresh yield and
dry weight showed gradual decreasing trends with increasing levels of CBMW treatment.
Similar to the forage quality parameters of alfalfa, there was no significant effect of CBMW
treatments on forage quality parameters (Table 3).
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Figure 2. Mean of total fresh weight and dry weight of oat (Avena sativa) for six replicates irrigated
with various percentages of coal-bed methane co-produced water (CBMW). Standard errors of each
mean are drawn as capped lines extended vertically from each mean. Irrigation treatments contained
the following mixture of CBMW and fresh water: 0% CBMW (fresh water only); 25% CBMW (25%
CBMW and 75% fresh water); 50% CBMW (50% CBMW and 50% fresh water); 75% CBMW (75%
CBMW and 25% fresh water); and 100% CBMW. Plants received CBMW treatments for 45 days. Both
fresh weight (r-square = 0.4) and dry weight (r-square = 0.37) followed linear regression curve with
p-value of <0.0001. Y = 97.1 − 0.2x and Y = 18.3 − 0.027x represents equation for fresh weigh and dry
weight, respectively; where Y is total weight and x is the % of CBMW.

The CBMW treatments altered soil characteristics in pots with oats. Soil pH increased
from 7.53 at 0% CBMW to 8.10 at 100% CBMW treatments. Electrical conductivity was
similar at the 0, 25, 50 and 75% CBMW treatments but was higher at the 100% CBMW
treatment. The SAR and Na concentrations were lowest (0.62 and 152 ppm, respectively)
for the 0% CBMW treatment and drastically increased (3.38 and 745 ppm, respectively) for
the 100% CBMW treatment. Calcium concentration decreased with increasing levels of
CBMW treatments, but the concentrations of K and Mg remained unchanged (Table 5).

Table 5. Mean of pH, organic matter (OM), electrical conductivity (EC), sodium adsorption ratio (SAR), potassium, calcium,
magnesium and sodium of soil irrigated with various percentage coalbed methane co-produced water (CBMW) at the end
of oat (Avena sativa) study.

CBMW pH OM EC SAR Potassium Calcium Magnesium Sodium

% (dS/m) ——————————– ppm ———————————
0 7.53c 4.13 3.38b 0.6d 826.3 3020.0a 855.6 152.0d
25 7.73bc 3.83 3.77b 1.5c 843.0 3046.7a 808.8 365.3c
50 7.90ab 3.83 3.43b 2.0bc 993.0 2920.0a 771.7 477.7bc
75 8.03a 3.53 3.12b 2.4b 686.7 2803.0ab 762.9 554.0b

100 8.10a 3.90 4.74a 3.4a 1121.0 2506.7b 693.8 745.0a
p-value <0.01 NS <0.01 <0.001 NS <0.05 NS <0.0001

dS/m = decisiemens per meter; ppm = parts per million; NS = Not significant at p-value of < 0.05. Irrigation treatments contained the
following mixture of CBMW and fresh water: 0% CBMW (fresh water only); 25% CBMW (25% CBMW and 75% fresh water); 50% CBMW
(50% CBMW and 50% fresh water); 75% CBMW (75% CBMW and 25% fresh water); and 100% CBMW. Plant received CBMW treatments for
45 days. Mean separations were carried out using Fisher’s least significant difference test at p-values < 0.05. Means within each column
followed by the same letters are not significantly different at given p-values of 0.05.
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4. Discussion

Alfalfa was harvested during the 10–15% blossom stage to optimize forage yield and
quality [25]. The maximum fresh and dry weights were obtained with the 0% CBMW
treatment. As the level of CBMW application increased, the values of soil pH, Na concen-
tration and SAR increased, resulting in soil that was saline for the 25, 50 and 75% CBMW
treatments and saline-sodic for the 100% CBMW treatment [20]. Saline and saline-sodic
conditions reduced yield of alfalfa as alfalfa best performs in a soil with pH of 6.5–7.5 [27].
Increasing salinity and sodicity can lower the yield of forage crops including alfalfa [28–30].
In a study performed by Cornacchione and Suarez [30], increasing soil salinity levels
proportionally reduced fresh weight of alfalfa. Similarly, the 50, 75 and 100% CBMW
treatments in our study also reduced alfalfa fresh yields by 27–30%. Fresh weight is highly
correlated with dry weight and this was evident in our study where 50–100% of CBMW
treatments reduced dry weight of alfalfa by 28–30%. For alfalfa, dry weight in this study,
was 21–25% of the fresh weight, which was slightly lower than the value (26–32%) reported
by Khosrowchahli et al. (2013) [31].

Oat was harvested at the start of the early milk stage to obtain desirable forage yield
and quality [26]. Forage oat is tolerant to soil salinity with only slight reductions in yield
at saline conditions [20,32]. In this study, soil sampling after harvest indicated that the
soil was in the category of slightly saline (25, 50 and 75% CBMW) to saline (100% CBMW)
conditions [33]. Fresh and dry weights of the forage crop were higher at the 0 and 25%
CBMW treatments, which indicated that the oat variety used in this study was tolerant
to 25% CBMW treatments; however, CBMW at 50% and above induced salinity stress
and reduced fresh and dry yield of oat similar to that found in other studied on oat and
alfalfa [34,35]. Chatrath et al. (2000) also found an increase in salinity for various oat
varieties reduced photosynthesis rates, which in turn reduced the yield of oat varieties [36].
In another similar study, yield of oat was negatively correlated to soil salinity levels [37].

Crude protein, acid detergent fiber, total digestible nutrients, neutral detergent fiber,
net energy for lactation, net energy for maintenance, net energy gain and relative feed value
cumulatively represent forage nutritive value and all those forage characteristics remained
unchanged across the CBMW treatments, both for oat and alfalfa. Forage nutritive value
of alfalfa fell under an excellent category based on forage quality analysis and was not
affected by CBMW treatments, which may be due to salt tolerant variety selection and
growth in optimum environmental conditions [38–40]. In a similar study, nutrient quality
of various forages crops were unaffected by soil salinity, sodicity and minor change in pH,
but their yields were reduced [41–43].

For oat, the percentage of total digestible nutrients were more than 71.2% and the
relative feed value was more than 140. These values were superior to other reported
studies [44,45] and indicate forage of superior quality [26]. Crude protein of oat in our study
was very high, which may be explained by early harvesting stages of oat, higher percentage
of leaves and calculation of crude protein done for 100% dry matter. Some previous studies
have also reported crude protein of oat to be in the range that we observed [46,47].

Soil characteristics under both crops changed with the application of the CBMW
treatments, with more significant changes in the alfalfa experiment compared to the oat
experiment. Sodium and other salts present in CBMW increased soil pH, SAR and Na
concentration. A similar greenhouse study also observed changes in soil characteristics,
as was the case in this study [14]. Various other research works conducted to explore the
application of CBMW as an alternative source of irrigation have also observed similar
trends [15,16,48]. The observed differential response in soil under different crops is most
probably due to the fact that alfalfa received CBMW treatments for approximately 150 days,
while oat had the treatments for 45 days. Hence, it should be noted that the application
of CBMW will significantly change the soil characteristics and therefore, irrigation with
CBMW may not be suitable from the perspective of soil quality. We used field soil in
our study to accurately determine the consequences of CBMW irrigation in the field;
however, greenhouse conditions are different from field conditions. Sodium and other salts
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accumulated through irrigation with CBMW in the field may leach below the root zone
or disperse into the surrounding soil, lowering Na concentration and SAR as seen in a
three-year field study [49]. Therefore, long-term field research is needed to identify and
explore the full effect of CBMW on soil properties.

5. Conclusions

For alfalfa, both fresh and dry weight decreased with increasing levels of CBMW
application and the decrease in fresh weight was between 22 and 33.5%. However, CBMW
did not change the forage nutritive value of alfalfa. Thus, the application of CBMW
alone or mixed with fresh water may be a suitable alternative for irrigation where fresh
water sources are not available. For oat, both fresh and dry weight were very similar
at 0 and 25% CBMW, after which the fresh weight started to decrease with increasing
levels of CBMW treatments. However, the nutrient value of forage oat was similar in all
treatments; therefore, 3:1 blend ratio of CBMW to fresh water could be used for irrigating
oat without a significant reduction in yield. There is the possibility of achieving similar
results by alternating irrigation with fresh water and CBMW where the dilution is not
feasible, however, further research is needed to accurately verify that assumption. In
addition, in this study, we grew crops that are slightly to moderately tolerant to saline and
sodic conditions and results may differ if sensitive crops are grown using CBMW.
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Abstract: Plants need only a small quantity of micronutrients, but they are essential for vital cell
functions. Critical micronutrients for plant growth and development include iron (Fe), boron (B),
manganese (Mn), zinc (Zn), copper (Cu), molybdenum (Mo), chlorine (Cl), and nickel (Ni). The defi-
ciency of one or more micronutrients can greatly affect plant production and quality. To explore the
potential for using micronutrients, we reviewed the literature evaluating the effect of micronutrients
on soybean production in the U.S. Midwest and beyond. Soil and foliar applications were the major
micronutrient application methods. Overall, studies indicated the positive yield response of soybean
to micronutrients. However, soybean yield response to micronutrients was not consistent among
studies, mainly because of different environmental conditions such as soil type, soil organic matter
(SOM), moisture, and temperature. Despite this inconsistency, there has been increased pressure
for growers to apply micronutrients to soybeans due to a fact that deficiencies have increased with
the increased use of high-yielding cultivars. Further studies on quantification and variable rate
application of micronutrients under different soil and environmental conditions are warranted to
acquire more knowledge and improve the micronutrient management strategies in soybean. Since
the SOM could meet the micronutrient need of many crops, management strategies that increase
SOM should be encouraged to ensure nutrient availability and improve soil fertility and health for
sustainable soybean production.

Keywords: macronutrient; nutrient deficiency; nutrient uptake; site-specific nutrient management;
soil organic matter

1. Introduction

Soybean (Glycine max L.) is one of the most cultivated legume crops in the world.
In 2019, its global production was about 334 million metric tons from a harvested area
of 121 million hectares [1]. In the U.S., soybean is the second largest crop after corn
(Zea mays L.) and is primarily grown in the Midwest region, where about 75% of the
total agricultural area (38.5 million hectares) is used for corn and soybean productions [2].
The U.S. Midwest is one of the most productive agricultural regions in the world, producing
over 33% of the world’s corn and 34% of the world’s soybeans [1]. Soybeans belong to the
Fabaceae family, and they provide approximately 50% of edible oil around the world [3].
The usage of soybeans ranges from human consumption to animal feed to non-food
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products. In the U.S., soybeans are planted in May and early June and harvested in late
September and early October [4]. Farmers commonly grow soybeans in crop rotation with
corn. Although commercial fertilizer is applied to less than 40% of soybean acreage [4],
over the years, extensive use of primary macronutrients, especially in corn, has resulted in
micronutrient deficiency, poor soil fertility, and low soybean productivity.

Plants need 17 essential nutrients for their growth and production. Three basic
elements, hydrogen (H), oxygen (O), and carbon (C) are available from air and water.
Nitrogen (N), phosphorus (P), potassium (K), sulfur (S), calcium (Ca), and magnesium
(Mg) are considered macronutrients, while micronutrients include iron (Fe), boron (B),
manganese (Mn), zinc (Zn), copper (Cu), molybdenum (Mo), chlorine (Cl), and nickel
(Ni). Plant micronutrient requirement is lower than the macronutrient requirement. Hence,
micronutrient deficiencies are less common than macronutrient deficiencies in soybean,
but they are essential for critical cell functions [5,6]. Micronutrient deficiency can reduce
plant growth, yield, and quality, thereby affecting the health and productivity of animals
and human beings [7–9]. Currently, the micronutrient deficiency in arable soil is a global
problem [10,11].

The micronutrients typically studied for soybean are Mn, B, Zn, and Mo [12,13]. The exten-
sive use of N fertilizers, especially after the WW-II on corn, wheat (Triticum aestivum L.),
and other small grains, has resulted in a high yield, which encouraged researchers and
scholars to explore the possibility of yield increase using different nutrients [14]. Interest
in micronutrients has increased in recent years because of increased nutrient removal
rates by newly developed high-yielding cultivars [15]. The plant uptake of micronutri-
ents largely depends on their availability in the soil [16]. Positive yield responses on
various crops, including soybean, were observed when micronutrients were applied with
macronutrients [17].

Crop production is affected by multiple environmental stresses, including disease and
pest infestations, low soil fertility, and inadequate water supply [18,19]. If we feed the soil,
it will feed us; therefore, only productive soil that provides all essential nutrients required by
plants can support successful crop production. Maintaining soil fertility to an optimum level
is necessary to produce healthy plants, maximize crop yield, and sustain soil health. In recent
years, soil quality and soil health have been receiving more attention among the scientific
community because healthy soils provide the foundation for food production, water con-
servation, nutrient cycling, climate change mitigation, and biodiversity conservation [20].
The concept of soil health and soil quality was started in the 1980s as a comprehensive
approach beyond fertility management to address soil degradation problems. The Food
and Agriculture Organization of the United Nations (FAO) [21] describes soil health as the
“capacity of soil to function as a living system, with the ecosystem and land-use boundaries,
to sustain plant and animal productivity, maintain or enhance water and air quality, and
promote plant and animal health”. Successful soil health management involves under-
standing the need for all the essential nutrients and related soil physical, chemical, and
biological processes to produce crops and support the farm economy (Figure 1).

Legume-based cropping systems improve soil fertility and health in different ways,
such as the availability of soil organic matter (SOM) rich in N and P concentrations [24].
Legume crops such as soybeans can increase SOM by supplying biomass, organic carbon,
and N [25] and increase the population of nodule-forming bacteria, Rhizobia [26]. Benefits
of legumes include increasing SOM, improving soil porosity and structure, recycling
nutrients, buffering soil pH, diversifying the microscopic soil flora and fauna, and breaking
the pest and disease cycle [27]. The SOM plays a crucial role in micronutrient availability
and their uptake by plants [28]. The presence of chelating organic compounds in soils
could increase the availability and solubility of micronutrients. For example, the chelation
of metal elements such as Zn and Fe with SOM is essential for transporting these elements
to the root system [29].

There are several reports on micronutrient management in soybean on individual
field levels and a few on regional scales [6]. In this paper, results are examined and
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summarized from existing studies on the use of micronutrients in soybean across the globe.
We reviewed the literature on various micronutrients and their availability, discussed their
deficiency symptoms, and yield responses to soybeans. Micronutrient application methods
and variable application rates are also considered. We focused on studies from the U.S.
Midwest, the largest soybean producing region in the world, but also recapped relevant
studies from other parts of the world. The objective was to synthesize evidence relating
to the application of micronutrients in soybean and better understand its importance
for improving fertility and the overall health of soils and soybean grain yield in the U.S.
Midwest and beyond.

Figure 1. Biological, physical, and chemical components of soil health. (Source: modified from
Moebius-Clune [22] and Hills et al. [23]).

2. Micronutrient and Soil Fertility

Two primary objectives of soil nutrient management are to improve soil fertility and
meet the nutrient requirements of growing crops. Improving soil fertility is an important
agronomic practice for profitable crop production and ensuring soil health. Healthy soils
encompass a diverse community of soil flora and fauna that help minimize disease and
pests, promote beneficial symbiotic relationships, decompose and recycle essential plant
nutrients, and improve soil structure and nutrient holding capacity [21].

A soil nutrient management plan describes the selection of the right source of nutrients
for application at the right rate, at the right time, and in the right place [30]. The major
role of soil nutrients in soil fertility and ecosystem functions is related to their effect on
crop yield. Furthermore, soil fertility and health are influenced by the increased rate
of decomposition of high C:N ratio organic matter applied to the soil [31]. Fertilizer
application increases microbial activity and enhances the organic matter decomposition,
although a few studies reported that added fertilizer did not affect the decomposition
of high C:N materials [32]. However, rational use of fertilizers for several years could
lead to increased SOM in the soil profile, thereby improving soil fertility, health, and crop
yield [33,34]. Studies showed that the increased availability of certain micronutrients, such
as Mn and Zn, was highly related to the higher SOM application rates [35–37].

The availability of micronutrients in the soil is also influenced by fertilizers and crop-
ping practices incorporating crop residue in soil [38]. Continuous use of synthetic fertilizers
without organic supplements damages the soil’s physical, chemical, and biological proper-
ties and causes environmental pollution [39]. In contrast, regular use of organic residues
significantly improves soil physical, chemical, and biological properties, and hence, soil
health [40,41]. Therefore, the balanced application of organic and inorganic fertilizer is
recommended in crop management programs for improving soil health and increasing
yield [42,43]. The use of organic amendments in the form of compost, farmyard manure
(FYM), green manure, and even incorporation of plant residues in soil was noted to be
beneficial as they provided some amounts of micronutrients essential for plant growth and
development [28,44].
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The edaphic and biological factors in the soil, such as redox potential (a measure of
electrochemical potential), soil pH, microbial activity, and organic matter, also influence
the micronutrient availability to plants [44]. Similarly, micronutrient concentration in
crops increased with green manure application along with organic and inorganic fertil-
izers [45,46]. The SOM acts as a source of nutrients and increases the population of the
microbial community, sequestration of soil organic carbon, and nutrient availability to
plants [28,47–49]. As such, soil organisms are actively involved in processes such as nutri-
ent cycling, N2 fixation, decomposition, and mineralization of the SOM [50]. Application
of organic manures and crop residues with synthetic fertilizers results in higher fertilizer
use efficiency [51].

Micronutrients are generally available in acidic soils and are often unavailable at
high pH. Soil pH is a key characteristic that affects the solubility and availability of plant
nutrients. As shown in Figure 2, Fe, Mn, B, Cu, and Zn are mostly available between pH 5
and 7, and Mo is mostly available at pH higher than 7. At a low pH (<5), the solubility of Al,
and Fe is high but low for molybdenum. Soil pH also affects the microbial community
size and activity in the soil, which are responsible for breaking down organic matter
and ensuring most chemical transformations in the soil to make nutrients available for
plants [27].

Figure 2. Relative availability of micronutrients by soil pH. (Source: adapted from Truog [52]).

3. Micronutrient Deficiency in Soybean

Micronutrient deficiencies can be detected by visual symptoms on crops and by
testing soil samples and plant tissues. Plant symptoms, including stunted growth and
leaf chlorosis, may have a variety of causes, including disease/pest infestations, herbicide
damage, nutrient deficiencies, or adverse environmental conditions [53]. The deficiency of
any one of the 17 essential plant nutrients can limit soybean yield. A nutrient concentration
below the sufficiency range or critical value implies deficiency symptoms, and deficient
plants respond to the nutrient application [54]. Micronutrients are needed in small amounts,
and their adequate concentrations in plants are generally below the 100 ppm level (Table 1).

Many cultivated soils are abundant in Fe, on average, having a total concentration of
20–40 g kg−1 soil [56]. However, Fe deficiency is a major problem in soybean production,
especially in semiarid environments where carbonates (soluble salts) do not leach easily due
to low rainfall [53] (Table 2). The Fe+3 becomes less soluble in semiarid environments and
slows the conversion to Fe+2 for uptake by plants [57]. Iron deficiency results in chlorosis
between the veins, especially in younger leaves of soybean. In severe conditions, brown
necrotic spots are observed near the leaf margin. However, soybean cultivars differ in
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their tolerance of Fe deficiency. Some cultivars show complete chlorosis at mild deficiency
levels, while others remain normal [58]. Iron is the central component of leghemoglobin
for soybean and other legume crops, a nodular component that protects nitrogenase from
decomposition by oxygen (O2) inside root nodules. Therefore, an adequate supply of Fe
supports root nodulation and atmospheric N2 fixation [14].

Table 1. Range of concentrations and adequate concentrations of different nutrient elements in plants
(dry weight basis). (Source: Lohry [55]).

Element Range of Concentrations (ppm) Adequate Concentration (ppm)

Iron (Fe) 20–600 100
Boron (B) 0.20–800 20

Manganese (Mn) 10–600 50
Zinc (Zn) 10–250 20

Copper (Cu) 2–50 6
Molybdenum (Mo) 0.10–10 0.10

Chlorine (Cl) 10–80,000 100
Nickel (Ni) 0.05–5 0.05

Table 2. Soil conditions that favor micronutrient deficiencies in soybean.

Micronutrient Soil Characteristics Favoring Deficiency in Soybean References

Iron (Fe) Soils with high pH (>7.4), soluble salts, and/or calcium carbonate
levels, and low SOM. Butzen [53], Kaiser et al. [59]

Boron (B) Alkaline or strongly acidic soils in high rainfall areas or under drought
conditions (low rainfall). Lohry [55]

Manganese (Mn) Medium and fine-textured soils with high pH (>6.5), low SOM, and
poor drainage.

Butzen [53], Ritchey [60], Graham
et al. [61], Boring and Thelen [62]

Zinc (Zn) Sandy soils with a near-neutral pH (6.5), high P levels, low SOM, and
cool wet soil conditions.

Bruns [14], Mengel [63],
Culman et al. [64]

Copper (Cu) Alkaline peat musk soil with pH between 7 and 8 and highly leached
sandy soils. Sinclair [58]

Molybdenum (Mo) Highly acidic soils (pH < 5.8) that are strongly weathered and leached. Butzen [53], Ritchey [60],
Culman et al. [64]

Chlorine (Cl) Occasionally on sandy soils in dry areas. Sinclair [58]

Nickel (Ni) Soils poor in extractable Ni. Freitas [65]

Boron has very important physiological roles such as enzyme activities, cell elongation,
protein synthesis, pollen germination, fruit/grain formation, and yield improvement [66–68].
Boron deficiencies have been observed in several agronomic and horticultural crops, where
the soil is alkaline or strongly acidic and in soils high or very low in organic matter
content [55] (Table 2). Boron is rarely deficient in clay soils, but coarse and well-drained
sandy soils are generally low in B content [69]. Studies have observed a close relationship
between B availability and primary cell wall formation. For example, Hanson [70] reported
that around 90% of cellular B is localized in the cell wall fraction. Therefore, abnormalities in
the cell wall and the organization of middle lamella are the early symptoms of B deficiency
in plants [71]. Because soybean plants are relatively tolerant of B deficiency, only small
responses to B fertilization have been observed for soybean [72,73]. Boron application can
be toxic to soybean with broadcast application rates of about 2.2 kg ha−1 [59,74].

Manganese (Mn) availability in soils is influenced by various factors, such as SOM, pH,
CaCO3, and redox conditions. Soybean is sensitive to Mn deficiency; hence, its deficiency
is a problem in different parts of the world, including the U.S. Midwest [75]. Manganese
deficiency is more likely to occur on soils with low moisture content, high soil pH, and low
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SOM [53,60,62] (Table 2). Since Mn is relatively immobile in soybean, deficiency symptoms
appear on younger leaves as interveinal chlorosis (leaf veins are green, but areas between
the veins are yellow). Manganese deficiency in Kentucky has occurred on medium and
fine-textured soils with a pH of 6.5 or greater [60], while in Minnesota, soybean responded
to Mn when grown on soils with a pH greater than 7.4 [59].

Although soybean is less sensitive to Zn, deficiency symptoms are more common in
soybean plants growing on sandy soils with low SOM content [14,63,64] (Table 2). Removal
of topsoil through the process of erosion can also increase the Zn deficiency of soil [76,77].
Zinc is essentially immobile in plants, and deficiency symptoms often appear in newer
or younger leaves [14]. In soybean, Zn deficiency results in stunted plant growth and
chlorotic leaves, with premature lower leaf abscission and poor pod set [14]. An oppositive
relationship is identified between Zn and Mn. Severe Zn deficiencies in soybean are often
associated with high Mn concentrations in plant tissue, especially in young leaves [78,79].

Copper is specifically required for the synthesis of lignin needed for cell wall strength-
ening [80]. Like most of the other micronutrients, it is immobile in plants, and deficiency
symptoms will first appear in new growth or young leaves. Alkaline peat musk soil, highly
leached, and sandy soil with pH between 7 and 8 have a better chance of Cu deficiency [58]
(Table 2). Overall light chlorosis, necrotic leaf tips, and loss of turgor in young leaves
are the symptoms of Cu deficiency. The problem with Cu toxicity is more common than
the toxicity of other micronutrients because Cu is a central element in several pesticides,
mainly fungicides [14]. Copper toxicity can result in low protein metabolism as well as low
N2 fixation in soybean [81].

Molybdenum is required by the plants at the lowest concentrations of all essential
elements and its level ranges between 0.2 and 5.0 mg kg−1 soil [82]. Highly weathered and
leached soils that have pH below 5.8 are associated with reduced Mo availability [53,60,62]
(Table 2). When the soil pH decreases, it results in the strong adsorption of Mo on oxides of
Fe, Al, and Mn [83,84]. The major function of Mo in soybean is to facilitate nodule formation
and N2 fixation by rhizobium bacteria (B. japonicum). Thus, biological N2 fixation will be
affected when Mo is deficient [85,86]. Like those of ordinary nitrogen deficiency, general
chlorosis of young plants and chlorosis of oldest leaves are the most visible symptoms of
Mo deficiency in soybean [58].

Chlorine plays an important role in gas exchange, photosynthesis, and disease resis-
tance in plants. Although Cl deficiency is rarely observed, chlorosis and wilting of young
leaves are generally associated with Cl deficiency. Instead of deficiency, Cl toxicity is a
serious problem in soybean production in most of the U.S. southern states, where the
precipitation is limited. In these areas, the poorly drained soils will accumulate more Cl on
the upper soil profile causing Cl toxicity [87,88]. After applying Cl-containing fertilizer,
Cl toxicity in soybean was also found in the poorly drained soils of Georgia [89].

Nickel deficiency in soybean occurs in soils poor in extractable Ni [65]. Field-grown soy-
bean plants with Ni deficiency may not show visible leaf symptoms (hidden deficiency) [60].
Therefore, most studies on Ni in plants have been conducted in the context of toxicity than
deficiency [90–93]. Plants cannot complete their life cycle without an adequate supply of
Ni [94] because it is a structural component of urease [95], the enzyme that is responsible
for converting urea to ammonia [96,97]. Therefore, legumes that are dependent on N2
fixation may be particularly susceptible to an inadequate Ni supply.

4. Micronutrients Management

An appropriate method of micronutrient application depends on the element and
its formulation (liquid or dry), the severity of the deficiency, and the plant growth stage
at which the deficiency symptoms are being addressed. Soil and foliar application are
the major routes of micronutrient application. Soil application is generally preferred for
most nutrients if deficiencies are known prior to or at the beginning of the growing season.
Micronutrients banded with other fertilizers at planting are usually more effective over a
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longer period than foliar-applied micronutrients. Soil application also makes the nutrients
available to the plant at the earliest [53].

Micronutrients, Cu, Mn, Mo, Fe, Cl, B, and Zn with limited mobility may benefit
from band application near soybean roots [98]. However, a small fraction of nutrients
reaches the plant system through soil application and the remaining amount goes to waste
through leaching in soil, causing land and water pollution [99]. Overall, the utilization of
the soil-applied fertilizers is low in calcareous and alkaline soil due to high fixation and less
mobility of the nutrients [100,101]. In contrast, foliar spray is the fastest way to cope with
the deficiency and translocate micronutrients in plant organs [102]. The foliar spray also
improves plant resistance against disease, pests, and drought [103]. Plant leaves not only
capture light and CO2 but also can absorb nutrients through the cuticle, cuticular cracks
and imperfections, stomata, trichomes, and lenticels, which have long been recognized and
used in nutrient management programs [104,105]. The foliar application also minimizes
the leaching loss of nutrients which is more common in soil application [99].

Like in many other grain crops, soybean nutrient demand increases at the time of
flowering and grain filling. Foliar application of micronutrients during this period helps
to complement soil nutrient supply. Furthermore, most foliar micronutrient supplements
can be mixed and sprayed with herbicides and other pesticides. A meta-analysis by Joy
et al. [106] suggested that foliar application with Zn was more efficient/cost-effective than
soil application for enhancing Zn concentrations in various crops. Foliar applications of Mn
were most effective in soybean when applied at the early blossom or early pod set stage or
in multiple applications at these stages [107]. Foliar application of B increased its concen-
tration on soybean grains but did not increase the yield [108]. Soybean seed yield showed
a small response to soil-applied Mn and Zn, but when micronutrients were foliar-applied,
seed yield decreased, likely due to some leaf damage caused by foliar feeding [109]. There-
fore, the effectiveness of foliar micronutrient applications varies significantly concerning
their solubility and ingredients such as salts, surfactants, complexes, or chelates [110].
There are ongoing discussions about the different effects of micronutrient delivery to plants
as soil vs. foliar [106,111].

In recent years, site-specific (or variable rate) nutrient management that uses mod-
ern technology and tools, such as remote sensing, Geographic Information System (GIS),
and Geographical Positioning System (GPS) is becoming popular among growers [112].
Researchers have mostly focused on the site-specific management of macronutrients,
and few investigations have been conducted with respect to site-specific micronutrient
management, which is even scarce in the case of soybean. Variations in the micronutrient
contents of soils depict an intrinsic nature and properties of soils [113–115]. Foroughifar
et al. [114] utilized the Geostatistics and GIS techniques to characterize the spatial vari-
ability of soil properties, including micronutrients. They found the spatial distribution of
micronutrients varied with soil sedimentation sequence, underground water levels, and
underlying pedological and hydrological processes. Geostatistics and GIS techniques were
also applied to understand the spatial dependency of bioavailable micronutrients in the rice
(Oryza sativa L.) field, where the spatial distribution of the micronutrients was significantly
correlated to the soil formation factors [116].

Eze et al. [117] compared uncertainties and correlations in spatial process models for
the distribution of Zn in the topsoil of a semiarid environment and found geostatistical
modeling as a decision-making tool in soil micronutrient management because it could
map spatial heterogeneity and uncertainty. Vasu et al. [115] illustrated that the large-scale
spatial variability mapping of soil micronutrients is a prerequisite for implementing site-
specific nutrient management in the semiarid tropical regions. Wang et al. [118] found
some similarity of spatial structure between soil pH and the grain Cu, Fe, Mn, and Zn,
and by analogy, similar spatial variation was observed between SOM and DTPA-extractable
micronutrients in the soil. Udeigwe et al. [119] examined the fixation pattern and kinetics
of plant-available DTPA-extractable Cu, as well as basic soil properties that influence
Cu availability in semiarid soils, while Zhao et al. [120] used geostatistical methods for
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identifying the possible spatial distribution of Cu. Eze et al. [121] used the sequential
gaussian simulation (SGS) to map the spatial distribution of Cu concentration and modeled
the spatial uncertainties for arable dryland in central Botswana. Furthermore, Kriging-
based techniques are used to better understand the spatial variation of micronutrients in
different parts of the world [118,122].

5. Soybean Micronutrients Uptake and Yield Response

Micronutrients are essential elements that plants use in small quantities. For most
micronutrients, crop uptake is less than 2.0 kg ha−1 (Table 3). Despite this low requirement,
deficiency of micronutrients limits the critical plant functions, resulting in abnormal plant
growth and reduced yield and quality. In this condition, even the use of other inputs such
as macronutrients and water can be wasted. This situation is clearly illustrated by Liebig’s
Law of minimum; every field contains a maximum of one or more and a minimum of one or
more nutrients [65]. Crop yields are regulated by the factor in greatest limitation, and yields
can be increased only by correction of that limiting factor. When that limitation is overcome,
yields are then regulated by the next important limiting factor. This process is repeated,
with stepwise yield increases, until there are no remaining limiting factors. All successful
agricultural producers use this important principle knowingly or unknowingly [65].

Table 3. Approximate per-hectare micronutrient uptake by soybeans. (Source: adapted from Mengel [63]).

Micronutrient Nutrient Uptake (kg/ha) by 4000 kg/ha Soybean

Iron (Fe) 1.91
Manganese (Mn) 0.67

Zinc (Zn) 0.22
Boron (B) 0.11

Copper (Cu) 0.11
Molybdenum (Mo) 0.01

In different studies, soybean yield response to micronutrient applications was incon-
sistent because of different genetic resources, management factors, and environmental
conditions such as soil mineralogy, pH, organic matter, moisture, temperature, and aeration.
Therefore, identifying genetic and environmental factors affecting soybean micronutrient
uptake and crop removal could help growers to implement better nutrient management
strategies. Studies, especially on the application of micronutrients such as Zn and Fe,
showed an improvement in yield and yield components in various crops [123–125]. The use
of micronutrients also helped plants to minimize the impact of drought. For example, foliar
spray of Fe and Mo on soybean reduced the damages caused by water deficit conditions
and increased the yield compared to the control treatment that did not receive both Fe and
Mo [126].

According to Ross et al. [127], when B was applied to the plants grown with low
B levels and visual deficiency symptoms, soybean yield increased from 4% to 130% in
Arkansas. They reported that an application of 0.28 to 1.12 kg B ha−1 was sufficient to
produce maximum soybean yield in the area. In Georgia, increasing rates of soil-applied
B significantly increased the soil, leaf, and grain B concentration [128]. In Missouri, foliar
application of 0.56 kg B ha−1 was found to be the appropriate rate for increasing the number
of pods per branch, but the application of 1.12 kg B ha−1 increased the seed size and resulted
in the highest yield per plant [129]. In contrast, Oplinger et al. [130] summarized 29 trials
across Missouri, Illinois, Ohio, and Wisconsin and found yield increases only in four sites
on B-sufficient soils. The excess use of B (2.24 kg ha−1) reduced soybean yields in the
Coastal Plains of the Southeastern U.S. [131]. Bellaloui [132] in Mississippi found increased
seed protein and oleic acid and decreased linolenic acids in foliar B-applied soybean.

A study in 40 sites of Iowa showed that foliar application of Zn, Mn, Cu, and B
increased their concentration in the trifoliate leaf and seed but did not increase soybean
grain yield [108]. In contrast, a study from Australia showed that foliar application of Zn
before flowering increased soybean grain yield by 13% to 208% at different locations [133].
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In the Mn-deficient soils of Wisconsin, Mn applied both to the soil and the foliage increased
yield compared to the soil or foliage independent application [107]. Soybean grain yield
increased up to 2518 kg ha−1 in the coastal region of Virginia when MnSO4 was foliar
applied at the rate of 1.12 kg Mn ha−1 at vegetative and reproductive growth stages [134].

A micronutrient mixture that included B, Fe, and Zn sprayed at the five-leaf growth
stage of soybean did not show any yield response in 18 sites of Iowa [135], and the
application of different levels of B, Cu, and Zn did not significantly affect soybean yield in
Virginia [136]. A foliar fertilizer containing Zn, Mn, Fe, and B increased soybean yield by
2.4% within the northern Corn Belt, but resulted in a 0.7% yield decrease within the central
Corn Belt [137]. The addition of B, Cl, Mn, and Zn did not increase soybean grain yield
and had a marginal impact on soybean grain quality in Minnesota [70]. They also reported
that soybean grain protein and oil concentration were only marginally impacted by B or Cl
and were not impacted by Mn or Zn.

In the case of Cl, toxicity is more studied than deficiency. Toxicity of Cl is caused
by an accumulation of Cl in the upper soil profile, especially on poorly drained soils
and with limited precipitation [87,88]. For example, soybean was grown in the poorly
drained soils of Georgia and the application of Cl-containing fertilizer exhibited leaf
scorching due to Cl toxicity, resulting in reduced grain yield [89]. A study in Missouri
showed that the application of Cl fertilizer increased the mean trifoliate Cl concentration
in 60 cultivars tested [87]. Knowledge on the effect of Ni on soybean production is still
limited, but Ni fertilization increased soybean yield under both the greenhouse [138,139]
and field conditions [60].

Soybean yield response to micronutrients has been reported from the other parts of the
world, as well. For example, Barbosa et al. [140] conducted a soybean field study in Brazil
using different doses of fertilizers containing micronutrients (6.8% Mn, 3.9% Zn, 2.1% Fe,
1.2% Cu, and 1.1% B) and found the increased soybean yield from 33.6% to 79.7% compared
to the control. In India, Vyas et al. [141] applied Zn, Mo, and B with FYM in soybean and
reported an 18.2% higher grain yield with the combined use of Zn and FYM compared
to other treatments. The Zn alone increased the soybean yield by 11.4% compared to the
control treatment. Dwivedi et al. [142] applied Cu, Zn, B, and Mo using both soil and foliar
methods in soybean–wheat cropping systems and reported a significantly greater yield of
soybeans with micronutrients either alone or in the mixture. In another study, Shivakumar
and Ahlawat [143] found the application of 5 kg Zn ha−1 with crop residue and FYM
increased soybean yield. They also found a residual effect of micronutrient application
with crop residue and FYM in the following wheat crop with significantly greater yield.

In Iran, Ghasemain et al. [103] applied different rates of Zn, Fe, and Mn in soybean and
reported the highest grain number, seed weight per plant, pod number, biomass, and grain
yield of soybean in a field study with Zn and Mn applied at 40 kg ha−1. Kobraee et al. [144]
used three different rates of Zn (0, 20, and 40 kg ha−1), Fe (0, 25, and 50 kg ha−1), and Mn
(0, 20, and 40 kg ha−1) and found significantly higher grain yields at 40 kg ha−1 of Zn,
50 kg ha−1 of Fe, and 40 kg ha−1 of Mn. A study conducted by Gheshlaghi et al. [145] used
foliar application of Zn and Mn micronutrients in irrigated soybean and found significantly
greater yield with the application of Zn. Furthermore, they found that the micronutrient
application, especially Zn, significantly increased seed quality by increasing the oleic,
linolenic, and linoleic saturated fatty acids in soybean. A similar result (higher pod number
per plant and grain yield using Zn and Fe) was also reported by Heidarian et al. [123].
Kobraei et al. [146] found the accelerated formation of proteins, RNA, and DNA due to the
application of Zn.

Zahoor et al. [147] evaluated the response of micronutrients, Fe, Mo, and Co in a
soybean field study in Pakistan. They reported that Fe and Mo significantly increased the
shoot length, shoot dry weight, nodules per plant, nodules fresh weight, thousand seed
weight, and soybean yield (42.3% greater yield compared to the control). The activation
of different enzymes in N2-fixing bacteria due to the application of Fe, Mo, and Co might
have increased the number of nodules and yield [148]. Eisa et al. [149] conducted a field

197



Sustainability 2021, 13, 11766

study in Egypt using three cultivars of soybean and three rates of Fe, Zn, and Mn with
phosphorus fertilizer as a foliar application at 30 and 45 days after planting. They reported
a significant increase in soybean seed quality (proteins, P, K, Fe, Zn, and Mn content) and
yield in all cultivars. The increased yield and quality of soybeans were likely due to the
positive and regulatory effect of micronutrients on different enzymes and overall plant
metabolism [150]. In Russia, foliar application of liquid fertilizer containing Cu at the early
boom stage of soybean increased the 1000 seed weight [151]. In Ukraine, foliar application
of fertilizers containing a high concentration of Mo, Mn, and B helped soybean plants to
form more pods and seeds, resulting in increased seed weight and yield [152].

6. Conclusions

A good soil fertility management plan for a farm is a long-term strategy. Yield maxi-
mization is possible only when the plant nutrients are available to meet the crop demand.
Thus, maintaining soil fertility and health is essential to plant health and, consequently,
to animal and human health. Studies show that several factors likely influence the soybean
response to micronutrients, including the location and soil condition, soil pH, cultivar,
seasonal rainfall/irrigation, and the use of SOM. Therefore, basic knowledge of what,
how much, when, and how to apply fertilizer is an essential part of a soybean nutrient
management plan to ensure a high yield. In many cases, soil or foliar-applied micronu-
trients at rates recommended according to soil test results was effective for increasing
soybean yield. Some studies have indicated the importance of plant tissue analysis, as well,
but it is only useful in diagnosing nutritional deficiency problems during the crop growing
season. Hence, plant analysis is recommended in conjunction with regular soil testing.
Most studies evaluating soybean yield response to foliar application of micronutrients have
shown mixed results. Therefore, any additional foliar feeding should be considered under
conditions that do not jeopardize the production cost. Studies are also needed to test the
feasibility of variable rate technologies in micronutrients on a site-specific basis to increase
profits and decrease nutrient loss.
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Abstract: Soil organic carbon (SOC) conservation in agricultural soils is vital for sustainable agri-
cultural production and climate change mitigation. To project changes of SOC and rice yield under
different water and carbon management in future climates, based on a two-year (2015 and 2016)
field test in Kunshan, China, the Denitrification Decomposition (DNDC) model was modified and
validated and the soil moisture module of DNDC was improved to realize the simulation under
conditions of water-saving irrigation. Four climate models under four representative concentration
pathways (RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5), which were integrated from the fifth phase
of the Coupled Model Intercomparison Project (CMIP5), were ensembled by the Bayesian Model
Averaging (BMA) method. The results showed that the modified DNDC model can effectively
simulate changes in SOC, dissolved organic carbon (DOC), and rice yield under different irrigation
and fertilizer management systems. The normalized root mean squared errors of the SOC and DOC
were 3.45–17.59% and 8.79–13.93%, respectively. The model efficiency coefficients of SOC and DOC
were close to 1. The climate scenarios had a great impact on rice yield, whereas the impact on SOC
was less than that of agricultural management measures on SOC. The average rice yields of all the
RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5 scenarios in the 2090s decreased by 18.41%, 38.59%, 65.11%,
and 65.62%, respectively, compared with those in the 2020s. The long-term effect of irrigation on the
SOC content of paddy fields was minimal. The SOC of the paddy fields treated with conventional
fertilizer decreased initially and then remained unchanged, while the other treatments increased
obviously with time. The rice yields of all the treatments decreased with time. Compared with
traditional management, controlled irrigation with straw returning clearly increased the SOC and
rice yields of paddy fields. Thus, this water and carbon management system is recommended for
paddy fields.

Keywords: paddy field; soil organic carbon; denitrification decomposition (DNDC); climate change

1. Introduction

The carbon cycle is a popular topic in ecological research [1]. Soil organic carbon
(SOC) is the largest carbon pool on the planet excluding the ocean’s and rock’s sediments;
thus, small changes in SOC have a great impact on the atmosphere [2]. The carbon pool of
the agro-ecosystem is one of the most active parts of the global carbon cycle, in which soil
organic carbon storage in farmland accounts for 8–10% of that in all types of land [3]. The
SOC in farmland is vulnerable to disturbances from human activities [4], but this SOC can
be artificially regulated on a short-time scale [5]. In addition, China has a total paddy soil
area of 45.7 Mha, accounting for approximately one-fifth of the total cultivated land area in
the world [6]. Thus, paddy fields have a considerable carbon sequestration potential. At
the same time, the dynamics of SOC in paddy fields are affected by many factors, such as
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temperature, precipitation, irrigation, and fertilization [7]. However, few studies on SOC
changes in paddy fields have focused on the impact of coupling water-saving irrigation
and fertilizer management. In recent years, water-saving irrigation technology has been
widely used in China and has changed the soil moisture status and organic carbon content.
Thus, evaluating the impact of water and carbon management measures on the dynamic
changes in SOC is important to maintaining agricultural productivity.

Moreover, our understanding of climate change as an important factor affecting
SOC and rice yield remains limited. Thus, improving our understanding of the impact
of environmental change and field management on nutrient cycling and crop growth is
necessary. Despite the growing importance of industry, agricultural production, as one
of the most sensitive sectors to climate change [8], plays an important role in ensuring
food security throughout the world, especially in China [9]. Rice paddies are an important
source of both global food production and greenhouse gas (GHG) [10,11], and rice yield is
extremely sensitive to agricultural measures, such as irrigation and fertilization [12]. At
present, China’s sustainable agricultural development is facing challenges in maintaining
optimal yields while mitigating environmental impacts [13,14]. Therefore, addressing
climate change and optimizing management measures for paddy fields are problems that
should be urgently resolved.

The combination of process-based modeling and various experimental data provides
opportunities for quantifying the impacts of different management practices and future
climate change on soil C dynamics [15]. In fact, comprehensively and accurately evaluating
SOC change is difficult due to the low speed of SOC dynamics and time-consuming
and laborious on-site sampling; thus, a calibration model is necessary. Agronomists and
scientists have worked diligently in the past to devise and promote the use of agricultural
practices that can maintain or increase SOC levels. With the continuous development of
agricultural research methods in addition to physical sampling and analysis of soil profiles
for SOC, dynamic modelling of SOC can be used to effectively monitor soil organic carbon
storage under different agricultural management. Among the relatively mature related
models, including CENTURY, denitrification and decomposition (DNDC), NCSOIL, and
RothC, the DNDC model is widely used due to its simple parameter inputs and accurate
result simulation. The DNDC model can satisfactorily simulate SOC conversion in paddy
fields and crop growth under climate change [4].

Kunshan is located in the Tai-Lake region in the middle and low reaches of the
Yangtze River paddy soil region of China, which is a typical rice production area in the
country [16]. Many recent studies have revealed that the paddy soils in this area have
high SOC sequestration potential [17,18]. Hence, combining the experimental data from
Kunshan with that from the DNDC model is feasible. Although we are encouraged by the
tests of and improvements in DNDC for crop yields and environmental impact estimation
in the past two decades, the widespread application of this tool in China has several
limitations [19]. For instance, the constant 50-cm soil depth leads to overestimation of soil
water content [20]. In addition, some soil properties, such as bulk density, porosity, and
hydraulic parameters are assumed to be constant across all layers (down to a depth of
50 cm). However, most soil properties vary inherently between layers. Additionally, the
traditional flood irrigation mode is the only irrigation mode for paddy fields, which makes
it difficult to simulate the increasingly popularized water-saving irrigation mode. These
factors may decrease the accuracy of irrigation simulation.

Although the DNDC model has been improved and applied in China through a
two-decade effort, only four models exist for paddy fields under flood irrigation, namely,
continuous flooding (the field water level is maintained at 10 cm), alternative wet and
dry flooding (water level fluctuates between −5 to 5 cm), and rain-fed and empirical
parameters. These four existing modes are inconsistent with the water-saving irrigation
model in China. In a previous study [21], DNDC was used to simulate methane emissions
from paddy fields under medium-term drainage, intermittent irrigation, and continuous
flooding. In contrast to the above irrigation methods, under the condition of controlled
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irrigation, which is widely applied in China, a shallow water layer is reserved on the
surface of the field after transplanting seedlings until the regreening stage and the soil
remains not flooded on the surface of the irrigation field in each subsequent growth stage,
usually 60–80% of the time [22]. The irrigation time and irrigation amount were determined
with the root-layer soil moisture as the control index. The existing model cannot simulate
the controlled irrigation conditions. Thus, urgently modifying the DNDC model for paddy
fields under water-saving irrigation is necessary to decrease site-specific suitability [23].
Given these problems, this research modified the 50-cm soil layer in the model to the depth
of the root layer and controlled the upper and lower limits of paddy irrigation with soil
moisture content. Additionally, the limits were modified in accordance with the needs
of different growth stages of rice to adapt to the local water-saving irrigation mode. We
hypothesized that crop growth and SOC dynamics could be simulated by improving the
soil moisture module of this model. On this basis, the effects of different water and carbon
management on SOC and rice yield in future climate conditions were studied.

Interest is growing in terms of finding ways to simulate climate change by using
General Circulation Models (GCMs), which is the main current approach to predict future
climate change and its responses. Substantial progress in global and regional modeling
at medium to high resolutions and in downscaling methods has provided the basis for
an increasing number of studies that attempt to simulate the effect of future climate
change [24]. Predicting the dynamic changes in SOC and rice yield in paddy fields in the
future is important for formulating agricultural management measures to save water, to
increase yield, and to promote sustainable development. We carried out this study on the
basis of the modified DNDC model and four climate scenarios under four GCMs weighted
by Bayesian model averaging (BMA). The objectives of the study are (1) to validate the
relevant parameters and to simulate changes in SOC and rice yield in Kunshan for the
next 80 years, and (2) to extend the paddy field irrigation module in the DNDC model
to provide a theoretical basis for optimizing field management measures to cope with
climate change.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted in 2015 and 2016 at the State Key Laboratory of
Hydrology-Water Resources and Hydraulic Engineering of Hohai University, Kunshan
Irrigation and Drainage Experiment Station (31◦15′15” N, 120◦57′43” E), Jiangsu Province,
China (Figure 1). The study area has a subtropical monsoon climate with a mean annual
precipitation of 1097 mm, an average annual air temperature of 15.5 ◦C, a sunshine duration
of 2086 h, and a frost-free period of 234 days·y−1. The locals are accustomed to a rotation
of rice and wheat planting. The paddy soil is classified as a hydragric anthrosol, which has
a heavy loam texture, with a bulk density of 1.32 g cm−3 at 0–30 cm and an initial pH of 7.4
at 0–18 cm. The organic matter is 21.71 g kg−1 for the top 0–18 cm layer, and total K, total P,
and total N are 20.86, 1.40, and 1.79 g kg−1 for the 0–30 cm layer, respectively.

2.2. Field Management

The experiment was laid out (plot size 150 m2) in a randomized block design with six
treatments in triplicate. The six treatments were a combination of irrigation and fertilizer
management systems: the two irrigation managements regimes were flood irrigation (FI)
and controlled irrigation (CI), and the three fertilizer managements were wheat straw
returning (S), organic fertilizer management (O), and farmer fertilizer practices (FFP). The
six treatments were FS (FI and S), FO (FI and O), FF (FI and FFP), CS (CI and S), CO (CI
and O), and CF (CI and FFP), with a total of 18 cells. Rain-fed wheat was grown in the
plots during the non-rice planting season.
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The rice variety in the experiment was Japonica Rice Nanging 46. Three or four
seedlings per hill were transplanted in late June, with a plant spacing of 13.0 cm × 25.0 cm,
and were harvested in late October. Local nitrogen (N) fertilizer was adopted in FFP
(Table 1). The chemical fertilizer management of the S treatment was similar to that of the
FFP treatment, and 3000 kg ha−1 of straw from the previous wheat crop (the organic carbon
content of wheat straw was 441 g kg−1, while the C/N ratio was 50:1 and the organic
carbon input through wheat straw was 1322 g kg−1) was returned to the S paddy fields
both years. Additionally, 7500 kg ha−1 of well-decomposed chicken manure (23% moisture
content, 16.3 g kg−1 N, 261 g kg−1 organic carbon, 15.4 g kg−1 P2O5, and 20.7 g kg−1 K2O
(Shijiazhuang Jitian Biotechnology Co., Ltd., China) was applied to the O paddy fields in
2015 and 2016. The base fertilizer and wheat straw were mixed into the muddy soil during
tillage, and surface application was adopted for all other fertilizers.

Table 1. Date and rate of nitrogen fertilization during the rice-growing season in farmer fertilizer
practice (FFP) (kg N ha−1).

Activity 2015 2016

Base fertilizer (29 and 28 June) 155.2 (72.0CF + 83.2AB) 72.0 (72.0CF)
Tillering fertilizer (16 Jul) 69.3 (U) 97.0 (U)

Panicle fertilizer (9 and 11 Aug) 58.9 (U) 104.0 (U)
Total nitrogen 283.4 273.0

Dates in brackets are when the fertilizer was applied in 2015 and 2016, respectively. CF: compound fertilizer (N,
P2O5, and K2O contents were 16.0%, 12.0%, and 17.0% in 2015 and 2016), AB: ammonium bicarbonate (N content
was 17.1%), U: urea (N content was 46.2%).

The irrigation water layer of the CI paddy fields was maintained at 5–25 mm in the
regreening stage. Irrigation was applied only to keep the soil moist, and standing water
was avoided in the other stages except during periods of pesticide and fertilizer application.
In accordance with local rice planting habits, a 30–50 mm shallow water layer was retained
in the FI paddy fields after transplantation except during the midseason drainage period
and the yellow maturity stage of rice. Rainfall was deflected with a canopy to accurately
control soil moisture. The root zone soil water content criteria in different rice growth
stages for CI are shown in Table 2.
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Table 2. Limits for irrigation in different stages of rice under controlled irrigation.

Stages Re-
Greening

Tillering Jointing and Booting Heading and
Flowering

Milk
Maturity

Yellow
MaturityFormer Middle Later Former Later

Upper limit a 25 mm b θs1 θs1 θs1 θs2 θs2 θs3 θs3 Drying
Lower limit 5 mm b 70% θs1 65% θs1 60% θs1 70% θs2 75% θs2 80% θs3 70% θs3 Drying

Monitored soil
depth/cm — 0–20 0–20 0–20 0–30 0–30 0–40 0–40 —

θs1, θs2, and θs3 represent saturated volumetric soil moisture for the 0–20, 0–30, and 0–40 cm layers, respectively. a In the case of pesticide,
fertilizer application, and rainfall, standing irrigation water at a depth of up to 5 cm was maintained for less than 5 days. b The data show
the water depth during the re-greening stage.

2.3. Yield Measurement, Soil Sampling, and Analysis

Rice yield was estimated by artificially harvesting crops per unit area of each plot.
Three hills of rice were randomly chosen to evaluate the filled grain number, setting
percentage, thousand kernel weight, and panicle number of each treatment.

A total of 108 soil samples were collected from each plot following an S-shaped pattern
at 0–10, 10–20, and 20–40 cm depths during the whole growth stage of rice in 2015 (23 June,
12 July, 20 August, 23 August, 21 September, and 25 October) and 2016 (29 June, 27 July,
21 August, 4 September, 21 September, and 25 October). After harvesting with a spiral drill
(diameter, 38 mm; length, 1 m), three samples of 0–40 cm soil were randomly collected
in each plot and fully stirred. Then, samples from the same depth were homogenized by
mixing, separated from visible debris and crop residues, and divided into two parts. One
part of the fresh samples was stored at 4 ◦C, and the other was air-dried, ground, and
screened with a sieve of 0.149 mm; 12.5 g of fresh soil samples for dissolved organic carbon
(DOC) was placed in a conical flask, immersed into 50 mL of 0.5 mol L−1 K2SO4 solution,
and shaken for 30 min before the extracts were separated with a 0.45-µm filter. SOC
was measured by the potassium dichromate external heating method, and the oxidation
correction coefficient was considered. Besides, soil water content was recorded by a time
domain reflectometer (Soil Moisture Equipment, Ltd., Corp. USA), and vertical rulers were
used to monitor water layer at 8 a.m. everyday. The amount of irrigation water for each
plot was calculated by using the water meter.

2.4. DNDC Model
2.4.1. Overview of the DNDC Model

The DNDC model is a process-cased biogeochemical model written in Visual C++
6.0 language for C and N dynamics in agro-ecosystems. This model has evolved over
decades of development since it was developed by Li et al. [25]. Various soil hydrological
processes were included in the present model. The DNDC model has been used worldwide
because of its simple parameter input and accurate simulation results. It was designated as
the preferred biogeochemical model in Asia by the International Symposium on Global
Change in the Asia-Pacific region in 2000 [26]. The DNDC model has good adaptability in
China [27,28], but studies on predicting SOC dynamics in paddy soil under water-saving
irrigation and water-carbon coupling based on future climatic conditions are few. Therefore,
the present study improved the irrigation module of DNDC95, which is the latest version
of the DNDC model, to realize simulation of paddy fields under controlled irrigation and
to optimize the irrigation module of paddy fields in the model on the basis of experimental
data. More detail can be found in the Supplementary Materials.

2.4.2. Input Data

Daily meteorological data, soil properties, and agricultural management measures
were collected to support DNDC simulation. Soil physical and chemical properties, in-
cluding initial soil C and N content, texture, and field capacity, were obtained through
field sampling and laboratory analysis. The value of SOC at surface soil (0–10 cm) used
as an input to the model was based on a measured total SOC value (11.1 g C kg−1). The
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contents of TN, NH4
+-N, and NO3

−-N served as a pre-fertilization input value of DNDC.
Agricultural management measures were obtained on the basis of field records and local
farmers’ habits. The meteorological data used in this paper were as follows: historical
meteorological observation data and GCMs from the Meteorological Information Center
of China Meteorological Administration (http://data.cma.gov.cn/). Data included the
daily maximum temperature, minimum temperature, radiation, wind speed, and precip-
itation. The future climate projections were acquired from four GCMs participating in
the Coupled Model Intercomparison Project (CMIP5) experiment, including BCC-CSM1.1
(m), MIROC-ESM-CHEM, GFDL-ESM2M, and HadGEM2-ES (Table 3) [24,29]. In accor-
dance with the new emissions scenarios proposed by CMIP5, representative concentration
pathways (RCPs) and four climate scenarios, RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5,
were selected. RCP 2.6 is a low peak-and-decay scenario (the radiation force reaches its
maximum near the middle of the 21st century before falling to 2.6 W m−2), RCP 8.5 is a
high-emissions scenario (the radiation force rises to 8.5 W m−2 by 2100), and RCP 6.0 and
RCP 4.5 are two intermediate scenarios (with a radiation force stability in 6.0 W m−2 and
2.6 W m−2, respectively, by 2100).

Table 3. Four general climate models used in this study.

Institutions Models Approximate Atmospheric Resolution

Beijing Climate Center, China Meteorological Administration BCC-CSM1.1 (m) 1.125◦ × 1.125◦

Japan Agency for Marine-Earth Science and Technology 1 MIROC-ESM-CHEM 2.8125◦ × 2.8125◦

Geophysical Fluid Dynamics Laboratory GFDL-ESM2M 2.5◦ × 2◦

Met Office Hadley Center HadGEM2-ES 1.875◦ × 1.24◦

1: Atmosphere and Ocean Research Institute (The University of Tokyo) and National Institute of Environmental Studies.

2.4.3. BMA Method

As an advanced statistical method based on Bayesian theory and in consideration
of model uncertainty, BMA has been proposed to combine multiple climate models to
provide good performance models with high weights. BMA has been widely used in
multimodel ensemble predictions of future climate. Therefore, four future climate models
were predicted using the BMA weighted set in the present study and estimated on the
basis of two statistical downscaling methods: back-propagation neural network and Statis-
tical Downscaling Model (SDSM) developed by Wilby et al. [30,31]. Their mathematical
expressions are as follows [24]:

Assume that y is the prediction variable, and its posterior distribution is as follows:

p(y| f1, f2, . . . , fk, D) =
K

∑
k=1

p(y| fk, D)p( fk|D) (1)

On the premise of satisfying the minimum mean squared error, the combined predic-
tion formula on the basis of the basic principle of Bayesian theorem is as follows:

EBMA(y|D) =
K

∑
k=1

p( fk|D)E[pk(y| fk, D)] =
K

∑
k=1

ωk, fk (2)

where p(fk|D) denotes the posterior probability that model fk is correct given the training
data and is calculated with Bayes’ theory; p(y|fk, D), estimated from the training data, is
the predictive probability density function based on model y|fk alone; and k is the number
of models being combined, which is equal to four in this study. This formula uses the
posterior probability p(fk|D) of the model as the weight for all possible model predictions
E(D|fk, D) and obtains the combined predicted value.

Based on the field experimental data, we modified and verified the DNDC model to
simulate soil organic carbon in paddy fields under different water and carbon management
systems. The controlled irrigation module was added to the irrigation module of DNDC to
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realize the simulation of paddy fields under controlled irrigation. Then, combined with the
climate model and climate scenarios after the BMA-weighted average, the simulation of
SOC and rice yield under the corresponding water and carbon management systems in the
next 80 years was conducted.

2.5. Data Analysis

Validation of the model results in the current study mainly included the average
deviation method, correlation coefficient method, relative error method, and root mean
squared method [32]. The absolute root mean squared error (RMSEa), normalized root mean
squared error (RMSEn), coefficient of model efficiency (EF), and coefficient of determination
(R2) were used to quantitatively assess the goodness-of-fit between the simulated results
and measured (observed) results. Their mathematical expressions are as follows:

EF = 1−

n
∑

i=1
(SMi −OBSi)

2

n
∑

i=1
(OBSi −OBS)

2 (3)

EF = 1−

n
∑

i=1
(SMi −OBSi)

2

n
∑

i=1
(OBSi −OBS)

2 (4)

RMSEn =
100× RMSEa

OBSavg
(5)

R2 = (

n
∑

i=1
(OBSi −OBSavg)(SMi − SMavg)

√
n
∑

i=1
(OBSi −OBSavg)

2 n
∑

i=1
(SMi − SMavg)

2
)2 (6)

where OBSi is the observed value, OBSavg is the average observed value, SMi is the sim-
ulated value, SMavg is the average simulated value, and n is the sample size. Higher R2

and lower RMSEn indicated a good fit between the simulated and observed data. The
smaller the RMSEn value is, the higher the fitting degree between the simulated value
and the observed value. A value less than 10% indicates good consistency between the
simulated value and the observed value. The results between 10% and 20% indicate an
ordinary simulation effect, and a value higher than 30% indicates an unsatisfactory simula-
tion effect [33,34]. The Taylor diagram is a polar-style graph, which summarizes the three
statistical indices, i.e., the correlation coefficient between simulations and observations (R),
the root mean squared error (RMSE), and the standard deviation (STD) using a single point.
Given its comprehensiveness and visibility, Taylor diagrams are particularly beneficial
in evaluating the relative accuracy of the different models. The radial distance from the
origin reflects STD, the cosine of the azimuth angle denotes R, and the radial distance from
the observed points is proportional to the RMSE difference. A main criterion can usually
be summarized: the closer a point is to the observed data, the better the fit between the
observed and simulated data [35].

Origin 9.1 software (OriginLab Corporation, Northampton, MA, USA) and MATLAB
2017 (MathWorks Corporation, USA) were used to calculate data and construct the relevant
charts. Statistical analysis was carried out using standard procedures on a randomized plot
design (SPSS 22.0). Significance was calculated on the basis of a Least significant difference
(LSD) test at the 0.05 probability level.
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The Mann–Kendall trend test, which we used in this study based on MATLAB 2017,
is one of the widely used distribution-free tests of trend in time series. A standard normal
variate Z is calculated as follows:

Z =





S−1√
Var(S)

, S > 0

0, S = 0
S+1√
Var(S)

, S < 0





(7)

UFk =
Sk − E(Sk)√

Var(Sk)
, k = 1, 2, . . . , n (8)

UBk =

{ −UFk, k = n, n− 1, . . . , 1
0, k = 1

}
(9)

In a two-sided test for the trend, the null hypothesis of no trend is rejected if |Z| > Zα/2
where α is the significance. The calculation method of Var(S) and S can be found in the
literature [36], where Z > 0 indicates an upward trend and Z < 0 indicates a downward trend.
In addition, UF is the standardized result of S, which is a statistical sequence calculated in
time sequence and obeys normal distribution, while UB is repeatedly calculated in reverse
chronological order.

3. Results
3.1. Model Modification and Validation
3.1.1. Model Modification

On the basis of the source code of DNDC95, this study improved the module on paddy
field flooding in the farmland management menu. The two methods for the original water
management module are the following: continuous flooding (water level is maintained at
10 cm) and alternative irrigation (water level fluctuates between −5 to 5 cm). The problems
in the model were solved by improving the following three aspects: (1) the 50-cm constant
soil layer assumed in the original DNDC model was adjusted to a value that varied with
the depth of the rice root layer; (2) the fluctuation range of the water level was adjusted in
accordance with the upper and lower limits of irrigation water controlled by soil moisture
content; and (3) the upper and lower limits of irrigation with controlled irrigation were
changed with the rice growth period, controlled irrigation with rice growth period was
implemented, and the corresponding parameters were adjusted. Controlled irrigation was
monitored in accordance with the soil moisture and water layer indicators in Table 2. The
amount of irrigation water simulated by DNDC under controlled irrigation and traditional
flooding irrigation after the modification was consistent with the observed irrigation
water amount (Table 4). Additionally, crop parameters were calibrated in this study. The
maximum crop yield, biomass allocation, and C/N ratio of the crops were modified on
the basis of the observed results, and some internal parameters were modified to simulate
actual conditions in the field. For example, the chromic acid wet oxidation method [37]
and the Kjeldahl method [38] were used to estimate the total carbon nitrogen ratio of stems,
leaves, and grains at the heading and maturing stages of Nanging 46. The total C/N ratios
used for model correction were 55 for the root, 75 for the stem and leaf, and 75 for the
grain. The maximum biomass production of grain was modified to 4700 kg C ha−1 to stay
consistent with our observed data.
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Table 4. Comparison of observed and simulated irrigation values of the Denitrification Decomposi-
tion (DNDC) model simulation.

Year Treatments Observed/mm Simulated/mm RMSEn

2015 Controlled irrigation 356.93 346.03 3.08
Flood irrigation 812.11 789.10

2016 Controlled irrigation 456.43 468.14 3.77
Flood irrigation 954.78 919.01

Notes: Observed and simulated denote the observed irrigation amount and the simulated irrigation
amount, respectively.

3.1.2. Model Calibration and Validation
Model Calibration

The comparisons of DOC and SOC measured values and simulated values in the test
area in 2015 are shown in Figures 2 and 3. The dynamic changes in SOC and DOC in
paddy soil under different water and carbon management systems in one year were well
fitted through the modified DNDC model. The simulated values were consistent with
the observed values. Tables 5 and 6 reflect the evaluation results of the SOC and DOC
simulation values, respectively. The RMSEa values of the SOC and DOC simulations were
0.35–1.62 g kg−1 and 23.63–38.49 mg kg−1, respectively. The RMSEn values of the SOC
and DOC simulations were 3.54–17.59% and 8.79–13.93%, respectively. The regression
coefficient R2 of DOC was 0.80–0.99, and the EF values of SOC and DOC were close to 1.
The SOC regression coefficients of the partial treatments (FS and FO) were closer to 1, which
indicated that the modified DNDC model can accurately simulate the effects of different
water and carbon management systems on SOC and DOC dynamics in paddy soil.
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Figure 2. Simulation of dissolved organic carbon (DOC) (0–10 cm soil) change in each treat-
ment during the calibration period (2015), where (a–f) present the CS, FS, CO, FO, CF, and FF
treatments, respectively.
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Figure 3. Simulation of soil organic carbon (SOC) change in each treatment during the calibration
period (2015), where (a–f) present the CS, FS, CO, FO, CF, and FF treatments, respectively.

Table 5. Estimation of SOC results for each treatment by using the modified DNDC model during the calibration period
(units of SOC: g kg−1).

Variable Treatments N Xobs(SD) Xsim(SD) P(t*) α β R2 RMSEα RMSEn EF

SOC CF 6 10.31(0.30) 10.94(0.27) 0.03 1.37 2.90 0.86 0.78 7.11 0.91
0–10 cm CS 6 11.44(0.87) 11.49(0.30) 0.89 * 0.19 10.20 0.72 0.71 6.19 1.00

CO 6 12.34(1.04) 11.97(0.39) 0.49 * 0.36 7.67 0.74 1.16 9.73 0.99
FF 6 10.89(0.58) 11.15(0.34) 0.34 * 0.25 9.04 0.81 0.59 5.31 1.00
FS 6 13.48(0.97) 12.69(0.30) 0.16 * 0.66 4.78 0.94 1.32 10.37 0.99
FO 6 12.70(0.83) 12.84(0.32) 0.71 * 0.46 7.16 0.89 0.80 6.24 1.00

SOC CF 6 8.95(0.79) 9.76(0.04) 0.07 * 0.09 9.03 0.82 0.35 3.54 0.98
10–20 cm CS 6 10.00(0.56) 10.04(0.05) 0.87 * 0.58 4.25 0.93 0.54 5.40 1.00

CO 6 10.95(1.00) 11.04(0.06) 0.09 * 0.02 9.78 0.87 1.34 13.39 0.99
FF 6 9.49(0.44) 9.85(0.04) 0.14 * −0.05 10.38 0.78 0.58 5.86 1.00
FS 6 11.41(0.86) 11.20(0.04) 0.61 * 0.02 10.94 0.84 0.87 7.74 0.99
FO 6 12.11(0.47) 11.20(0.04) 0.01 0.06 10.38 0.60 1.01 9.01 0.99

SOC CF 6 7.13(0.77) 7.13(0.04) 0.14 * 0.05 7.39 0.81 0.96 12.40 0.98
20–40 cm CS 6 8.51(0.28) 7.72(0.03) 0.01 −0.09 8.51 0.84 0.84 10.86 0.99

CO 6 7.60(0.52) 7.27(0.04) 0.24 * −0.06 7.67 0.59 0.65 8.88 0.99
FF 6 7.68(0.68) 7.78(0.03) 0.76 * −0.01 7.80 0.81 0.70 8.95 0.99
FS 6 10.12(1.31) 9.20(0.03) 0.19 * −0.02 9.41 0.62 1.62 17.59 0.97
FO 6 9.32(0.31) 9.20(0.03) 0.46 * −0.05 8.39 0.79 0.35 3.82 1.00

Notes: N is the number of samples; Xobs is the average observed value; Xsim is the average simulated value; SD is standard deviation;
P(t*) is t-test significance; α and β are the slope and intercept of the linear correlation between simulated values and observed values,
respectively; and R2 is the coefficient of determination between the simulated value and the observed value. In P(t*), * means that the
difference between the simulated value and the observed value is not significant and that the credibility is 95%.
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Table 6. Evaluation of DOC simulation results of each treatment by using a modified DNDC model during the calibration
period and verification period (units of DOC: mg kg−1).

Period Treatments N Xobs(SD) Xsim(SD) P(t*) α β R2 RMSEα RMSEn EF

Calibration CF 6 253.43(41.85) 268.65(55.03) 0.83 * 0.80 63.48 0.82 23.63 8.79 0.68
2015 CS 6 294.48(47.33) 291.55(76.59) 0.47 * 1.49 −146.39 0.84 38.12 13.08 0.59

CO 6 300.76(82.01) 276.36(72.57) 0.13 * 0.83 28.02 0.86 38.49 13.93 0.78
FF 6 261.05(66.19) 244.55(67.47) 0.26 * 0.92 3.10 0.82 33.19 13.57 0.75
FS 6 259.38(53.43) 270.43(76.00) 0.36 * 1.41 −94.33 0.98 26.90 9.95 0.75
FO 6 287.82(78.81) 280.93(70.41) 0.62 * 0.83 41.88 0.86 29.98 10.67 0.86

Validation CF 6 217.12(43.39) 228.97(49.39) 0.14 * 1.09 −6.69 0.84 19.37 8.46 0.80
2016 CS 6 189.72(50.10) 201.27(75.88) 0.40 * 1.49 −82.10 0.97 30.06 14.94 0.64

CO 6 222.98(68.81) 232.05(85.68) 0.42 * 1.22 −39.77 0.96 24.77 10.67 0.87
FF 6 181.52(43.42) 168.36(55.57) 0.30 * 1.15 −39.69 0.80 28.73 17.06 0.56
FS 6 174.99(45.67) 172.98(46.78) 0.38 * 1.02 −5.48 0.99 4.92 2.84 0.99
FO 6 176.29(52.26) 176.92(52.97) 0.91 * 0.99 3.01 0.95 12.22 6.91 0.95

Notes: N is the number of samples; Xobs is the average observed value; Xsim is the average simulated value; SD is standard deviation;
P(t*) is t-test significance; α and β are the slope and intercept of the linear correlation between simulated values and observed values,
respectively; and R2 is the coefficient of determination between the simulated value and the observed value. In P(t*), * means that the
difference between the simulated value and the observed value is not significant and that the credibility is 95%.

Validation of Model Parameters

This study validated the modified DNDC model with 2016 data. The comparison
between the simulated and observed values of DOC and SOC with different treatments
during the verification period is shown in Figures 4 and 5. In most cases, the modified
DNDC model with calibration parameters can simulate the dynamics of DOC and SOC in
paddy fields under different water and carbon management systems. On the time scale of
one year, DOC in paddy fields clearly changed with time, showing an increasing first and
then decreasing trend, whereas the SOC content had a negligible change. In addition, the
vertical distribution of SOC in paddy fields under different water and carbon management
systems was relatively consistent. The SOC in the paddy field decreased as the soil depth
increased, and the SOC fluctuation of 0–10 cm was larger than the SOC fluctuations of
10–20 cm and 20–40 cm. These results were essentially consistent with those of previous
studies [39]. The results (Figure 6) showed that the simulated values of rice yield under
different water and carbon treatments in the calibration and verification periods were close
to the observed data, that is, to the line 1:1.

Comparison of Observed and Simulated Values

The parameter evaluation results for DOC (Table 6) and SOC (Table 7) in paddy fields
simulated by the modified DNDC model showed the relationship between the simulated
and observed values. RMSEa and RMSEn were small, indicating that the simulation was
good. The model verification results indicated that irrigation and fertilization management
had a great impact on SOC and DOC in paddy fields. Irrigation affected the dynamics
of SOC and DOC. SOC under controlled irrigation was lower than that under flooding
irrigation, but DOC was higher. Controlled irrigation is beneficial to the oxidative de-
composition of paddy soil, which may be the cause of this phenomenon. In addition, the
SOC contents of the organic fertilizer and straw returning treatments were significantly
higher than the SOC content of the conventional fertilizer treatment, indicating that the
appropriate fertilization method was beneficial to SOC accumulation in paddy fields.
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Figure 4. Simulation of DOC (0–10 cm soil) dynamics in each treatment during the verification period
(2016), where (a–f) present the CS, FS, CO, FO, CF, and FF treatments, respectively.
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Figure 5. Simulation of SOC changes in each treatment during the verification period (2016), where
(a–f) present the CS, FS, CO, FO, CF, and FF treatments, respectively.
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Figure 6. Simulation of yield changes in each treatment during the validation period (2015) and calibration period (2016):
the solid line is a 1:1 relationship.

Table 7. Evaluation of SOC simulation results of each treatment by using modified DNDC model during the verification
period (units of SOC: g kg−1).

Variable Treatments N Xobs(SD) Xsim(SD) P(t*) α β R2 RMSEα RMSEn EF

SOC CF 6 11.46(0.87) 11.40(0.29) 0.88 * 0.05 10.69 0.97 0.88 7.72 0.90
0–10 cm CS 6 11.02(0.59) 11.58(0.54) 0.05 * 0.57 10.00 0.76 0.75 6.46 0.84

CO 6 13.69(0.78) 12.35(0.38) 0.01 0.35 10.83 0.62 1.45 11.77 0.83
FF 6 10.88(0.15) 11.11(0.25) 0.09 * 0.52 5.58 0.85 0.34 3.09 0.92
FS 6 12.96(0.81) 12.35(0.24) 0.16 * 0.82 13.37 0.84 1.02 8.26 0.56
FO 6 13.18(0.60) 12.56(0.19) 0.10 * 0.09 11.38 0.87 0.93 7.37 0.87

SOC CF 6 8.76(0.08) 9.01(0.05) 0.01 −0.25 11.75 0.80 0.28 3.10 0.89
10–20 cm CS 6 9.28(0.45) 9.61(0.39) 0.01 0.82 2.00 0.87 0.37 3.83 0.93

CO 6 10.56(1.23) 10.41(0.05) 0.79 * 0.02 10.18 0.82 1.21 11.67 0.83
FF 6 10.10(0.50) 10.24(0.37) 0.69 * −0.29 17.17 0.73 0.75 7.30 0.83
FS 6 11.45(0.33) 11.13(0.03) 0.09 * −0.02 11.41 0.87 0.46 4.16 0.93
FO 6 10.78(0.36) 11.22(0.03) 0.04 0.01 11.21 0.81 0.57 5.09 0.87

SOC CF 6 7.48(0.34) 7.66(0.10) 0.33 * −0.08 8.40 0.73 0.42 5.43 1.00
20–40 cm CS 6 8.04(0.52) 7.91(0.02) 0.61 * 0.02 7.78 0.84 0.53 6.66 1.00

CO 6 8.83(0.63) 7.92(0.02) 0.02 0.02 7.76 0.67 1.10 13.83 0.98
FF 6 8.55(0.77) 8.70(0.62) 0.25 * 0.77 2.25 0.91 0.30 3.42 −1.16
FS 6 9.70(0.07) 9.42(0.03) 0.00 −0.12 10.83 0.99 0.29 3.03 1.00
FO 6 9.08(4.07) 9.14(0.03) 0.80 * −0.03 9.40 0.84 0.49 5.37 1.00

Notes: N is the number of samples; Xobs is the average observed value; Xsim is the average simulated value; SD is standard deviation;
P(t*) is t-test significance; α and β are the slope and intercept of the linear correlation between simulated values and observed values,
respectively; and R2 is the coefficient of determination between the simulated value and the observed value. In P(t*), * means that the
difference between the simulated value and the observed value is not significant and that the credibility is 95%.

3.2. Projection of SOC and Rice Yield in Paddy Fields Based on BMA and Modified DNDC
3.2.1. BMA Method Evaluation of Predicted Values of Meteorological Parameters Required
by DNDC

Different GCMs should be combined to provide detailed and accurate climate data
in the context of climate change. In the present study, four GCMs processed by BMA
were used to obtain four climate variables as required by the modified DNDC model:
maximum temperature, minimum temperature, wind speed, and radiation (Figure 7). The
performance of the BMA ensemble multi-model to predict future climate variations was
evaluated with a Taylor chart (Figure 8). Numerous studies have shown that the prediction
effect of BMA parameters is improved by extending the model training time [40,41]. This
study used 40 years (1961–2000) to train BMA weights, and current and future climate
parameters were generated in the remaining stages (2001–2099). The comparison between
simulated and observed precipitation values in 2015 and 2016 treated by BMA is shown
in Figure 9. In the calibration and verification period of the model, the simulated and
the observed rainfall values treated by BMA had a good fitting effect. The simulated
precipitation value and the observed value were relatively close except for the slightest
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occurrence of a peak value. In Figure 7, the meteorological parameters generated by BMA
were more consistent on the daily scale than at other scales measured by any single model.
Figure 8 shows the relative accuracy of the model with a Taylor diagram. The results
of the BMA method (point E) were closer to the points marked “observed” than to the
data measured by any single model (points A, B, C, and D). Thus, BMA exhibited a good
correlation and small RMSE. Except for the analog value matching the effect of wind speed,
which was slightly poor (even if R of the BMA method was also approximately 0.7), the
prediction of the other meteorological factors was good.
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Figure 7. Time series of daily mean maximum temperature (a), minimum temperature (b), wind speed (c), and radia-
tion (d) from 2012 to 2016: observed is the measured value, and BCC-CSM1.1 (m), GFDL-ESM2M, HadGEM2-ES, and
MIROC2SM-CHEM represent the four climate models in Table 2, respectively. BMA (Bayesian Model Averaging) represents
the value after BMA-weighted average.
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Figure 8. Taylor diagrams for meteorological factors in Kunshan, 2012–2016: this diagram is a comparison between the
projected and measured values of four meteorological parameters required by a modified DNDC model. The four figures
are as follows: (a) maximum temperature, (b) minimum temperature, (c) wind speed, and (d) radiation. Observed is the
observed value, A is BCC-CSM1.1 (m), B is GFDL-ESM2M, C is HadGEM2-ES, D is MIROC-3SM-CHEM, and E is the
BMA-weighted value.
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Figure 9. Comparison of simulated and actual precipitation values in 2015 (a) and 2016 (b) treated by BMA.
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3.2.2. SOC Dynamics Prediction in Paddy Fields under Water and Carbon Regulation in
Future Climate Conditions

On the basis of the modified DNDC model and the BMA method, this study predicted
the SOC changes (0–10 cm) in paddy fields under four climate scenarios (i.e., RCP 2.6,
RCP 4.5, RCP 6.0, and RCP 8.5) over the next 80 years (2020–2099), as shown in Figure 10.
The average predicted SOC under different climate scenarios consistently occurred in
the following order FO > CO > FS > CS > FF > CF. The trend lines of the SOC change
in paddy fields under the four climate scenarios were estimated via linear square fitting
(Figure 10). This trend indicated that the effect of fertilizer management on SOC changes
in paddy fields over the long term was very large in the four scenarios. To some extent,
this phenomenon explained the similar results found for the different climate scenarios,
i.e., the SOC of the CF and FF treatments decreased with prolonged time, while the CS,
CO, FS, and FO treatments showed an increasing trend with an extended time. Fertilizer
management obviously affected the long-term trend of SOC in paddy fields under the same
irrigation treatment. Irrigation had a certain impact on SOC in paddy fields over a short
time, but only a negligible difference was observed over the long term. The overall trend
in the SOC changes in paddy fields under flooding irrigation and controlled irrigation
treatments was consistent and showed that SOC decreased in the conventional fertilizer
treatment and increased in the treatment with organic fertilizer and straw application.
In comparison with that in the 2020s, in the 2090s, the average values of the CF and FF
treatments decreased by 4.98%, 5.86%, 6.07%, and 7.49% in the RCP 2.6, RCP 4.5, RCP 6.0,
and RCP 8.5 scenarios, respectively, while the average values of the other treatments in the
2090s increased by 102.97%, 99.68%, 99.57%, and 97.54%, respectively. In addition, in the
first 5 years, the CS and CO treatments showed an unexpected downward trend and then
increased rapidly, which was different from the results of the model verification period.
This may have been due to the frequent alternation of drying and wetting under controlled
irrigation conditions, which promoted soil respiration. Therefore, the SOC of paddy fields
decreased in the short term, while the long-term application of organic fertilizer and straw
application can offset this carbon loss effect. However, the SOC of the organic fertilizer
treatment under the RCP 4.5 and RCP 6.0 scenarios increased in 2100, which were because
both the low peak attenuation and high emissions scenarios were not conducive to the
accumulation of SOC in paddy fields.Sustainability 2021, 13, x FOR PEER REVIEW 17 of 26  
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Figure 10. Prediction of SOC change in paddy fields with different treatments in the next 80 years un-
der different climate scenarios (0–10 cm): the dashed lines in different colors in the figure correspond
to the corresponding trend lines, and each trend line was derived from a series of annual values. The
annual SOC is the final content at the end of the growth period of each treatment in the next 80 years.
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In Table 8, the dynamics of SOC every 10 years under different treatments in the next
80 years is reflected by the RCP 2.6 scenario as an example. The results showed that the SOC
of the conventional fertilizer treatment decreased rapidly in the first 10 years but gradually
flattened. The soil organic carbon levels in the CF and FF treatments decreased by 14.18%
and 13.50%, respectively. The SOC of the CS treatment abnormally decreased by 8.13%
and increased rapidly. The effect of climate scenario on the SOC in paddy fields was not
obvious (Figure 11). The SOC of the organic fertilizer treatment under the various climate
scenarios increased with time. Compared with that under baseline conditions (2020), the
SOC in the CO treatment under RCP 2.6 increased from 45.89% in 2040 to 149.39% in 2080
and the SOC in the CS treatment under RCP 4.5 increased from 3.07% in 2040 to 41.05% in
2080. In addition, the decline in the SOC in the CF and FF treatments was the largest in the
first 20 years and remained unchanged.

Table 8. Changes in the SOC of paddy fields with different treatment in the next 80 years under the
RCP 2.6 scenario.

Period CF CO CS FF FO FS

2020–2029 −14.18% 13.97% −8.13% −13.50% 18.86% 6.26%
2030–2039 −0.74% 24.33% 10.15% −3.18% 19.04% 8.74%
2040–2049 4.22% 19.66% 12.47% 5.17% 17.96% 8.36%
2050–2059 0.79% 13.70% 7.67% 0.41% 12.21% 5.36%
2060–2069 0.57% 10.85% 6.61% 0.21% 9.68% 4.66%
2070–2079 0.46% 8.88% 5.07% −0.04% 7.81% 3.67%
2080–2089 0.66% 6.99% 5.63% 2.04% 6.96% 4.40%
2090–2099 0.71% 6.07% 4.26% 0.11% 5.44% 3.02%

Notes: The values above denote simulated SOC change every 10 years (compared with the baseline 10 years ago)
of the CF, CO, CS, FF, FO, and FS treatments in the 2020s, 2030s, 2040s, 2050s, 2060s, 2070s, 2080s, and 2090s.

3.2.3. Projection of Rice Yield Changes

On the basis of the modified DNDC model and BMA method, we predicted rice yield
changes under different water and carbon management systems over the next 80 years
under four climate scenarios (Figure 12). The relationship between the different treatments
was essentially the same under various climate scenarios, which showed that the rice yield
of the CS treatment was the highest and that of the CF treatment was the lowest. Thus, the
long-term return of straw can significantly promote an increase in rice yield. Similar to the
regulation of water and carbon regulation of SOC dynamics in paddy fields, irrigation and
carbon management both affected the yield under the same climate conditions while the
combination of appropriate fertilization and controlled irrigation evidently increased rice
yield. The rice yield in the CS and CO treatments in most cases was higher than that in
the FS and FO treatments. This study provides a trend line of each rice yield with time
(Figure 12). Overall, the rice yields of the different treatments have good synchronization
and almost simultaneously changed at different stages of the 21st century. In comparison
with that in the 2020s, the average rice yield of each treatment in the 2090s decreased by
18.41%, 38.59%, 65.11%, and 65.62% in RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5, respectively.
In addition, the climate scenarios resulted in clear effects on rice yields under the same
water and carbon management mode. The rice yield tended to increase in the first 20 years
as the radiative force increased. However, under the high emissions scenario of RCP 8.5,
the rice yield of the CS treatment initially remained unchanged but declined rapidly with
increased time. Taking RCP 2.6 as an example, the results of the Mann–Kendall trend
test [42] are shown in Figure 13. The yields of the CF and FF treatments increased in
2020–2023 and 2087 (UF > 0), while the UF values of the CO, CS, FO, and FS treatments
were less than zero within the 95% confidence interval, except for the increase in 2020–2023,
which indicated that maintaining rice yield via excessive carbon input might be difficult
to sustain.
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Figure 13. Mann–Kendall test charts of rice yield changes under different water and carbon treatments (with RCP 2.6 as an
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4. Discussion
4.1. Performance of the Modified DNDC Model and Limitations

The default parameters of the DNDC model did not meet the needs of simulating
SOC dynamic changes [23], and the model should be calibrated to reduce uncertainties
in new systems or environments [20]. The results of this study showed that the modi-
fied DNDC model had good adaptability to SOC and yield simulation of paddy fields
in the Kunshan area. The modified DNDC model successfully predicted the irrigation
situation under water-saving irrigation and flood irrigation, and the effects of different
irrigation and fertilization conditions on the SOC, DOC, and rice yield in paddy fields can
be simulated. In addition, current research has mainly focused on water consumption and
water use efficiency [43] and less on the effect of climate change on SOC in rice fields, and
climate factors, such as temperature and precipitation, are important driving forces in SOC
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change [44], which have a far-reaching impact on agricultural production [9]. In this study,
SOC prediction and rice yield were based on the modified DNDC model, local irrigation,
fertilization management, and four GCMs integrated with BMA. The results weighted by
BMA were closer to the observed points than to any single model in the Taylor diagram;
thus, integrating multiple climate models with BMA is reliable, which is consistent with
the results of Wang et al. [24]. Interpretation based on the single model was one of the
limitations of this study. The uncertainty could be reduced by the method of multi-model
ensemble [45]. In addition, it is desirable to calibrate the model results with data from more
sites and long-term series of observed data under different water and carbon management.

4.2. Effects of Water and Carbon Management Systems on SOC in Paddy Fields and Rice Yield

The present study found that the combination of irrigation and fertilization patterns
can markedly increase SOC and rice yield, which was consistent with the findings of
Kamoni et al. [46]. This result may be due to irrigation improving the availability of
soil N, thereby increasing productivity. The mechanism of the effects of irrigation on
organic carbon remains unclear. Some studies have found that irrigation affects SOC
mineralization and transfer [47], while others found that waterlogging affects rice residue
input and the decomposition rate of SOC under anaerobic conditions, thus affecting SOC
accumulation [48]. For example, Kelliher et al. [49] found that irrigation reduced SOC
by 61%, while Houlbrooke et al. [50] found that irrigation had little effect on SOC, which
may be related to environmental conditions, soil development stages and types, irrigation
water quality, and years. This study found that the SOC of controlled irrigation paddy
fields was lower than that of fields with conventional irrigation, which may be due to
the frequent dry–wet alternation of controlled irrigation promoting microbial activities,
increased soil fertility, and soil respiration, thus increasing soil carbon loss [51]; this finding
is different from the results of Zhao et al. [52]. Zhao et al. found that optimized irrigation
and fertilization treatments increased SOC in the North China Plain, which may be related
to the retention of residue in the experiment every year. In addition, the present study
found that controlled irrigation reduced the SOC of paddy fields while reducing irrigation
water; the SOC content evidently increased after the combination of irrigation with straw
returning or application of organic fertilizer. Thus, applying organic fertilizer or straw
returning under controlled irrigation conditions can reduce the water footprint while
addressing SOC. Combining controlled irrigation with organic fertilizer and returning
straw to the fields, which is a feasible alternative water and carbon management mode,
saved a large amount of water resources and increased rice yield and SOC content.

The dynamics of SOC in paddy fields are the net result of organic matter input and
output. Irrigation schedules and fertilization affect soil organic carbon in paddy fields by
changing the input of energy or material [53]. SOC dynamics are difficult to measure in
the short term. This process-based model is a good tool for predicting future trends. The
results of long-term simulation of the SOC changes in paddy fields under different water
and carbon management systems (Figure 10) showed that the combination of controlled
irrigation and suitable organic fertilizer application is a satisfactory water and carbon
regulation mode. SOC growth was rapid, and yield was maintained at a high level with
prolonged time. In addition, fertilizer management has a considerable impact on the long-
term evolution of SOC on farmlands, which was consistent with the results of previous
studies. For example, Wan et al. and Wang et al. [40,54] found through model research
that an SOC of 0–30 cm on farmland in China would decrease to 7.8–8.2 t ha−1 in 2080
without fertilizer management but would increase markedly if organic fertilizer or straw
was applied to the field. This study found a synergistic relationship between SOC content
and rice yield, and rice yield was high in the treatments with high SOC content, such as
the CS and CO treatments, which was similar to the conclusion of Qiu et al. [55].
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4.3. Effects of Climate Scenarios on SOC and Rice Yield in Paddy Fields and
Possible Countermeasures

Impacts in climate scenarios have a considerable impact on rice yield, but their effect
on SOC is less than that of agricultural management measures, which may be because
climate change affects the decomposition of SOC, while agricultural management measures
affect the soil carbon input quantity [56]; excessive carbon input may mask the impact of
SOC decomposition. Additionally, the change in SOC was negatively correlated with initial
SOC concentrations [57], and a high carbon input and low initial SOC would increase
the pool of soil carbon. Conversely, the conversion of excessive carbon input into soil
may offset the carbon loss caused by soil respiration, which explains to some extent why
climate scenario impacts have a negligible effect on SOC changes in paddy fields. Unlike
the current conclusion that fertilization can maintain high rice yields over the long term,
although excessive fertilization can maintain high rice yields in the short term under
future climate conditions, rice yields may still decrease in the long term (Figure 12). This
phenomenon is attributed to the decline in rice yield caused by high temperatures and
water stress that may have exceeded the impacts of promotion by fertilizer. The SOC of
the controlled irrigation treatment increased rapidly in the late period but decreased in
2025, 2040, and 2083 in all treatments. This result may have been caused by the impact of
climate conditions in such years. The average rice yields in all the treatments after 80 years
decreased under the RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5 scenarios by 18.41%, 38.59%,
65.11%, and 65.62%, respectively, compared with that in the baseline treatment (2020). In
addition, previous studies [58] found that a variety of improvements can offset the decline
in rice yield caused by climate warming, which might be a possible strategy to address
climate change in the future.

Overall, paddy fields play a significant role in mitigating climate change through
carbon sequestration, but the impact of different climate scenarios on SOC changes in paddy
fields is less obvious than that of water and carbon management measures. Yu et al. [56]
found that maintaining existing farmland management measures can maintain China’s
paddy soil carbon sequestration potential over the next 20–40 years; however, this result
depends on long-term continuation of the current excessive carbon input management,
which is closely related to the current policy of vigorously promoting and subsidizing
straw returning and organic fertilizer application in China [59]. In accordance with the
report released by the agricultural sector, most crop residues were removed from farmlands
before the 1980s and used as fuel and animal feed in rural areas. This trend was reversed
by the government through a policy in the 1990s to encourage farmers to recycle crop
straw as much as possible, and the policy achieved considerable results [60]. At the
same time, farmers stopped using crop straw as fuel due to improvements in living
standards, which have caused serious environmental pollution in the past [61]. In addition,
unreasonable fertilization leads to soil degradation, water pollution, soil acidification, and
serious agricultural nonpoint source pollution [62]. Thus, how to promote straw returning
in many developing countries across the world and to reduce its pollution is the direction
of further study.

In addition, notably, in the future climate model, although water and carbon manage-
ment will increase production and carbon sequestration, whether it will increase GHGs
still needs further study. For example, excessive carbon input may increase greenhouse
gases, such as CO2 and CH4, while SOC changes are sensitive to CO2 concentrations. Thus,
the benefits of carbon sequestration may be offset. The predicted results showed that the
rice yields of all the treatments will decrease in the future, especially after the middle of the
21st century. Although the rice yield decreased under the coupling of controlled irrigation
with straw returning and organic fertilizer, the rice yield was always higher than that in
conventional fertilizer treatments. Thus, finding an appropriate amount of organic fertilizer
or straw application to balance carbon sequestration is necessary to increase production
and to reduce greenhouse gas emissions.
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5. Conclusions

This study modified the DNDC model to adapt to the common water-saving irrigation
mode in China, especially in the middle and lower reaches of the Yangtze River. The
parameters related to SOC and rice yield were calibrated. In addition, the dynamics of
SOC and rice yield in Kunshan over the next 80 years under different water and carbon
management were predicted on the basis of the four climate scenarios synthesized via the
BMA method. The results showed that the modified DNDC model had good adaptability
to the simulation of SOC and rice yield under different water and carbon management.
The RMSEn values of the SOC and DOC simulations were 3.45% to 17.59% and 8.79% to
13.93%, respectively. The R2 of DOC was between 0.80 and 0.99, and the model efficiency
coefficient EF values of SOC and DOC were all close to 1. In comparison to the single model,
the BMA method can better simulate the changes in climate factors. Climate scenarios
significantly affect rice yield, but their impact on SOC is less than agricultural management
measures. Unfavorable climate will reduce yields in the future climate in spite of long-term
over fertilization. Compared with traditional water and carbon management systems, the
combination of controlled irrigation and organic fertilizer application or straw returning
can obviously increase the SOC content and rice yield in the long-term simulation under
the four climate scenarios, and the yield of the straw-returning treatment was higher. The
SOC of controlled irrigation paddy fields was lower than that of conventional irrigation,
but only a negligible difference was observed over the long term. Therefore, combining
controlled irrigation and appropriate organic fertilizer can balance water conservation, can
maintain SOC and a stable rice yield in paddy fields, and is the recommended water and
carbon management system for paddy fields.

Supplementary Materials: The following are available online at https://www.mdpi.com/2071-105
0/13/2/568/s1, Figure S1: Structure of the DNDC model, Table S1: Input parameters required for
regional simulation with DNDC.
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Abbreviations

BMA Bayesian Model Averaging
CMIP5 The fifth phase of the Coupled Model Intercomparison Project
CI Controlled irrigation
CF Controlled irrigation and farmer fertilizer practices
CO Controlled irrigation and organic fertilizer management
CS Controlled irrigation and straw returning
DNDC Denitrification-Decomposition model
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DOC Dissolved organic carbon, g kg−1

EF Coefficient of model efficiency
FI Flood irrigation
FF Flood irrigation and farmer fertilizer practices
FO Flood irrigation and organic fertilizer management
FS Flood irrigation and straw returning
FFP Farmer fertilizer practices
GCMs General Circulation Models
LSDs Least significant differences
R2 Coefficient of determination
RCPs Representative concentration pathways
RMSEa The absolute root mean squared error
RMSEn The relative root mean squared error
SDSM Statistical Downscaling Model
SOC Soil organic carbon, g kg−1

STD Standard deviation
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Abstract: With the rapid development of circular agriculture in China, balancing agricultural income
and environmental impact by adjusting the structure and scale of circular agriculture is becoming
increasingly important. Agriculture is a major source of greenhouse gas and income earned from
agriculture drives sustainable agricultural development. This paper built a multi-objective linear
programming model based on greenhouse gas emission and agricultural product income and then
optimized the structure and scale of circular agriculture using Beiqiu Farm as a case study. Results
showed that greenhouse gas emission was mainly from manure management in livestock industry.
While the agriculture income increased by 64% after optimization, GHG emission increased by only
12.3%. The optimization made full use of straw, manure and fodder, but also minimized soil nitrogen
loss. The results laid a generalized guide for adjusting the structure and scale of the planting and
raising industry. Measures for optimizing the management of manure were critical in achieving low
agricultural carbon emissions in future agricultural development efforts.

Keywords: structure optimization; carbon footprint; multi-objective linear programming; circu-
lar agriculture

1. Introduction

Circular agriculture is the inevitable drive towards sustainable development of agricul-
tural production [1]. The combination of planting and breeding is one good way to realize
resource utilization, prevent pollution and reduce application of fertilizers in farmlands.
This effort contributes to reducing agricultural non-point source pollution and increasing
income from agriculture. In China, circular agriculture is promoted as a top-down national
political drive [2]. China has explored several new modes of agricultural production such
as recycling wastes via biogas digesters and compost. This has been possible through the
combination of planting and breeding during small-scale peasant economy. Based on local
conditions, farmers have promoted ecological circular agricultural models, such as rice-fish
symbiosis, pig-biogas fruits, and forest economies [3]. Scholars have focused on making
circular agricultural systems workable and able to generate more income, ignoring the
appropriate size and variety between farming and breeding. As a result, there is still the
issue of excessive agricultural waste in circular agriculture that is leading to environmen-
tal pollution. Therefore, the optimization of agricultural development by adjusting the
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structure and scale of planting and breeding for increased agricultural economic benefits
remains challenging.

The mathematical model and programming techniques, such as linear program-
ming, dynamic programming, genetic algorithms, particle swarm optimization and multi-
objective planning have been widely used in solving the problem of agricultural structure
and scale of adjustment [4]. Most of these studies adjust the structure and scale of agricul-
ture based on resource consumption. An agricultural water-energy-food sustainable man-
agement (AWEFSM) model which incorporates multi-objective programming, nonlinear
programming and intuitionistic fuzzy numbers into a general framework, was developed
for sustainable management of limited water-energy-food resource by identifying tradeoffs
of water, energy and land resources across various sub-areas and crops [5]. Some studies
consider the relationship between food and energy, others focus on the balance across
nutritional needs of animals and feed supplies, and yet others analyze labor and water
requirements and income [6,7]. Not many studies link agricultural greenhouse gas emis-
sion to agricultural economic benefit and agricultural waste disposal. A multi-objective
regional optimization model was therefore built to identify optimum land management
adaptations to climate change [8]. It is not difficult to find that Pareto-based multi-objective
optimization methods are well-suited for explorations of trade-offs and synergies [9].

As a major agricultural country, agricultural development in China has its own
problems. The environmental problems caused by the rapid agricultural development
and the low agricultural income continue to attract increasing attention. In particular,
the growing demand for food will compete with the effort to mitigate Greenhouse Gas
(GHG) emissions and adapt to climate change. The Food and Agriculture Organization
(FAO) of the United Nations pointed out in its report that the global agricultural GHG
emission in 2014 was 5.442 billion tons of carbon dioxide equivalent [10]. Of this, China
emitted 708 million tons, accounting for 13.51% of the global agricultural GHG emission
and making it the country with the largest agricultural GHG emission in the world. Studies
show that the input of nitrogen and phosphorus fertilizers in plantation industry will
increase by 2.7–3.4 times in the future. The input of nitrogen fertilizer alone will result in an
annual emission of 3 billion tons of CO2 equivalent [11]. Compared with crop production,
the livestock sector contributes more to GHG emissions. As a country with the largest
livestock production in the world, China’s GHG emissions from the livestock industry was
increased from 137.423 million tons to 150.563 million tons from 2000 to 2014, of which
emissions from gastrointestinal fermentation of livestock and manure management systems
were the two key sources, accounting for 65.58–73.23% [12]. As the agricultural sector
is most affected by human activity, GHG emission from crop production and livestock
industry could be negligible or even negative under improved agricultural management
practices [13–16]. Hence, agriculture systems in China are becoming increasingly important
as a global solution to mitigating anthropogenic GHG emission [17,18].

China’s development of low-carbon agriculture is aimed at energy saving, emission
reduction and waste disposal. The goal is to build a sustainable agricultural development,
achieved by adjusting the structure and scale of circular agriculture. Through this drive,
the full use of resources can be achieved at the input, operations and waste treatment stages
of agricultural production. This can give the level of carbon emission that is important
for the development of low-carbon agriculture across the country and improvement of
agricultural resource utilization. To take advantage of these measures and promote sus-
tainable agricultural development, it is critical that the concept of “carbon footprint” is
used to study GHG emission in the agriculture and animal husbandry [19]. The purpose of
this study was to: (1) calculate GHG emission in planting and breeding system modules
of a representative circular farm using carbon footprint and find the difference in GHG
emission; (2) study differences in economic benefits of agriculture on the basis of input,
output and actual conditions; and (3) determine the optimal structure and scale of different
industries in circular agriculture in relation to economic benefit, environmental impact and
farm waste utilization using a multi-objective linear programming model.
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2. Materials and Methods
2.1. Study Area

In this study, Beiqiu Farm was used as case study of combined crop and animal
husbandry. The farm is located in Beiqiu village at 37◦00′12.4” N and 116◦34′22.3” E in
Yucheng, Dezhou City, Shandong Province. This is at an alluvial plain in the middle and
lower reaches of the Yellow River.

Beiqiu Farm was selected in this study because it is a typical agricultural ecosystem
that combines planting and breeding industry in the North China Plain. The plain is one of
the main agricultural production areas in China, where 50% of the wheat and 30% of the
corn are produced in the country. The farm also has waste disposal and feed processing
facilities for making fodder and organic fertilizer. Thus, research on the production model
could provide a reference for a sustainable agriculture development model in the country.
Data were collected mainly on production in 2018 and the related statistics and literature.

An agricultural production anniversary was used to set the research boundary. Car-
bon emission from the crop industry subsystem mainly included GHG from agricultural
input as chemical fertilizers, pesticides, seeds and energy use, agricultural operations and
crop growth processes. There is scientific consensus that global warming is driven by the
increasing emission of GHG from human activities [20]. Studies show that the agriculture
system including the process from the production of agricultural materials to the agricul-
tural harvest is the main source of CO2, CH4 and N2O emission [21,22]. Carbon emission
from the agriculture subsystem comes mainly as GHG produced from agricultural inputs,
intestinal fermentation in poultry and manure making. GHG emission was analyzed for
each major stage of the combined crop and animal industry (Figure 1).

Figure 1. Major greenhouse gas emissions at each stage of the crop and animal production system.

2.2. Multi-Objective Linear Programming Model

The multi-objective linear programming model was the selected optimization method
in the study and the Lingo software was used for the calculation runs. Linear program-
ming is a mathematical method used to obtain the optimal solution to objective functions
under a set of constraint conditions. It organically combines qualitative and quantita-
tive analyses [23] and is a very effective and simple method for structural adjustment
and optimization.

2.3. GHG Emission Calculation

GHG emission is the direct and indirect greenhouse gas emission produced by the
products or services in a life cycle (or geographical space). It is an indicator used to measure
the carbon emission level and to identify carbon emissions of different functional units.
The common methods used in the study of carbon footprint is life cycle assessment. This
is a “cradle-to-grave” environmental evaluation approach that accounts for every link of
the product or service, including production of raw materials, product manufacturing or
processing, product use stages and evaluation processes. In this study, GHG produced via

233



Sustainability 2021, 13, 7154

agricultural inputs is calculated using life cycle evaluation of agricultural operations as
defined by IPCC Guidelines for National Greenhouse Gas Inventories.

2.3.1. Agriculture GHG Emission Calculation

The input of agricultural resources for the Beiqiu Farm production process in 2018
is listed in Table 1 GHG emission from the agricultural subsystem is driven mainly by
agricultural production materials, such as pesticides, fertilizers, electric power and planting
processes. According to the data in Table 2, GHG emission factors for agricultural resources
are in Table 2.

Table 1. Inputs for crops in farm production.

Item Unit Wheat Maize Unit Unheated
Greenhouse Greenhouse

Seeds kg·ha−1 120 20 Seedings/each 3000 6000
N kg·ha−1 45 25 kg/each 225 345

P2O5 kg·ha−1 37.5 37.5 kg/each 225 345
K2O kg·ha−1 37.5 37.5 kg/each 225 345

Manure Compost N kg·ha−1 15 15 N Kg/each 90 90
Herbicide kg·ha−1 0.22 0.2 - - -

Diesel L·ha−1 40 40 - - -
Electricity Kwh·ha−1 - - K·wh/each 500 900

GHG Emissions CO2-eq kg·ha−1 323.583 292.78 CO2-eq kg/each 1138.75 1806.75

Table 2. Greenhouse gas emission factors for different crops and livestock.

Item Emission Factor Unit Reference

Maize seed 1.93 kg CO2-eq/kg Ecoinvent 2.2 [24]
Wheat seed 0.58 kg CO2-eq/kg Ecoinvent 2.2

Corn (fodder) 0.79 kg CO2-eq/kg CLCD 0.7 [25]
Bean (fodder) 0.84 kg CO2-eq/kg CLCD 0.7
Bran (fodder) 0.01 kg CO2-eq/kg CLCD 0.7

Pesticide 10.15 kg CO2-eq/kg Ecoinvent 2.2
N from fertilizer 1.53 kg CO2-eq/kg CLCD 0.7

Manure Compost 0.20 kg CO2-eq/kg (Li et al. 2016) [26]
P2O5 1.63 kg CO2-eq/kg CLCD 0.7
K2O 0.65 kg CO2-eq/kg CLCD 0.7

Electricity 0.527 kg CO2-eq/K·wh National Development & Reform Commission [27]
Diesel 4.10 kg CO2-eq/kg CLCD 0.7

2.3.2. Agricultural Operation Inventory

The list of the farming subsystem is divided into two parts—one is GHG emission
from farm crops and the other from livestock. This also includes GHG emissions during
farming and manure management operations. GHG emissions from the soil during farm
operations such as nitrogen and organic fertilizer management are both direct and indirect.
Direct emission of N2O was calculated using Equation (1) as follows:

DFN2O = FSN × EF1 ×
44
28

(1)

where DF{N2O} is the direct emission of soil N2O expressed as equivalent CO2 emission
(kg CO2-eq/hm2); FSN is the annual application rate of soil nitrogen fertilizer; EF1 is the
emission factor (kg CO2-eq/hm2) of soil N2O emission from nitrogen input and 44/28 is
the conversion coefficient between nitrogen element and nitrous oxide.
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The carbon footprint generated by indirect emission of soil N2O is calculated using
Equation (2) as follows:

IDFN2O = FSN × FracGASF×EF4 ×
44
28

(2)

where IDF{N2O} is the soil N2O indirect emission expressed as CO2 emission equivalent
(kg CO2-eq/hm2); Frac{GASF} is the ratio of nitrogen volatized as NH3 and NOX (kg volatile
nitrogen/kg nitrogen); EF4 is the N2O emission factor (kg N2O-n/kg (NH3-n +NOX-N)) of
nitrogen in atmospheric deposition on soil and water surface.

Therefore, the carbon footprint for soil N2O emission is calculated using Equation (3)
as follows:

CFN2O= DFN2O+IDFN2O (3)

The calculated GHG emission from soil management (Table 3) was added to the GHG
emission from farming. Then, the GHG emission from the other sub-system was calculated
in the same way as the GHG emission from farming (Table 4).

Table 3. Data for soil N2O emission from wheat-maize field in the study area.

Items N from Fertilizer (kg
N2O-N/kg N)

N from Manure Compost (kg
N2O-N/kg N)

Managed soil 60.00 30.00
Direct emission 1.41 -

Indirect emission - 0.19
Total - 1.60

Table 4. Greenhouse gas emissions from different farming systems.

Item Wheat Maize Unheated Greenhouse Greenhouse

Unit CO2-eq kg·ha−1 CO2-eq kg·ha−1 CO2-eq kg/per CO2-eq kg/per
Value 907.91 706.19 2804.86 4090.00

2.3.3. Livestock GHG Emissions Calculation

Based on IPCC research, the calculation of GHG emissions from livestock mainly
considers fodder input, methane (CH4) emission from enteric fermentation and methane
and nitrous oxide emissions in manure management (direct and indirect).

CH4 emission from enteric fermentation of livestock is calculated as follows:

TCH4−Enteric = ∑
i

EFi ×Ni (4)

where TCH4Enteric is the total methane emission from enteric fermentation (Gg CH4 yr−1);
EFi is the emission factor (kg CH4 animal−1 yr −1); Ni is the number of head of livestock
category i; i is the species of livestock.

The CH4 emission from manure management is next calculated as follows:

TCH4−M = ∑
i

EFj × Ni (5)

where TCH4-M is the total CH4 emission from manure management (kg CH4 yr−1); EFj is
the emission factor (kg CH4 animal−1 yr −1); Ni is the number of head of livestock category
i; i is the species of livestock.

Direct N2O emission occurs via combined nitrification and denitrification of nitrogen
contained in manure. The emission of N2O from manure during storage and treatment
depends on nitrogen and carbon content of manure, and on the duration of storage and type
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of treatment. Nitrification does not occur under anaerobic conditions. Indirect emission
results from volatile nitrogen loss that occurs primarily in the form of ammonia and NOX.

Therefore, the N2O emission from manure management is calculated as follows:

N2OD(mm) =

[
∑
S

[
∑
T
(Ni × Nexi × MSi)

]
× EF3(S)

]
× 44

28
(6)

where N2OD(mm) is the direct N2O emission from manure management (kg N2O yr−1); Ni
is the number of head of livestock category i; Nex(i) is the annual average N excretion per
head of livestock species i (kg N animal−1 yr−1); MSi is the fraction of total annual nitrogen
excretion for each livestock category i; EF3s is the emission factor for direct N2O emission
from manure management (kg N2O-N/kg N); S is the manure management system; 44/28
is the conversion of N2O-N(mm) emission to N2O(mm) emission.

The N loss due to volatilization from manure management is calculated as follows:

N2OG(mm)= (Nvolatilisation−MMS×EF4)×
44
28

(7)

where, Nvolatilisation-MMS is the amount of manure nitrogen lost due to volatilization of NH3
and NOX; EF4 is the emission factor for N2O emission from atmospheric deposition of
nitrogen on soil and water surfaces (kg N2O-N(kg NH3-N+NOX-N volatilised)−1).

The carbon footprint of the entire production farm system is finally calculated as follows:

Ci= [CF N2Osoil+N2OD(mm)+N2OG(mm)]× 298 + [TCH 4−Enetric+TCH4(mm)]× 21 (8)

where CT is the total greenhouse gas emission from livestock category i; a constant factor of
21 is the coefficient of conversion from CH4 to CO2; a constant factor of 298 is the coefficient
of conversion from N2O to CO2.

Then, GHG emissions from different species on the farm (Table 5) are calculated using
the equations above.

Table 5. Greenhouse gas emissions from different livestock industries.

Species CH4-Enetric CH4-M N2OD (mm) N2OG (mm) Bean Total

Units kg/head kg/head kg/head kg/head kg CO2-eq/head kg CO2-eq/head

Pig 0.33 1.50 3.10 7.75 × 10−2 6.51 × 10−2 985.00
Sheep 5.00 0.17 2.19 2.62 × 10−2 2.20 × 10−2 768.00
Goose - 0.02 0.04 1.77 × 10−3 1.48 × 10−3 14.10
Layer - 0.03 0.09 3.46 × 10−3 2.90 × 10−3 27.40
Broiler - 0.02 1.46 × 10−3 5.85 × 10−5 4.91 × 10−5 0.87

3. Model Building

The multi-objective linear programming model is generally composed of more than
two objective functions and a number of constraints. The construction of the model in
this paper is to achieve the best economic and ecological benefits, keep the agricultural
system a virtuous cycle, and promote the sustainable development of agriculture produc-
tion. Reconfiguration of farming systems to reach various productive and environmental
objectives while meeting farm and policy constraints is complicated by the large array of
farm components involved and the multitude of interrelations among the components [7].
In this study, two goals were primarily set up in the model—one was the economic benefit
target and the other was the ecological benefit target. Nine kinds of agricultural and
livestock products were selected in Beiqiu Farm as decision variables of the model and the
corresponding data (Table 6) were all from the actual production process on the farm.
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Table 6. Parameters for different crops and livestock species.

Items Variable Unit Profit/(¥·Unit−1) Land/m2 Fodder/(kg·Unit−1)
Corn Bran Ensiling Bean

Wheat X1 Ha 5505 10000 - 1050.00 - -
Maize X2 Ha 3780 10000 6990 - 30000 -

Unheated greenhouse X3 Each 16,100 667.67 - - - -
Greenhouse X4 Each 23,490 1335.34 - - - -

Pig X5 Head 300 0.67 −69.70 −19.92 −76.21 −33.32
Sheep X6 Head 200 1.50 −63.88 - −146.00 −41.96
Goose X7 Head 40 0.10 −3.60 −1.80 −3.60 −3.00
Layer X8 Head 30 0.25 −28.47 −4.38 - −10.95
Broiler X9 Head 15 0.05 −4.84 −0.74 - −1.86

Objective function: The objective function is set according to the needs of agricultural
decision-makers as follows:

Y =
n

∑
i=1

ai × Xi i = 1, 2 n (9)

where ai is the objective function value of variable Xi which, in this study, is unit profit and
greenhouse gas emissions in unit variable; Xi is the scale of production activity, namely the
scale of planting and breeding industries.

Specifically, agricultural income is an important factor in promoting sustainable
development of agriculture. Thus, the objective function was set as the highest agricultural
net profit as follows:

Max f1 (xi) = ∑9
i=1 ai× xi (10)

Max f1 = 5505 × x1-3780 × x2 + 16,100 × x3 + 23,100 × x4 + 300 × x5 + 200 × x6
+ 40 × x7 + 30 × x8 + 15 × x9;

Whereas agriculture maintains high profits, the impact of agricultural production on
the environment, especially GHG emission, cannot be ignored. Therefore, the objective
function was set as the minimum GHG emission as follows:

Min f2 (xi) = ∑9
i=1 bi× xi (11)

Min f2 = 907.91 × x1 + 706.19 × x2 + 2804.86 × x3 + 4090.00 × x4 + 985 × x5
+ 768 × x6 + 27.4 × x7 + 0.873 × x8 + 14.1 × x9

Since economic and ecological benefits have different dimensions, the extreme value
of a single objective function is first calculated and used to construct a new dimensionless
objective function by linear weighting as a single objective function; thereby eliminating
the impact of the dimensions [28].

MaxF(xi) = w1 ×
f1

f∗1
−w2 ×

f2

f∗2
(12)

where wi is the weight of the economic and ecological benefit; in this research, we give them
a weight of 0.5 each. The f1

× was calculated as 617,391.8 ¥ and f2
× as 503,542.7 kg CO2-eq.

Currently in the process of production, a planting industry system provides feed
and a raising system provides manure as organic fertilizer. However, the problem is the
imbalance of the scale of livestock and plant. The soil bearing capacity was too high
because of large poultry manure emission and the planting industry provided less feed.
The objective of the study was to control the growth of chemical fertilizers, animal manure
and GHG emission on the one hand, and to keep planting and breeding industries in a
dynamic balance on the other. The adjustment of planting structure proportion in order to
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make livestock and poultry dung digestible by the internal system needed to be set in the
following constraint equations:

Land resource: Beiqiu Farm covers an area of 15 ha; thus, land resource was one of
the reasons for limiting the scale of agricultural development. The scale of planting and
breeding industry did not exceed 15 ha as:

10,000x1 + 10,000x3 + 1335.34x4 + 0.667x5 + 1.5x6+0.1x7 + 0.25x8 + 0.05x9 = 133,400

Otherwise, wheat and corn were rotated in the planting industry so that the area of
wheat and that of corn were set equal in the model. At the same time, corn feed came from
corn planting and so the area of corn feed was set less than that of corn planting as:

x1 = x2; x2 = x21 + x22

where x21 is the area of corn silage and x22 is the area of corn stalk
Feed resource: The planting industry provides feed for the livestock industry to ensure

the quality of meat and reduce the cost. In the case of Beiqiu Farm, it was mainly corn,
wheat bran and ensiling. The demand for fodder for the breeding industry in Beiqiu Farm
is given in Table 5. Therefore, the constraint was set such that it was less than the supply of
farming industry as follows:

Corn feed: 6990 × x2 = 69.7 × x4 + 63.88 × x5 + 3.6 × x6 + 4.84 × x9 + 28.47 × x8;
Wheat bran feed: 1050 × x1 = 19.92 × x5 + 1.8 × x7 + 0.74 × x9 + 4.38 × x8;
Ensiling feed: 30,000 × x21 = 76.21 × x5 + 146 × x6 + 3.6 × x7;

Straw and Manure: Agricultural wastes produced in farm production are mainly
straw and dung. Resource utilization was achieved through composting. Therefore, the
amount of straw and manure produced matched. Studies show that in the process of
composting, the effect is best when the ratio of carbon to nitrogen is 27 [29,30]. The straw
demand of different animal manures is given in Table 7.

11,250 × x1 + 30,000 × x22 = 398.6 × x5 + 213 × x6 + 7.03 × x7 + 0.98 × x9 + 24.98 × x8;

Table 7. The straw demand of different livestock.

Species Straw Demand N from Manure Compost

kg/head kg/head

Pig 398.59 25.68
Sheep 7.03 16.96
Goose 213.01 0.9
Layer 24.98 0.38
Broiler 0.98 0.02

Amount of organic fertilizer: The amount of organic fertilizer made from straw and
manure should meet the daily needs of the farm. These data were derived from the actual
production process on Beiqiu Farm.

11,250 × x1 + 30,000 × x2 + 398.6 × x5 + 213 × x6 + 7.03 × x7 + 0.98 × x9 + 24.98 × x8
≥ 3000 × x3 + 3000 × x4 + 1000 × x1;

Land bearing capacity: Straw and manure returned to the field via composting to
make organic fertilizer, replacing part of potential chemical fertilizer use. In the planting
system, the total demand for crop N is fixed, so the total amount of N input from organic
fertilizer and chemical fertilizer should be balanced with the demand for crop N as:

85.2 × x1+64.5 × x2 = 25.68 × x4+16.96 × x5 + 0.9 × x6 + 0.38 × x7 + 0.02 × x8;
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Input cost constraints: Currently, the farm has 3 plastic houses and 2 greenhouses.
The number of plastic houses and greenhouses are restricted as follows:

X4 ≥ 2; X3, X4 ≤ 10; X3 ≥ 3;

4. Results and Discussions
4.1. Optimized Planting/Breeding Structure

The optimal solution for the farm structure optimization was obtained using the Lingo
software calculation. Based on the model optimization results (Table 8), the planting area
of wheat and maize on the farm are reduced, and the numbers of greenhouse and unheated
greenhouse increase because of high economic benefits. For the breeding industry, the scale
of geese is reduced, that of sheep and broiler have increased. However, industries of pigs
and layers have completely disappeared. In terms of the rate of change, greenhouses and
unheated greenhouses had the highest change. There were mainly two reasons for this high
change. The first was that the two structures consumed a lot of organic fertilizer which
were from manure compost in the system. The next reason was that income from them
was much higher than that from food crops. However, GHG emission from the structures
was much higher than that from the wheat-maize system. Given the initial input cost, the
expansion of greenhouses and unheated greenhouses was restricted. The scale of winter
wheat/summer maize cropping pattern was little changed. This was because winter wheat
and summer maize rotation can expend compost and supply fodder, straw and silage to
livestock industries. In addition, straw can be used with the manure from the breeding
system to dispose excrement and urine, both of which promote a circular economy.

Table 8. Model simulated results under circular agriculture optimization.

Item Variable Unit Result Actual Scale Rate %

Wheat X1 ha 5.67 7.33 −22.73
Maize X2 ha 5.67 7.33 −22.73

Unheated
greenhouse X3 each 10 3 233.33

Greenhouse X4 each 9 2 350.00
Pig X5 head 0 55 −100.00

Sheep X6 head 628 50 1156.00
Goose X7 head 183 1000 −81.70
Layer X8 head 0 5500 −100.00
Broiler X9 head 7635 1000 663.50

However, the results were for specific conditions. Due to large fluctuations of prices of
agricultural products, price changes affected the farm optimization effort. There was there-
fore need to discuss the change of scale under specific circumstances [31]. The optimization
models were relevant in assisting cropping and management of agricultural production. It
was also applicable in estimating potential gains from the use of integrated systems [32].
The optimization results obtained in this study were according to the conditions of Beiqiu
farm and could be used for referrals only.

4.2. Post-Optimization Benefits/Effects

Farmers usually adjust their farming systems evolutionarily for various reasons. It
could be for change in market price that farmers adjust the type and size of their farm
products. It could also be for policy change that farmers adjust the structure of cropping
and animal husbandry. The understanding of farmers about the impact of agricultural
production on the environment is relatively weak. Bio-economic farm models have the
potential to support information structuring for more insight into the consequences of
adjustments of farming systems [33].

Based on the model optimization, GHG emission from the farm was 36,833.39 kg
CO2–eq ha−1 for an estimated profit of 44,831.3 ¥ ha−1. That is the equivalent of 0.82 kg
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CO2-eq for one ¥ generated. The GHG emission was normalized by the benefit to get eco-
logical efficiency (Figure 2). Sheep industry had the highest ecological efficiency, meaning
that sheep industry created one ¥ of profit for a unit release of GHG. Broiler industry was
the reverse. In the breeding subsystem, optimization greatly increased the scale of sheep
and broilers for a balance to be maintained. This was because sheep which can consume
straw and broilers which can consume wheat bran and corn, are indispensable in the
circular agriculture system. The main source of GHG emissions was the livestock industry
(Figure 3), especially manure management activities (Figure 4). Specifically, CH4 emission
from enteric fermentation of sheep excreta was over 10%, while geese and broilers can be
ignored. CH4 emission from broiler manure management was over 45% (Figure 5), almost
the same as direct N2O emissions from manure management (N2OD (mm)). Direct N2O
emissions, which occur via combined nitrification and denitrification of nitrogen contained
in the manure, was the main source of GHG emission from sheep and geese industries
(Figure 6). The emission of N2O from manure during storage and treatment depends on
the nitrogen and carbon content of manure, and on the duration of the storage and type of
treatment. Indirect N2O emissions due to volatilization of N from manure management
(N2OG (mm)) can be ignored. Thus, the focus of reducing GHG emissions from circular
agriculture was on improving measures for manure management and adjusting the feed
structure. There was also need to reform livestock and poultry breeding technologies and
management and to change the livestock pattern [34]. Sustainable livestock intensifica-
tion can be key in reducing GHG emission. It provides synergy across productivity and
increases income. The mitigation of climate change was another benefit due to future
development of low-carbon agriculture [35].

Figure 2. Ecological efficiency for different categories of the farm activities.

Figure 3. Plot of difference between the economy and environment due to cropping and
raising animals.
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Figure 4. Different sources of GHG emission (CO2-eq) from sheep industry.

Figure 5. Different sources of GHG emission (CO2-eq) from goose broiler industry.

Figure 6. Different sources of GHG emission (CO2-eq) from goose industry.

Crop production accounts for only 13% of GHG emissions in circular agriculture, and
it was mainly from the heavy fertilizer use. However, looking at the individual plates,
GHG emissions from crop in circular agriculture are far less than that from conventional
agriculture. This was because of the use of organic fertilizer from the recycle use of manure
and straw. Studies show that using organic fertilizer is a key way of reducing carbon
emission from chemical fertilizers [12,36]. China’s traditional energy consumption structure
has increased the carbon footprint in fertilizer production and agricultural machinery use.
Improving the energy efficiency and using cleaner energy can reduce the overall GHG
emission [14]. Therefore, reducing carbon emission from agricultural production and
maintaining the scales of planting and breeding remains is possible. This can be achieved
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by reducing inputs of chemical fertilizers and pesticides in cropping systems and utilizing
the resource as poultry manure in livestock production.

4.3. Balance in Economy and Environment

In circular agriculture, feed generated in the crop industry is fed to the livestock
industry and this helps reduce carbon emission as GHG along the food chain. Part of the
maize silage was used in place of concentrate to reduce cost in the livestock industry [37].
Most of the feed was from the agricultural system, which not only ensured quality of
agricultural products but also saved cost. This ecological efficiency of the circular agricul-
ture system increased from 0.7 to 0.82 after optimization. Here, part of the environment
was sacrificed in terms of GHG emission for economic benefits on the simulated circular
agriculture system. On the other hand, however, recycling agriculture waste solved the
issue of environmental pollution caused by straw burning and waste emissions.

In addition to economic gains, the use of integrated systems is beneficial to the
environment. This is especially so through reuse of resources and the related negative
environmental externalities [38]. China is one of the countries with the most abundant
straw and dung. Based on statistics, the annual crop straw in China is as high as 900 million
tons, and is increasing at a rate of 5-10% every year [39]. In 2016, the amounts of livestock
and poultry manure in China hit 3.16 × 109 t. However, the comprehensive utilization
rate of the resources was less than 60% [40]. Straw and feces returned to the field is a
carbon sequestration measure that can lead to sustainable agricultural development. After
optimization, we can make the full use of agricultural waste.

The comprehensive use of solid organic waste on the farmlands is an increasing
concern in agricultural production. Straw and livestock manure are rich in organic matter
and various nutrient elements, making it suitable for boosting soil fertility and soil organic
matter content when applied as organic fertilizer. The main drive for straw and manure
resource use is waste utilization, and the basis of it is a dynamic balance between the scale
of crop and livestock industries. Composting as a valuable technology, is also widely used
in recycling agricultural organic wastes. This converts organic matter into a relatively
stable humus-like substance through microbial transformation [41,42]. Soil quality can
be improved by using compost in place of chemical fertilizer, which is critical in the
development of circular agriculture.

The European Union (2012) encourages the use of bio-waste in agriculture as it im-
proves soil condition and provides valuable nutrients to plants [43]. Composting is one of
the most effective processes used in recycling organic waste, applicable to soils as organic
amendment [30]. The focus of this study was on the balance between GHG emission
and agriculture income, which has a far-reaching influence on agricultural development.
Issues such as soil N bearing capacity, agricultural waste disposal, food safety, food health
and cost input were considered under controlled conditions. Studies show that, although
farmers have more options in making practical decisions, the general focus is often on eco-
nomic maximization. For strategic decision-making, therefore, farmers account for options
that influence long-term performance and indicators associated with sustainability [44].
The model used in this study optimized the structure and scale of circular agriculture on
the basis of both economic and environmental outputs, laying the basis for agricultural
development [45]. It is difficult to balance economy with environment in terms of agricul-
tural operations. This study provided a feasible pathway for rational decision-making in
complex agricultural systems.

5. Conclusions

Building a management model for agricultural planting structure adjustment is a
complex engineering task that considers land, water and climate resources in a time-space
fabric. The challenge with on-farm research on models is to keep processes and output
functions transparent and relevant to farm management [46,47]. There is also concern for
market demand and social characteristics in relation to economic growth, environmental
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protection, etc. The objective of this study was to determine the economic benefit and GHG
emission in a typical agricultural farm using a multi-objective linear scale model, ant to
optimize the structure and scale of growing crops and raising animals on the farm. The
model-driven optimized farm was a strong scientific basis for the adjustment of agricultural
structure and the development of circular agriculture in the study area and beyond. The
model was strongly operable, flexible and adjustable to set targets or constraint conditions.
It therefore provided the needed guidance for the development of circular agriculture with
different needs in different social settings.
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Abstract: To secure sustainable food production for meeting the growing global demand for food,
it is imperative, while at the same time challenging, to make efficient use of natural resources with
minimal impact on the environment. The study objective is to provide insights into the multiple
benefits and trade-offs of different sustainable agricultural practices that are relevant across pedo-
climatic zones in Europe and North Africa, including conservation agriculture, crop diversification,
organic agriculture, and agroforestry. Widespread adoption of these practices in specific regions
depends on the effectiveness with which their applications and attributes are communicated to
farmers, and their suitability to local conditions and opportunities. Scale impacts of the practices
range from field to catchment levels, but the best empirical evidence has been generated at field level
in on-farm and experimental trials. The outcomes from the application of each of these practices
depend on variables specific to each site, including pedo-climatic zone, geography, weather, ecology,
culture, and traditions. Each practice has trade-offs and the same practice can have different effects
when compared to conventional agriculture. To make site-specific recommendations, a careful
assessment of overall benefits must be made. Adoption can be stimulated when farmers have the
opportunity to experiment on their own land and discover the advantages and disadvantages of
different practices.

Keywords: agroforestry; conservation agriculture; Europe; North Africa; nutrient retention; organic
agriculture; soil conservation; water conservation

1. Introduction

One of the major challenges of our time is to secure a steady supply of healthy and
nutritious food for a growing world population, while also protecting the environment
and mitigating climate change. Agriculture is the main consumer of the world’s water
and land resources and at the same time an important emitter of greenhouse gases (GHG).
Globally, cropland expansion and agricultural intensification continue to be the most
widespread form of land use change [1]. The costs of increasing agricultural production
has led, in many parts of Europe and elsewhere, to a significant decline in biodiversity
across farmlands. Attempts to improve production through large-scale homogenization,
including the resulting genetic uniformity, make this type of arable agriculture more
vulnerable to pests, diseases, and abiotic stresses [2]. The overuse and misuse of synthetic
fertilizers and pesticides has led to very high nutrient emissions to air and water, that
damage ecosystems and contribute to GHG emissions. For instance, the discharge of large
quantities of nitrates, phosphorus (P), pesticides, soil sediments, and saline drainage from
farmlands in water bodies, has caused the eutrophication of habitats, which poses a threat
to inland aquatic ecosystems and coastal waters [3]. According to the United Nations
World Water Assessment Program report (2015) [4], in the European Union, 38% of water
bodies are affected by agriculture pollution and overuse, which is further aggravated by
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increased sediment runoff and groundwater salinization and the depletion of groundwater
supplies. In addition, agricultural intensification is often accompanied by highly intensive
tillage practices which has led to reductions in organic soil matter and soil biodiversity,
causing very serious soil degradation [5].

At the core of the efforts to address the aforementioned social and environmental
shortcomings of conventional agriculture is the promotion of a transition from conventional
agriculture—with high levels of use of agro-chemicals, simplification of the agro-ecosystem,
and dangerous levels of environmental pollution—to more diversified and sustainable
forms of agriculture [6,7]. Such a transition will require more widespread adoption of
sound agricultural practices that make more efficient use of water and soil than is currently
the case. This shift in practices should minimize water and nutrient inputs (e.g., irrigation
and excessive P application), reduce greenhouse gas emissions through more efficient
fertilizer and fuel use for operational activities, and prevent environmental pollution while
providing stable, and, where feasible, increased crop yields [8].

The major problems resulting from homogenized and intensified agricultural systems
are aggravated by increasingly widespread and intense climate change impacts on produc-
tion systems. The degree of these impacts varies regionally. There is already a perceptible
northward shift in European agro-ecological zones, which is predicted to accelerate in
the next decades [9]. Crop productivity is projected to increase in northern Europe under
multiple climate change scenarios, due to increasing precipitation and warmer tempera-
tures, while it could decrease in southern Europe due to increasing aridity [10,11]. At the
same time, climate variability is also increasing in Europe, and extreme weather events are
predicted to be more frequent [10]. Productivity gains in the north, therefore, are predicted
to be countered by the increasing frequency and duration of extreme weather events that
cause lodging and flooding from higher rainfall, adversely affecting field accessibility and
diminishing the reliability of achieving target yields [12]. These natural hazards leave
farming systems vulnerable to economic stress and threaten food security goals [13,14].

There is consistent agreement among global climate change model projections that
the Mediterranean Basin region will experience reductions in precipitation in almost all
seasons, but particularly in the summer, except in the most northern parts (where lower
precipitation in winter is predicted), causing serious problems of low and fluctuating water
supply [15–17]. Increasing temperature is also projected during all seasons throughout
the Mediterranean Basin as well as higher daily precipitation extremes [16]. Moreover,
overexploitation of ground water for irrigation has caused salinization, leading to soil
degradation and loss of soil fertility, particularly in North Africa, while extreme rain events
have resulted in severe soil erosion, landslides, and flooding. The implication of these
projections of a changing climate is that the effects of certain agricultural practices and the
suitability of certain crops will also change over time, necessitating the use of more adaptive
and effective management approaches. For example, heavier rainfall in hilly regions will
necessitate more terracing and/or better soil coverage to prevent soil erosion. Longer
dry periods will require better soil coverage with mulch, crop residues, or vegetation to
improve soil moisture retention [16].

Both water deficiency and flooding, the likelihood of which is increasing due to climate
change, will variably either destroy crops or limit crop growth and production potential.
On the other hand, excessive and inappropriate use of water can increase production
costs. The excessive and ill-timed application of fertilizers to cropping systems can cause
considerable nutrient flows into the ground water and in the surrounding water bodies,
thus, affecting surface and groundwater quality and aquatic ecosystems [17]. To address
these challenges, agricultural practices that improve the delivery of an array of ecological,
agronomic, and social benefits from farming systems are needed. These practices should
not only optimize crop yield per unit of water (water use efficiency) and per unit of nutrient
(nutrient use efficiency), but also increase ecosystem services, produce healthy food, and
support sustainable farming enterprises (increasing eco-effectiveness) while improving
social factors through yield stability and lower input costs (economic parity) [6,18,19].
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In this article, the objective is to provide insights into the multiple benefits and trade-
offs of different sustainable agricultural practices that are relevant across the pedo-climatic
zones of Europe and North Africa. We contextualize these trade-offs according to a set of
site relevant ecological, agronomic, and economic indicators. Such an analysis remains
urgently needed considering that wider uptake of sustainable practices is still not taking
place in many parts of the world, including Europe and North Africa [20], despite research
that has demonstrated that multiple benefits (including clear ‘win-win’ outcomes) can
be generated [21]. There are many nuanced reasons for this slow uptake of beneficial
techniques, such as policy impediments (e.g., lack of incentivization), economic barriers,
and knowledge gaps concerning the complexity of spatial, temporal, and crop component
interactions of more dynamics agricultural systems [22]. It is important to note that this
article does not present and assess examples and experiences from developing countries
nor does it aim to compare the European and North African situations with other countries
or continents.

The analysis presented in this paper can assist European and North African farmers to
make better informed decisions according to their respective local conditions and opportu-
nities. The practices we analyzed, empirically verified in on-farm and experimental trials,
resulted in improvements in multiple key performance indicators, such as primary produc-
tivity, water conservation, soil conservation, nutrient regulation, biodiversity, and climate
regulation. They have been selected for their implementation potential, but with the caveat
that local conditions will require agile adaptation at any given site. Our study offers a novel
approach by broadening the perspective beyond crop yield only. The analytical results
also contribute to policy debate and policy review towards achieving a more sustainable
agriculture, which is high on the policy agendas in Europe and North Africa. It has direct
policy relevance regarding the implementation of the European Union’s revised Common
Agriculture Policy (CAP), which now has a very strong environmental and climate focus.
At the same time, national and regional governments in Europe and North Africa are
working on policy review toward circular economies and a circular agricultural sector,
which could benefit from the practical, evidence-based strategies and practices analyzed in
this study.

Following this introduction, Section 2 describes the materials and methods; Section 3
presents the results; Section 4 details the discussion; and Section 5 finishes with conclud-
ing remarks.

2. Materials and Methods

A thematic literature search on sets of sustainable agriculture practices was conducted
for six countries of Europe and North Africa representing diverse climatic conditions—
Denmark, the Netherlands, Germany, Italy, Egypt, and Tunisia. The goal was to assess
the impact of these agricultural management practices based on six components: soil use,
nutrient use, water use, biodiversity, agronomic productivity, and profitability. For each of
the six components, a number of indicators was identified (Table 1). The literature search
was conducted in the Web of Science database and by using the Google Scholar advanced
search, focusing on references published between 2000 and 2020. This search was meant
to be neither exhaustive nor systematic, but rather to identify research papers, including
meta-analyses, that report on the outcomes of either on-farm or experimental research of
sustainable agriculture practices that offer information about management impacts on the
six components. The practices selected were not decided a priori, but emerged from a
preliminary search using the phrase “soil and water conservation” and “agriculture”. The
refinement of the initial search terms was made after the preliminary search and limited to
relevant terms within the subject areas using the key words ‘’conservation agriculture”,
“crop diversification”, “agroforestry”, “organic agriculture”, and “intercropping” and either
“Europe” or “North Africa.”
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Table 1. Agriculture system indicators under six components.

Component Indicator

Soil use Physical properties
Chemical properties

Nutrient use Amount of total N, P, and potassium (K)
Amount of soil carbon
Nitrogen use efficiency

Nitrogen surplus
Water use Water dynamics and use (quantity and quality)

Actual evapotranspiration
Water use efficiency

Biodiversity Crop and varietal diversity
Productivity Crop yield, crop yield stability
Profitability Total agricultural inputs

Total agricultural outputs
Source: Adapted from a set of SMART agriculture system components and indicators identified by the Water-
FARMING project.

3. Results

The results of the literature review on the impact of different sustainable agricultural
practices on soil, water, and nutrient conservation are summarized in the following subsec-
tions and in Table 2. Table 2 presents the assessment of different sustainable agriculture
practices that allow the comparison of the effectiveness of each of the practices on nutrient
dynamics, water dynamics, productivity, soil use, biodiversity, and profitability (in terms of
positive, negative or neutral outcomes). The table also allows the identification of ‘win-win’
outcomes and trade-offs between options.

One particular category of practices that includes mechanical practices for soil and
water conservation (contour farming, terracing, geotextiles, and the use of earth mats) and
for vegetative soil and water conservation practices (buffer strips), which can be used from
farm to landscape scales, will not be reviewed in detail. Contour farming and terracing are
earth engineering strategies that change the direction of water flow from down slope to
along an isoline, following the contour of the terrain. Contour farming is useful for soil and
water conservation in hilly and sloping landscapes, especially in areas of high precipitation.
It reduces water runoff and, therefore, soil erosion, ultimately improving the downstream
water quality. The use of geotextiles in fields can decrease water runoff and soil erosion and
may help to reduce soil water evaporation. Buffer strips are patches on the farm set aside
to maintain semi-natural vegetation that can serve as wind breaks to reduce soil erosion
by wind and to create micro-climates conducive for certain crops/trees. They can serve to
protect aquatic ecosystems by buffering the movement of soil, water, and nutrients from
the field(s) to waterways.

3.1. Conservation Agriculture

Conservation agriculture (CA) is a farming system designed to save farming resources,
sustain farm production, and achieve acceptable profits while maintaining the functional
ecology of the farm system and meeting environmental conservation targets [23]. To
achieve these objectives, practices are employed to enhance natural biological processes and
ecological interactions above and below ground, through optimizing the management of
soil, water, and nutrients [18,24,25]. CA is most widely recognized for the positive outcomes
of a reduction of both soil erosion and water runoff, and the reduction of pollutants to
downstream aquatic systems [18,26].
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Table 2. The summary on effects of agricultural practices on soil and water conservation and on other variables. The effects
are compared to conventional tillage and use of agrichemicals. (Effect indicators: ↑ positive, / neutral, ↓ negative).

Practice Soil Conservation Water Conservation Other

Cover/catch crops
↑ soil structure
↑ soil erosion

↑ soil organic matter (SOM)

↑ soil moisture
↑ soil water capacity

↑ runoff
↑ water quality downstream

↑/↓ crop yield
↑ nutrient regulation

↓ weeds
↑ biodiversity

Residue retention/mulch ↑ soil erosion
↑ SOM

↑ soil moisture
↑ evapotranspiration

↑ runoff

↑↓ crop yield
↑ weeds
↑ fungus

No-till/direct seeding ↑ soil erosion
↑↓ SOM

↑ soil moisture
↑ soil water capacity

↑ runoff
↑ water quality downstream

↓/↑ crop yield
↑ nutrient regulation

↑ weeds
↑/ pests

Minimum tillage ↑ SOM ↑ soil moisture
↑ soil water capacity

↓ crop yield
↑ weeds

Crop rotation ↑ soil structure
↑/ SOM ↑ soil water capacity

↓↑ crop yield
↑ nutrient regulation

↑ weeds
↑ crop diversity

Intercropping ↑ soil structure
↑/ SOM ↑ soil water capacity

↓↑ crop yield
↑ nutrient regulation

↓ weeds
↑ crop diversity

Organic agriculture ↑ soil structure
↑/ SOM ↑ soil water capacity

↓/ crop yield
↑ nutrient regulation

↓↑ weeds
↑ crop diversity

Agroforestry
↑ soil structure
↓ soil erosion
↑ SOM

↑ soil water capacity
↑ evapotranspiration

↑ crop yield
↑ nutrient regulation

↑weeds
↑ crop diversity
↑micro-climate

↑ carbon sequestration

At the same time, in some studies, CA is associated with negative outcomes in the form
of reduced crop yield and increased weed population and weed diversity [27]. Pittelkow
et al. (2015) [28] found in a global meta-analysis that yields are on average 5% lower
than in conventional agriculture and found an overall yield decrease (−8.5%) in a meta-
analysis of CA in European countries [24]. CA in dry climates appears to result in the
least reduction in crop yields [29]. The lower yield can be caused by a number of factors,
such as slower rate of soil fertility buildup, waterlogging during the periods of prolonged
rainfall on poorly aerated soils, delayed crop establishment due to occasional wet and cold
soils, fertilizer placement, residue management problems, increased weed competition,
residue-borne diseases, and soil compaction. In the following sections, outcomes attributed
to CA practices are described in more detail under the three principles of CA: permanent
soil cover, minimal soil disturbance, and diversification of crop species.

3.1.1. Maintaining Vegetation Cover/Permanent Soil Cover

Maintaining vegetation cover on fields helps to retain nutrients in the root zone, protect
the soil surface against erosion and nutrient losses, and minimize the risk of surface runoff
by improving infiltration. It also enhances soil water holding capacity, reduces evaporation,
and assists in soil structure formation through the maintenance of root systems. Practices
that enhance these services include cover cropping or catch cropping, mulching of crop
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residues, intercropping, and using perennial crops. The use of cover crops is a form of
usually asynchronous intercropping, as the cover crop is planted in the field between two
crop cycles. The cover crop is not grown for harvest or a commercial yield, but rather as
a companion plant that provides a set of ecosystem services [30]. Cover crops, such as
alfalfa, clover, lucerne, and vetch, which are grown in Europe and North Africa, can also
be produced as a secondary understory crop under an existing crop, where they germinate,
establish, and then continue to grow after the main crop is harvested. Among the reasons
to use a cover crop are the reduction of nitrogen leaching to groundwater [31] and weed
pressure reduction, ultimately diminishing the use of herbicides and/or labor inputs [30,32].
Weed control will also contribute to positive environmental and economic impacts.

Important benefits of cover cropping include reduced soil erosion and soil nutrient
loss, improved resilience of the crop system against weather variability and climate hazards,
and improved soil chemical and physical properties. Incorporating cover crop biomass in
the soil can enhance soil structure and, thus, water infiltration. Legume cover crops (e.g.,
subterranean clover and common vetch) increase soil organic matter, which can reduce the
amount of nitrogen fertilizers used [33]. Increases in yield of the subsequent or companion
cash crop are found especially with the use of legume species as a cover crop, and the
subsequent incorporation of the cover crop residue in the soil [18,30]. Cover cropping
in Mediterranean systems appears to be very effective, notably for sediment retention
and runoff reduction, thereby contributing to soil erosion control [18]. However, yields
do not always increase [30]. Cover cropping can sometimes result in reduced yield of
subsequent cash crops as cover crops compete for soil nutrients and water [16,30]. One
study showed that the effects of lacy phacelia, white mustard, and hairy vetch mulching
on soil quality, microbial functions, and crop yield, were negatively influenced by variable
summer precipitation and temperature [34].

Crop residue retention and mulching help to conserve soil moisture, reduce soil
erosion and water runoff and retain nutrients in the field. Based on field research results
from Tunisia, mulching (residue retention) is more effective than conventional tillage (under
both semi-arid and sub-humid conditions) in enhancing yield of wheat (15% higher), water
use efficiency (18% versus 13%), and soil organic carbon accumulation (0.18 t ha−1 y−1

versus 0.13 t ha−1 y−1). This practice is effective in preventing erosion (1.7 t ha−1 y−1

versus 4.6 t ha−1 y−1 of soil loss) [15,18], and it limits evapotranspiration from the soil [35].
The effect of cover crops and residue mulching on weed suppression depends on cover
crop species used and the target weed species [36]. Residue mulching is most beneficial
in arid and semi-arid environments, where soil moisture is a limiting factor. Its use in
cooler and wetter regions can cause too much soil moisture and the growth of fungus and
outbreak of diseases [18].

It is important to note that in many farming systems crop residues are taken off
the field for use as feed for livestock or fuel for energy [37]. Thus, retention of crop
residues on the field carries an opportunity cost that some farmers may not be willing to
bear. Operational costs may be another factor that influences adoption, as crop residue
incorporation can be more expensive compared to burning and removal of crop residue.

3.1.2. Minimizing Soil Disturbance

CA aims to minimize soil disturbances with the goal of reducing soil erosion and
nutrient loss. Practices include no-tillage and minimum tillage. No-tillage or direct seeding
is when the soil surface is not broken at any point other than for the drilling of small holes
for planting. Sowing occurs directly in the stubble by cutting or “drilling” narrow slots for
seed. Whereas minimum tillage in experimental trials often refers to a practice whereby
only the near-surface soil (5–10 cm) is physically disturbed with discs, chisels, or a field
cultivator, but generally without inverting the soil, resulting in loose topsoil. One objective
of no-tillage and minimum tillage is to reduce the disturbance of the microbiological
community, such as fungal networks whose exudates help ensure soil aggregate formation
and stability [38], while also reducing the exposure of soil and, therefore, lowering erosion
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potential, moisture loss, and water runoff. The environmental benefits of no and minimum
tillage at the farm level include the conservation of soil in the fields, and at the catchment
scale, reduced sedimentation and run-off losses to downstream water bodies. The practice
reduces labor inputs and the use of heavy machinery (and fuel) and, thus, can lower
production costs as well [28].

CA is not only a theoretical concept, but has demonstrated economic and practical
benefits in Europe and North Africa. For instance, no-tillage is being adopted at an
increasing rate in southwestern Europe and North Africa, as it has produced winter crop
yields that are higher or equal to systems using the conventional tillage [27]. Furthermore,
no-tillage or minimum tillage, coupled with either 50% or 100% fertilizer application rate
and weed control, gave better crop yields than conventional tillage in an experiment on
exhausted clay soils in Egypt [39]. However, in Tunisia, different tillage practices (no-tillage
combined with rotation and conventional tillage) coupled with different rates of fertilizer
did not alter the grain yield, nitrogen content in grain, or nitrogen use efficiency. No-tillage
combined with crop rotation enhanced the grain yield, nitrogen content in grain and
nitrogen use efficiency [40]. Despite these benefits, other studies have shown that direct
drilling with no-tillage resulted in significantly lower crop yields compared to ploughing.
The tillage effect on crop yields was consistent across the crop species, though differences
exist between crop species [41–43]. In one study of no-tillage use, weed infestation was
found to be about 2–20 times higher compared to conventional tillage [41]. In another
study it was shown that, with differing degrees of tillage, the effect on weed density varied.
Under conventional tillage, the weed density decreased up to 71% while in minimum
tillage and no-tillage the weed density reduction was up to 85% and 61%, respectively [44].

Other studies comparing no-tillage to conventional tillage have reported significantly
higher levels of soil organic matter and total nitrogen in the top 30 cm soil layer, but the
bulk density and total soil porosity of soil was enhanced only in the top 10 cm [45,46]. In
contrast, studies carried out in northern Tunisia showed no increase in soil organic matter
or soil organic carbon, even after 15 years under both no-tillage and CA [47]. A similar
result was obtained after four years of experimental trials [48] under both no-tillage and
CA. A study carried out in Egypt showed significant differences in soil physical properties
with increased soil infiltration in minimum tillage (with a depth of 15 cm) that was 48% and
65% higher than that obtained when tillage depth increased to 20 cm and when compared
with conventional tillage (with a depth of 25 cm), respectively; furthermore, the runoff
and soil loss were lower (4.91 mm and 0.65 t ha−1) under minimum tillage compared to
conventional tillage (11.36 mm and 1.66 t ha−1) [49].

In another study under semi-arid conditions in North Africa, after four years, no-tillage
significantly improved soil nutrient content, especially K, potassium oxide, phosphorus
pentoxide, and N [48]. In that study, the improvement of soil properties gained via no-
tillage depended on factors, such as tillage management, sites (climate and soil type), and
crop succession (crop species and cover crop residue). Conservation tillage, especially
coupled with residue retention and cover cropping, has positive effects on soil water storage
in semi-arid, rainfed conditions. The soil water storage capacity increases with application
of conservation tillage systems and with increasing aridity. For instance, one study showed
that grain yield and stability were positively correlated with soil water storage, especially
in years with lower mean yield production [50]. Wheat water use efficiency was highest
under no-tillage with residue retention, according to a study done in Tunisia [15]. In a
study carried out in Denmark, the combination of no-tillage with cover crops demonstrated
a better soil friability [51]. The reviewed studies demonstrated the capacity of no-tillage
CA to improve soil properties that in turn have positive downstream consequences on
water flow, water storage, and resulting plant productivity.

Although there are clearly demonstrated benefits of no-tillage practices, it remains
important to analyze if there are tradeoffs when deciding management actions. There are a
variety of contextual factors, such as degree of tillage and residue retention, that determine
the likely outcomes of management actions. The desired outcomes, from biodiversity to
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productivity, must, therefore, be considered when deciding on any suite of management
actions as summarized here. For instance, the use of occasional shallow inversion tillage in
an otherwise no-tillage system can help incorporate organic matter into the soil, improve
the topsoil structure for increasing water infiltration and water holding capacity, control
weeds, and increase soil carbon stocks [29]. The retention of crop residues on the soil
surface with no-tillage has also led to more active soil organic carbon dynamics in the top
layer (0–5 cm) under the conservation system, while in conventional farming, ploughing
helped to incorporate the residues and soil organic carbon accumulation at the 30–50 cm
depth [52]. Minimum tillage in combination with organic farming was found to be an
effective agricultural strategy to enhance soil microbial biomass, microbial residues, and
bacterial and fungal abundances [53]. In a study conducted using conventional tillage
(25 cm depth), reduced tillage (7.5 cm depth), and no-tillage, the highest crop yield observed
was up to 2.4 t ha−1 under reduced tillage and the lowest yield of 1.1 t ha−1 under no-
tillage [44]. These experimental findings confirm the need to carefully assess the relative
benefits and costs of each tillage option.

3.1.3. Crop Rotation

The third principle of CA involves crop rotation, which is the sequential cultivation
of crops in the same field instead of planting the same crop species, either from one year
to the next, or within a year. Crop rotation increases field level diversity and enables the
genetic, temporal and spatial benefits of crop diversification [54]. As different crops have
different nutrient requirements, interactions with soil micro-organisms, rooting strategies,
and physiology, crop rotation can help balance site dynamics by regulating soil nutrients,
building soil structure, suppressing weeds, and decreasing pests and diseases. By choosing
a suitable crop sequence, the pre-crop can help to meet the nutritional requirements for
the growth of following crop(s) [54]. Moreover, the success of crop rotation systems
to suppress weeds is based on the use of crop sequences that create different patterns
of resource competition, allelopathic interference, soil disturbance, and temporal field
coverage, all of which can prevent the proliferation of a particular weed species [55]. For
instance, planting deep-rooted cover crops in rotations helps to distribute P and K and
capture the unused nutrients. Planting a shallow-rooted crop, followed by a deeper-rooted
crop can help to recover nutrients that were not used by the shallow feeder and which
might have leached by irrigation or rainfall to lower layers of the soil profile [56].

Crop rotation is also beneficial for the control of pests and diseases. In Tunisia and
the Mediterranean region at large, the use of break crops, such as faba bean and vetch as
pre-crops, was demonstrated to be effective for reducing Fusarium culmorum inoculum in
the soil and the pathogen in wheat roots and stem bases [57]. When durum wheat was
cultivated following legumes or vegetables, it showed greater N uptake, but with only
a minor effect on its conversion to grains [58]. Cowpea and gaur pre-crops cultivated
before lentil gave the greatest reduction in disease severity. Lentils cultivated after cowpeas
produced the highest seed yield followed by gaur and millet. Lowest lentil seed yield
production was recorded when plants were cultivated after soybean, followed by sesame
and groundnut [59]. Findings from Denmark showed that when a continuous winter wheat
cropping was compared with a winter oilseed rape–winter wheat–winter wheat–winter
barley crop rotation system, the former had higher grain yield (83.5 grain yield ha−1)
than the latter (72.9 grain yield ha−1) [60]. In contrast, when a winter oilseed rape–winter
wheat–winter rye–peas–winter wheat–winter barley crop rotation system was compared
with a winter oilseed rape–winter barley–alfalfa/clover/grass-mixture–winterrye–silage
maize–winter wheat crop rotation system in Germany, the grain yield for the latter crop
rotation system was higher yielding (72.9 grain yield ha−1) than the former (70.0 grain
yield ha−1) [60].

These findings suggest that the proper sequencing of crops in time and space and the
informed use of nitrogen fixing crops and cover crops are important to obtain optimum
results. The inclusion of legumes in crop rotations can supply biologically fixed atmospheric
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nitrogen due to the capability of legumes, making it available to the succeeding crops in
rotation, thus, reducing the necessity for external inputs [61,62]. However, the long-term
effects of these practices on various indicators are relatively unknown. A rare exception
is the work by Götze et al. (2016) [63] that concluded that after 41 years, there were
no significant differences in total carbon and microbial biomass carbon content among
different crop rotations. More of such longer-term studies could be of great help to improve
the design of effective crop rotations.

3.1.4. Intercropping

Arable production systems characterized by fields of annual crops are dominated by
the use of monocultures, where a single crop species is produced at any given time (i.e.,
“sole crop”). A variation on sole cropping is intercropping, where two or more crop species
are grown simultaneously in the same field for some duration [64]. Intercropping designs
vary by crop species and varieties, combination proportions, spatial layout and densities,
fertilizer inputs, and timing of sowing and harvesting. All these variables affect the impact
on the key indicators of sustainable agriculture, further depending on climate, soil type,
surrounding vegetation, and land use history. In general, intercropping has been found to
increase crop productivity and crop yield stability [65], though not always significantly [66],
while also reducing fertilizer inputs [67,68] and the use of herbicides [31,66]. One critical
measure of the advantages of intercropping is the land equivalent ratio (LER) [69], which
is a ratio of the summed productivity of the intercropped components compared to the
component sole crops. An LER >1.0 indicates higher overall yield of the intercropped
crops per unit of land compared to sole cropping. Intercropping is used most notably in
organic farming systems, as it reduces fertilizer needs through exploitation of interspecific
complementarity, conserves soil moisture, and provides strong competition with weeds [64].
It is, therefore, suggested that cereal-grain legume intercropping is most advantageous in
systems with low nitrogen availability [64].

In intercropping, the yield improvements are mainly due to facilitation (positive
interspecific interactions) in resource use, resource sharing, and niche complementarity
between different crops, thus, enabling the achievement of higher yields than in mono-
culture. Another advantage of intercropping is the reduced downstream consequences of
the biodynamic system on plant health. Work by Hauggaard-Nielsen et al. 2008 [66], has
demonstrated the decrease of disease in intercrops in the range of 20–40% when compared
to sole crops. Research findings from Italy have demonstrated that the soil carbon retention
was promoted by preceding intercropped legumes making mineral nitrogen available and
enabling the succeeding crop to achieve adequate yield [70]. In some cases, intercropping
has shown an increase of carbon sequestration in above ground biomass and soil carbon
under a 2:1 barley and pea organic system in Europe [71]. Intercropping can also increase
water use efficiency in arid and semi-arid regions [72], but results vary. In experimental
trials in Egypt, intercropping was found to result in an LER slightly above 1.0, but it did
not increase the water use efficiency (WUE) when compared to conventional cropping [73].
In contrast, one study has shown that intercropping winter wheat with clover led to a de-
crease of wheat grain yield by 10–25% compared to the wheat sole crop [74]. The different
advantages and tradeoffs of intercropping, therefore, merit further consideration, which
can be assessed with the use of crop-system modelling that can appropriately simulate
crop combinations and outputs under given environmental and management contexts.

3.2. Organic Farming

Organic farming is characterized by the prohibition of the use of synthetic pesticides
and fertilizers, with the objective of balancing productivity with environmental sustainabil-
ity [75]. Unlike conventional farming, organic farming practices depend on a long-term,
integrated, and cyclical approach of nutrient management. Organic agriculture in its purest
form is a closed system based on the circular dependence of livestock and plant crops [76].
The green manure grown on the farm and the crop residues produced are returned to
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the soil. Upon decay, they enrich the soil with organic matter and to a lesser extent with
nutrients, such as N and P. Most commonly, organic farmers practice a six-year crop ro-
tation, which meets the requirement for soil health, weed suppression, and protection
against pests and diseases. Organic farming can be combined with CA, but the generally
poor performance of CA on weed and pest control necessitates the use of labor-intensive
biological and mechanical control measures for weeds and pests [75].

Integrated organic farming systems strive to reduce the need for off-farm inputs, which
consequently lowers greenhouse gas emissions [77]. In organic agriculture, the introduction
of a legume in the crop rotation as well as in an intercropping system improves soil fertility
(soil organic carbon, humus content, and making N and P available). However, the N
contribution by legumes varies considerably depending on legumes species and the local
soil and climatic conditions [77]. For example, in a conventionally managed system, both
N input and output were observed to be higher when compared to the organic farming
system, in which grass-clover was rotated with the main crop, and when compared to a
grain-legume organic cropping system [78]. However, it has also been shown that total soil
organic matter content between the soil depth of 0 and 20 cm was higher for organic farming
system (24 g kg−1) compared to conventional farming system (15 g kg−1) [79]. The total
organic carbon and soil N pool increased over a longer period of organic farming practices
as well [80,81]. The N loss from the organic farming was comparable to conventional
farming, and the amount of N loss through leaching was dependent on soil type, climate,
the use of catch crops, and the amount of soil organic matter [81]. However, various studies
have demonstrated that the crop yields under organic systems are generally 20–50% lower
when compared to conventional cropping systems, but results are highly dependent on
the particularity of the systems and site characteristics, such as available nutrients, soil
management history, climatic conditions, and technology [7,82–84]. Yield quality, however,
is usually higher than under conventional cropping systems.

3.3. Agroforestry

Agroforestry includes practices that integrate, preserve, and manage perennial woody
species in productive systems of annual or perennial agricultural crops, either in orderly
plantations or where a diversity of crop types and species are combined in highly integrated,
multistrata systems. Agroforestry in arable farming systems, or silvo-arable systems,
involves the establishment of alleys of trees, usually fruit, timber, or bioenergy, with annual
crop intercropping that usually uses cereals [85]. Agroforestry systems deal with yield
diversification and the production of a short-term return on land while the planted trees are
still small. Integrating trees in arable farming systems in Europe has multiple advantages,
which have been assessed by the Agforward project, among others [86–89]. These include
increasing diversification of crops, which can reduce risks in the event of a single crop
failure; obtaining revenue from annual crops that can subsidize the investment in the future
tree crops; and a host of ecosystem services, including modified microclimates, reduced soil
erosion, improved soil structure, reduced N leaching, improved nutrient cycling, and above
ground and below ground carbon sequestration. Additional benefits include improving the
landscape aesthetic, increasing biodiversity, and providing bio-mulch to suppress weeds.

Agroforestry in arable systems can also increase or maintain grain crop yields when
compared to cereal monocultures per unit area of land. For example, the grain yield of
some barley varieties was higher in an agroforestry system of walnut trees and cereal
than as a monocrop [88]. Agroforestry systems are particularly beneficial in arable and
semi-arable climates. Although trees compete with adjacent crops for water and nutrients,
the deeper rooting systems of trees can capture drainage water, including during the fallow
time [90]. Furthermore, through the process of hydraulic lift, water and nutrients from
deeper soil horizons can be drawn up and released in the upper horizons, benefiting
shallower rooted plants. Another advantage of agroforestry is the capacity to modify the
microclimate through temperature regulation from tree shading [91]. For instance, a study
conducted in Germany [91] found increasing soil temperature in a soil depth of 50 cm as
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the distance from the trees increased, with the lowest value within the trees and the highest
at 7 m distance. The effect of trees was strongest during summer months, with diminishing
effect during the winter months.

When a high input conventional farming system was converted to an agroforestry
system, dry matter yield and land-use efficiency were negatively affected. However, when
a low-input organic farming system was converted to agroforestry, dry matter yield and
land-use were higher [92]. However, despite having many potential benefits, due to
higher overall management costs and mechanization problems compared to conventional
agriculture systems, farmers are reluctant to adopt agroforestry systems [8]. As a result,
across Europe and the Mediterranean region, agroforestry systems remain a niche practice.

4. Discussion
4.1. Multiple Benefits and Trade-Off Analysis

Based on the literature review and building upon the study carried out by Wezel
et al. (2014) [20], it is evident that all the sustainable agricultural practices analyzed
provide multiple benefits, such as water conservation, soil conservation, nutrient regulation,
biodiversity, crop yield, pest, disease and weed control, and climate regulation. However,
when comparing practices, there are trade-offs to be considered, in terms of benefit type,
level, visibility, and time and duration of occurrence, as well as inputs required. Some
of the practices described here may be directly economically advantageous to the farm,
for instance, by increasing crop yield and/or by reducing labor requirements or chemical
inputs. Others are beneficial in ways that are more nuanced and/or have long-term
or larger-scale benefits. Most sustainable agricultural practices also have non-monetary
advantages, such as reducing greenhouse gas emissions, reducing soil erosion, and the
consequent sedimentation of downstream aquatic ecosystems. The reduction in greenhouse
gas emissions through no-till farming, for example, has far-reaching global and long-term
benefits, but it may not directly benefit the farm itself in the short term. Considering the
variation in pedo-climate, geography, weather, ecology, cultures, traditions, seed quality,
and subtle differences in implementation of the practices at experimental and field-trial
locations, generalizing about the effectiveness of these practices for any given region is
difficult. This is an important point for further study and analysis, for example, by means
of improvement of crop system models that can allow decision-making to be critically
evaluated given desired outcomes and pedo-climatic contexts. The incorporation of more
data in crop system models, especially considering the importance of developing accurate
tools for simulating intercrop dynamics, is an important avenue for the increased uptake
and adoption of sustainable agricultural practices.

4.2. Constraints of Implementation of Sustainable Agricultural Practices

Implementing the sustainable agriculture practices analyzed here is not limited by
one explicit obstacle or a particular constraint. The constraints are more a consequence of
several issues that interact and are case-specific. In the following section, an overview of
constraints is given. The constraints are (i) high costs of implementation, (ii) ineffective
incentives and lack of transition schemes, (iii) low levels of education and awareness; and
(iv) lack of and limited field demonstrations.

4.2.1. High Costs of Implementation

Transiting toward sustainable farming practices requires fundamental changes in
soil-crop-landscape system management, including design, implementation, and moni-
toring. Farmers must adjust the nature and scale of farm operations and the degree of
mechanization. The scale and degree of mechanization required for profitable farms usually
leads to large up-front adoption costs of these practices, which locks farmers into a status
quo preference, as they cannot afford any risk given their input and potential debt. Being
(un)able to afford the expense of transitioning management practices to novel methods is
one of the common barriers to the adoption of sustainable farming practices [93,94]. Other
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barriers toward the transition to more sustainable practices are the high labor intensity and
high labor costs, particularly in Europe [91]. Additionally, low profitability is still a major
concern of farmers and landowners considering adoption of these practices [95]. There is,
therefore, a need to convince farmers of the risks involved and provide them tools that
help depict the consequence of their actions.

4.2.2. Ineffective Incentives and Lack of Transition Schemes

Although in Europe several incentives (schemes) have been designed, such as incen-
tives to promote agroforestry through Pillars I and II of the CAP, they are often limited in
practice. The Pillars I and II incentives are only for establishing new agroforestry systems
and not for adjusting/improving those already in existence [95]. Likewise, there are market-
based incentives that promote the adoption of intercropping and residue mulching, but not
for adoption of no-tillage [96]. The externalities generated by conventional practices, and
the difficulty of quantifying them and the context of ecosystem services, have contributed
to this lack of emphasis on more nuanced and larger-scale benefits, such as those achieved
by no-tillage. Under the current CAP provision, the payment for a single farm is not
linked to any cropping system or soil management protocol or to any scheme that offers
payment for environmental services [96]. Overall, there is an absence of adequate policy
and institutional support for the farmers to transit from current unsustainable farming
practices to sustainable farming systems. Better designed, more flexible, and more diverse
options are required, given the contribution of current agricultural practices to global GHG
emissions [97].

Moreover, there is a need for low threshold incentives that make it easier for farmers
who have not yet adopted any sustainable agricultural practices to transition to a new
practice(s) and eventually to a new farming system. Another constraint is the complexity
of some of the regulatory incentives, such as watershed management programs and forest
laws, which demotivate farmers to adopt or even consider adoption. Given the necessary
scale for profitable farms and incumbent mechanization, the adoption of sustainable
agricultural practices often has very high initial investment costs for which there are no
good adequate financing options. This makes it very difficult for less well-resourced
farmers to adopt. Although there are top-down incentives that are mandatory, such as
cross-compliance and greening requirements of the CAP Pillar 1, the Natura 2000 sites
(Habitats and Birds Directives), protection of water against pollution caused by nitrates
(Nitrate Directive) and voluntary incentives, such as Agri-environment payment schemes
or Payment for Ecosystem Services, which are offered to farmers, these incentives do not
take into account a household’s short-term economic needs [96].

4.2.3. Low Level of Education and Awareness

There is still limited scientific knowledge and limited practical on-farm experiences
concerning sustainable agricultural practices, which contributes to a lack of awareness
amongst farmers of practices, such as direct seeding and relay intercropping, and the use of
natural pesticides, no-tillage, and application of biopesticides and agroforestry [20,98]. The
education of policy makers, producers, and consumers is essential to discover, understand,
and promote sustainable farming practices for future adoption. For example, intercropping
practices in particular offer many advantages, but improved understanding of the ecological
mechanisms associated with different crop components, planned temporal and spatial
diversity, and the benefits derived from associated diversity, is needed to better identify
and quantify all the possible benefits. Moreover, the application of the different sustainable
agricultural practices presented in this article implies modifying the farming system, either
at crop management scale or at the cropping or farming system scale. When a much larger
part of the system has to be reorganized or redesigned, it requires in-depth knowledge
about different crop choices and their complementarity in resource use that can enhance
yields without compromising the yield of the main crop [61,99]. Thus, to enhance the rate of
adoption, technical assistance, training to improve farmers’ capacity to adapt technologies
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to their own situation, and training of extension agents to share the knowledge and practical
aspects, are crucial.

4.2.4. Lack of and Limited Field Demonstrations

This study has provided a comprehensive analysis of multiple benefits and trade-
offs of the most popular sustainable production practices in European and North African
contexts. Further research into this area should provide field-based evidence of the multiple
benefits and trade-offs. This could be done by establishing demonstration sites under
different pedo-climatic and socio-economic conditions where farm managers and farmers
can see the benefits of upscaling the adoption of sustainable agricultural methods for
tangible effects at farm, national and regional and continental scales. There is a need to
expand the focus of agricultural research from field and plot research to landscape research
and assess the costs of the production transition by internalizing environmental costs [100].
On-field demonstration and farmer-to-farmer exchange programs are useful for motivating
farmers to shift their practices in this regard. This kind of citizen (research) involvement is
a very practical way to contribute to the implementation of the revised European Union
CAP and its core proposed measures (Eco-schemes; Enhanced conditionality; and Agri-
environment-climate measures) [101]. The on-farm agronomic and environmental research
can be complemented by research of new marketing modalities and opportunities (e.g.,
niche product development, ‘buying local’ initiatives, product certification schemes), the
roles of agri-food sector companies in sustainable supply chain [102], and the use of digital
technologies (e.g., real-time price updates, on-line fresh products ordering, e-payment
options, tracing and tracking of products). All these research efforts can contribute to
overcome the main barriers to increased adoption of sustainable agricultural practices and
to reap the benefits of these practices.

5. Conclusions

Farmers in Europe and North Africa have been slow to adopt CA, organic agriculture,
agroforestry, and other forms of sustainable agricultural practices, despite the multiple
benefits they generate. The soil, water, and nutrient conservation practices reviewed in this
paper are imperative to reduce runoff, soil erosion, improve soil quality, water quality, and
moisture conservation, and enhance overall crop productivity. Together, these practices in
Europe and North Africa can reduce operational costs, increase soil, water, and nutrient
conservation, while also increasing crop yields. Moreover, adopting these practices can
increase sustainable food production to meet food security.

There are evident scale impacts of adopting sustainable agricultural practices ranging
from field to catchment levels, but the best empirical evidence has been generated at the
field level. Despite the demonstrated benefits of these practices in different contexts, there
are tradeoffs to consider as well. For example, CA practices (such as no-tillage and the
application of residues/mulch) in regions of negative winter water deficits (i.e., water
surplus), such as northern and western Europe, can result in problems of water-logged
soil, harboring of disease and pests, and cold soil hindering germination. On the other
hand, the high positive summer water deficits in southwestern Europe and North Africa
do merit the use of CA practices for retention of soil water. Therefore, time-space bound
water deficit values at a site can guide decisions on the application of a certain practice or
practices. Similarly, the effects of these practices on the indicators will vary, as they are
influenced by factors such as crop species, aridity index, irrigation use/rainfed, and soil
type. Yield performance and stability, operating costs, climate change, and environmental
policies and incentives, education and awareness programs, and field demonstrations, will
likely be the major driving forces defining the direction and rate of adoption of sustainable
agricultural practices. The adoption of sustainable farming practices requires significant
efforts from farmers and support of government at national and local levels. To make
site-specific recommendations, a careful assessment of overall benefits must be made.
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This can be achieved via crop-system modelling, which is one method of addressing
the exigent needs of improving our understanding of the complex spatial, temporal, and
crop component interactions. As Malézieux et al. 2009 [22] discuss, there is an evident need
to design agricultural systems, especially complex ones like intercropping, using models.
These models must be applicable to multispecies systems in order to account for the inter-
actions between components, long-term cumulative effects, and multifaceted objectives of
crops. The complexity of the interactions necessitates the development of new knowledge;
this cannot simply be achieved via studies on plant components independently [103], nor
can it be achieved via traditional factorial experimental approaches [22]. Continued invest-
ment in crop-system modelling can help to give farmers tools and knowledge to tailor their
management to their given context, at a variety of scales. Adoption of sustainable agricul-
tural practices can further be stimulated when farmers have the opportunity to experiment
on their own land and discover the advantages and disadvantages of different practices.
Research and the expertise of more “advanced” farmers can help guide the decision process
as well, utilizing peer-to-peer networks to spread the much-needed transition.
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