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Crop Yield and Soil Quality Are Partners in a Sustainable
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2 University Center of International Programmes of Studies, International Hellenic University,
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1. Introduction

Agricultural practices involving the excessive use of chemical fertilizers and pesticides
pose major risks to the environment and human health. Over the last two decades, great
attention has been paid to the development of sustainable eco-friendly agricultural manage-
ment practices, aiming to improve soil quality and increase crop yields while maintaining
environmental sustainability. For this purpose, management practices such as intercrop-
ping, crop rotation, precision fertilization, no-till, and chisel plowing are employed, as
well as the addition of amendments and the use of plant-growth-promoting rhizobacteria
(PGPR), arbuscular mycorrhizal fungi (AMF), endophytes, and biostimulants. This Special
Issue contains original contributions detailing cutting-edge research and review articles
that help to assess the effect of sustainable agricultural practices on soil quality and plant
health. The latter is related to the alleviation of abiotic or biotic stresses that plants undergo.

2. Inoculation with Beneficial Soil Microbes

Most studies dealing with the application of ecofriendly management practices are
focused on plant growth and development [1,2], but studies of their effects on soil commu-
nities are sparse. Exceptions are the soil bacterial communities that are under extensive
investigation due to the development of metagenomics tools. The effects of different
inoculants on plant biomass and the indigenous rhizosphere microbial community of
Lactuca sativa are presented in two studies [3,4]. According to Nikolaidou et al. [3], the
inoculation of L. sativa roots with Bacillus subtilis (PGPR) inhibited the inoculation by
Rhizophagus irregularis (AMF) at a percentage of 50%, while both inoculants acted competi-
tively to free-living fungi. Compared to relevant studies, the authors mentioned that the
negative interactions were due to limitations in soil nutrients (P and K) recorded in this
specific soil. However, both inoculants acted synergistically, inducing a positive effect on
plant growth. In the same line, Angelina et al. [4] inoculated the roots of L. sativa plants
with two PGPR species (B. subtilis, Gram-positive and P. fluorescens, Gram-negative) and
developed them in soils of similar soil texture but of different management history: an
organic and a conventional cultivated soil. The differences in plant growth were related
only to soil management history, while the effect of the inoculants on the communities of the
free-living microbes depended on soil history. Distinct rhizosphere microbial communities
induced by inoculants were identified only in organically cultivated soil.

3. Intercropping and Organic Farming Effect on Soil Bacteria and Nutrient Stocks

Intercropping increases the productivity per unit of land through better utilization
of resources, control of disease, and reduction of soil erosion [5]. Yang et al. [6] examined
whether an intercropping system of maize and mushroom had an influence on the soil
bacterial diversity, richness, and community structure compared to maize monoculture.
Additionally, the effect of intercropping on soil nutrients was considered. Intercropping
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increased soil organic matter and the richness and diversity of the bacterial community but
had no effect on the amount of soil-available nitrogen compared to monocultures. Due to
these positive effects, the authors suggest that this is a sustainable agricultural practice for
the black soil zone in Northeast China.

Relevant to soil quality but mainly concerning the soil nutrient stocks was the study by
Brock et al. [7]. Although the use of organic farming is considered an eco-friendly approach
if stocking rates in mixed-crop livestock farms are too low (which is very common in farms
in Germany), sustainability may be threatened since a declined in C content is recorded [8].
The use of an additive source of carbon such as compost produced by plant residues in the
interior of the farms and the fertilization with potassium sulfate (in the case of a potassium-
fixing soil) seemed promising. The study showed that the application of compost and
fertilizer in farms with low stocking rate compensated the soil organic matter loss and
the nutrient exports, increased the productivity of legume plants by mitigating the stress
imposed by P deficiency, and facilitated the overall crop production, although it has still
remained at moderate levels.

4. Irrigation, Fertilization, and Environmental Conditions Affecting Crop Production

Field production of melon largely depends on the thermal conditions and precipitation
during the growing season due to the production of aboveground biomass with a high
coefficient of transpiration [9]. However, water soil availability is limited in light soils with
low water-holding capacity and nutrient retention. In order to identify the best water and
fertility conditions for melon production, Rolbiecki et al. [10] examined the effect of drip
irrigation plus nitrogen fertigation on the yield and the nutritional characteristics of fruits
of two species of Cucurbitaceae compared to the effects of drip irrigation plus broadcast
nitrogen fertilization. The method of drip irrigation–nitrogen fertigation proved to be the
most suitable practice for the cultivation of Cucurbitaceae in very light soil in Poland. It
increased the total marketable fruit yield by almost 13% and positively influenced the
melons’ nutritive value by affecting the concentration of total sugars, monosaccharides,
ascorbic acid, total carotenoids, and polyphenols.

For the improvement of crop yield under specific environmental conditions, the
necessity for studying the interactions between plant genotypes and multienvironmental
traits (GEN) is globally recognized. In this line, Katsenios et al. [11] studied the quality and
the quantity of grain production in four maize hybrids under different soil environmental
conditions. The authors aimed to identify the conditions that are most suitable for maize
productivity and whether these were differentiated in relation to maize genotype and/or
to the characteristic under consideration (e.g., yield or protein content). The authors found
idiosyncratic responses, showing that general rules concerning maize productivity could
not be applied. The GEN effect explained a low percentage of the variation and could
not lead to the selection of a stable genotype for all environments. However, the authors
suggested the division of the region into mega-environments and introduced the most
suitable genotype for every environment.

5. Plant Based Nematicides and Zeolites’ Amendments

Biostimulants are substances that could be used as biological control agents against
plants’ pests and diseases. The essential oils (EOs) of aromatic plants are used in many
fields because of their antimicrobial, antifungal, antioxidant, and antibacterial activities [12].
The biological activity of EOs is related to their chemical composition, which is influ-
enced by the specific climatic, seasonal, and geographic conditions affecting the aro-
matic species from which EOs derive [13]. In this line, Ntalli et al. [14] examined in vitro
the nematicidal activity of seven Greek Lamiaceae species used as hydrosols or as wa-
ter extracts against the phytoparasitic nematodes Meloidogyne javanica and M. incognita.
Meloidogyne incognita, M. javanica, and M. arenaria infect Solanaceae and Malvaceae, have
broad host ranges, and are in the list of the most economically damaging root-knot nema-
todes [15]. The Origanum vulgare plant was the one with stronger effects on nematodes’
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suppression; nevertheless, applications at high concentrations in pots became phytotoxic for
tomato plants. O. vulgare seems to be a sustainable solution against nematodes’ pathogenic-
ity, and it could be a sustainable solution for essential oil leftovers use. Further, the authors
suggested that the preparation and application of this nematicide is quite easy for non-
experts (e.g., farmers).

Apart from biostimulants, other amendments could also provide positive impacts on
many functions such as plants’ metabolism, germination, photosynthesis, and nutrient
absorption. Zeolites are naturally occurring, alkaline-hydrated aluminosilicates with a
wide range of applications on soil physicochemical variables (water-holding capacity,
infiltration rate, cation exchange capacity, hydraulic conductivity) and plants’ nutrient use
efficiency. Nutrients that are tied to zeolites because of zeolites’ structural complexity are
released slowly into soil, enabling the synchronization between nutrient release and plant
absorption, thus reducing leaching. The improvement of the wide range of agronomic and
horticultural crops with respect to growth, yield, and quality traits with the application of
zeolites has been well reported by various researchers [16,17]. A literature review of the
structure and the applications of zeolite in agriculture is presented by Mondal et al. [18],
who recorded a “boost” in relevant studies since 2018.

6. Sustainability in CH4 Emissions

A sustainable agricultural system must rely on low emissions of gases such as CO2,
NO2, N2O, and CH4, as they are involved in climate change. More specifically, CH4 has a
relatively high global warming potential [19]. The conditions that determined CH4 emission
in boreal and temperate peatlands are not similar to those occurring in tropical peatlands
because of differences in environmental factors, peat soil properties, peat temperature,
peatland-use practices, vegetation composition and structure, and microbial diversity and
population. Since tropical peatlands are commonly used in agriculture, inappropriate
drainage may lead to increased CH4 emissions in these areas. The examination of the
changes that the fluctuations in water table imposed on CH4 emission [20], in different
periods of a year, showed that CH4 emission is a quite complicated process depending on
many agents: the microbial CH4 production and consumption and its transportation by
molecular diffusion and by non-microbial processes taking place in peat soils. Water table
fluctuations affected emissions, but the emissions in an open field area were significantly
lower than in field lysimeters. Due to this inconsistency and the complexity of CH4
production, the authors proposed more long-term studies to be designed in the future.

7. Land Suitability for Specific Crop Production

Said et al. [21] approached the concept of agricultural sustainability in Egypt by
emphasizing land capability. The assessment of land capability depends on the evaluation
of the soil quality and expresses the capacity of a soil ecosystem to function in order to
sustain crop production in parallel with reduced soil degradation and increased ability to
perform a number of soil functions [22,23]. Such an approach integrates soil characteristics,
topography, vegetation cover, land use, and climate conditions [24]. The mapping of
soils on the Northwestern coast of Egypt in terms of soil fertility, their discrimination in
classes by using multivariate analysis, and the fitting between these classes and the needs
of specific crops gives valuable information to decision-makers that are involved in the
development of the agricultural sector in Egypt.

8. Conclusions

The effects of different management practices even when these are considered “sus-
tainable”, they appear quite idiosyncratic and depend on environmental conditions, plant
identity, soil fertility, and previous management practices. Although in most cases positive
effects on crop productivity were recorded, the effects on microbial soil communities varied.
Additionally, these studies revealed the lack of knowledge concerning the effects of biostim-
ulants and biofertilizers on indigenous soil communities’ structure and function. However,
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to consider an agricultural management system as a sustainable one, both partners (plant
and soil) must exhibit an enhanced ability to recover after disturbances such as fire, grazing,
climate change, and pesticide application. Advanced knowledge must be developed in
this direction.
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Abstract: Inoculation with beneficial microbes represents a promising solution for sustainable agri-
cultural production; however, knowledge on the effects of inoculants on the indigenous microbial
communities remains limited. Here, we evaluated the impact of the arbuscular mycorrhizal fungus
Rhizophagus irregularis and the promoting rhizobacterium Bacillus subtilis on the growth of Lactuca
sativa. The biomass, the composition, and the enzyme activity (urease, acid phosphatase, and β-
glycosidase) of the rhizosphere microbial community at two soil moisture levels (5 and 10% soil water
content) were evaluated. Fungal colonization was lower in co-inoculated plants than those only inoc-
ulated with R. irregularis. Plant growth was enhanced in co-inoculated and B. subtilis inoculated soils.
Bacterial biomass and the composition of the microbial communities responded to the joint effect of
inoculant type × water regime while the biomass of the other microbial groups (fungi, actinomycetes,
microeukaryotes) was only affected by inoculant type. Co-inoculation enhanced the activity of acid
phosphatase, indicating a synergistic effect of the two inoculants. Co-inoculation positively impacted
the index reflecting plant–microbial soil functions under both water regimes. We concluded that the
interactions between the two inocula as well as between them and the resident rhizosphere microbial
community were mainly negative. However, the negative interactions between R. irregularis and B.
subtilis were not reflected in plant biomass. The knowledge of the plant and rhizosphere microbial
responses to single and co-inoculation and their dependency on abiotic conditions is valuable for the
construction of synthetic microbial communities that could be used as efficient inocula.

Keywords: AMF; enzyme activity; microbial communities; PGPR; plant growth; PLFAs

1. Introduction

In recent years, climate change has affected global agricultural production [1], espe-
cially in the Mediterranean region, through the increased frequency of seasonal drought
events [2]. Drought is one of the greatest natural disasters that affect agricultural produc-
tivity [3,4]. Dry conditions affect plant growth directly and indirectly; indirectly through
the effect of dryness on the activity and the composition of the rhizosphere microbial
communities [5]. Plant health is closely linked to the activity of these microbes and in turn,
plants play a key role in determining their community composition [6]. As a result of this
close interconnection, changes in the abiotic environment affecting plants are expected
to affect the rhizosphere microbiota and vice versa [7]. To increase crop production, the
main practices applied include the extensive use of agrochemicals and pesticides [8], which
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can boost plant growth, and suppress pathogenic organisms. However, these products
are expensive and toxic to humans and soil health [9], while they cause deleterious side
effects on soil beneficial microorganisms that are involved in nutrient cycling processes and
biotransformation [10]. There are also environmental concerns about their accumulation in
soil [11]. Nevertheless, in recent years, alternative practices that involve the use of micro-
bial inocula consisting of plant growth-promoting rhizobacteria (PGPR) [12], arbuscular
mycorrhizal fungi (AMF) [13], or their combination, are gaining ground [14,15]. These are
environmentally friendly, enhance plant growth, as well as enable the plant’s ability to
overcome diseases and mitigate the adverse effects caused by drought.

PGPR plays an important role in the resistance of plants to drought, through the
production of phytohormones, osmolytes, exopolysaccharides, the modification of plants’
antioxidant defense systems, and the alteration of the host plants’ root morphology [16,17].
Many Bacillus species that belong to PGPR are widely used for inducing tolerance in
water-stressed environments [18,19]. In addition, AMF symbiosis enhances plant tolerance
through various morphological and physiological mechanisms [13,20,21]. The AM fungus
species Rhizophagus irregularis is used to mitigate the deleterious effects of drought [22]; it
regulates the signaling pathways and the proteins’ production involved in plants’ responses
to drought [23]. However, competitive interactions may occur among inoculants, due to
the increased competition for nutrients and/or the production of secondary metabolites
that can harm either PGPR or AMF populations [24,25]. These interactions vary between
species [26] and under different abiotic conditions. Thus, the best approach to improve
plant growth, especially under unfavorable conditions, is to apply the most effective
combination of plant species, bacteria, and fungi [27].

Apart from their interactions with plants and between themselves, the introduced mi-
croorganisms also exhibit synergistic and/or competitive interactions with the indigenous
microbial communities. It was shown that AMF, affected indirectly the growth of rhizo-
sphere microbes, by increasing [28] or reducing roots exudates [29], while PGPR impact
on the existing microbial community [30–32] through the production of antibiotics [18].
These complex interactions between plants, microbial inoculants, and indigenous microbial
communities are poorly understood and need further clarification, as they could be vital to
sustainable agriculture and the mitigation of abiotic stresses.

Over the last years, most studies focused on the beneficial role of PGPR, AMF, and
their co-inoculation on plant growth [18,30,33,34]. Much of the research in this field was
conducted using sterilized soil and therefore only a few studies have analyzed the in-
teractions of these microorganisms with the indigenous soil microbial communities and
especially the communities of indigenous bacteria [35–38]. This study aimed to investigate
the effect of Bacillus subtilis (PGRB), Rhizophagus irregularis (AM fungus), and their co-
inoculation on the composition, the structure, and the functions of lettuce (Lactuca sativa L.)
rhizosphere microbial community at two soil humidity levels indicative of dry and op-
timum soil water conditions. Kohler et al. [30] studied the effects of these inoculants
separately and jointly on the same plant species measuring plant and soil variables without
considering the rhizosphere microbial community; nevertheless, in the present study, we
aimed to extend the existing knowledge considering the effects of these inoculants on the
indigenous microbial community under different soil water conditions. We hypothesized
that the co-inoculation of lettuce plants with these beneficial microorganisms will promote
plant growth and improve the plant–microbial soil functions mainly under dry conditions
compared to optimum ones since in dry soils the limitations for plant and microbial growth
are expected more pronounced.

2. Materials and Methods

2.1. Experimental Design

The soil that was used for the cultivation of lettuce seeds was collected from an aban-
doned agricultural area between Lake Koroneia and Volvi, Northern Greece (40.4021◦ N,
23.1533◦ E). The climate of the area is hot-summer Mediterranean (Csa according to Köppen
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Climate Classification) with an average annual precipitation of 554.38 mm and a mean
annual temperature of 15.24 ◦C. After sampling, the soil was homogenized and passed
through a sieve of 6 mm in order to remove residues of roots or leaves that could alter the
soil microbial load. The soil texture was characterized as sandy loam soil (sand: 74%, clay:
6%, silt: 20%), and the physicochemical characteristics are presented in Table 1.

Table 1. Physicochemical characteristics of the soil used in our study.

Soil Physicochemical Properties

pH 5.72
Electrical conductivity (mS/cm) 0.35

Organic C (%) 1.26
NO3-N (mg/kg) 15.68

P (ppm) 20
K (ppm) 125
Ca (ppm) 577
Mg (ppm) 100

Lactuca sativa seeds were placed in a seed container that was sterilized with ethanol
and then filled with sieved soil, and they grew for two months in room temperature
conditions. When seedlings reached the stage of five leaves, they were transplanted into
2.5 L pots that had been previously sterilized with ethanol. During the transplantation,
2 kg of sieved soil and four seedlings were added to each pot. The seedlings were kept
for one week in a soil water content of 10% (considered sufficient for plant growth [39]) in
order to recover from the transplantation stress. After this period, only one seedling per
plot remained.

Afterward, plants were inoculated with the rhizobacterium Bacillus subtilis and the
AM fungus Rhizophagus irregularis separately or jointly or remained non-inoculated (con-
trol). Bacillus subtilis was isolated from the rhizosphere soil of Solanum lycopersicum. The
preliminary identification was confirmed by molecular classification with polymerase
chain reaction (PCR), using ERIC1f /ERIC2 (ERIC1 5′-ATGTAAGCTCCTGGGGATTCAC-
3′ ERIC2: 5′-AAGTAAGTGACTGGGGTGAGCG-3′) oligonucleotide primers, and based
on the sequence of 16S rDNA gene. The preparation of the inoculum involved the growth
of bacteria in nutrient broth (100 mL) on the rotary shaker for 24–48 h at 30 ◦C. Once
reached the stationary phase, the cell density of each strain was determined spectropho-
tometrically (Hitachi U-2800A, Hitachi High-Technologies Corporation, Tokyo, Japan) by
comparing the obtained 600 nm optical densities with the growth calibration curves. After
incubation, the bacterial cultures are diluted with 0.85% NaCl water solution at the final
cell density of about 1014–15 CFU cm−3. The Bacillus subtilis inoculant contained 5 mL of
bacterial solution (1014–15 CFU mL−1) diluted in 45 mL of deionized and sterilized water.
The AM fungal inoculum consisted of spores and hyphal fragments of R. irregularis (BEG
141, 1000 propagules/g-TERI (Energy and Resources Institute, Delhi, India). The viability
of the inoculant was tested before the application following the procedure described at
Monokrousos et al. [36]. AMF inoculant contained 0.2 g of powder (106 propagules g−1)
diluted in 50 mL of water. The inoculants were injected in the area near the plant roots
and left for 4 days without watering to prevent the washout of inoculants. Pots with dual
inoculation received 25 mL of bacterial plus 25 mL of AM fungal inocula while control pots
received 50 mL of deionized and sterilized water.

In each treatment half of the pots were kept at 5% w/w soil water content (WC) (dry
conditions) throughout the experiment [40], and the rest were kept at 10% w/w WC (opti-
mum conditions) that impose no limitation to plant growth [39]. Pots were weighed prior
to each watering and the amount of added water required was estimated. The experiment
lasted for two months (mid-December to mid-February) and took place in a glasshouse at
the Aristotle University of Thessaloniki, under natural light conditions with an average
temperature of 18 ◦C. The experimental design included the cultivation of Lactuca sativa
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plants in two water regimes (dry and optimum water conditions) × 4 types of inoculants
[Bacillus subtilis inoculant (B), Rhizophagus irregularis inoculant (M), co-inoculation (MB)
and without inoculant; control (C)], with four replicates per treatment, giving a total of
32 pots.

After 60 days, a destructive harvest was conducted. Soil samples were collected from
the rhizosphere of the plants by shaking the soil that was attached to the roots after the
plant’s extraction. The rhizosphere soil samples were passed through a 2 mm sieve and
stored at 4 ◦C until the end of the analyses (within two weeks after harvest) [41]. Shoots
and roots were dried for 48 h at 70 ◦C and weighed. From each pot, at least 50 fresh root
fragments (1 cm length) were stored at −4 ◦C to be used for the determination of the AMF
colonization percentage.

2.2. AMF Colonization

Root samples were cleaned and stained according to Koske and Gemma [42], modified
by Orfanoudakis et al. [43]. The stained samples were examined under a compound
microscope (Axio Lab A1, Zeiss, Germany) and AMF root colonization was evaluated
according to Trouvelot et al. [44]. The percentage of mycorrhizal colonization was calculated
with the MycoCalc software [45].

2.3. Phospholipid Fatty Acid Analysis

Microbial communities in soil samples were determined by the phospholipid fatty
acids (PLFAs) method as described by Papadopoulou et al. [46]. After the isolation of
PLFAs, gas chromatography was performed to determine the chemical compounds present
in the samples. A Trace GC Ultra gas chromatograph (ThermoFinnigan, SanJose, CA, USA)
was used in conjunction with a Trace ISQ mass spectrometry detector, and a separator-
injector automatic sampler. The chromatographic results were then processed on the
XcaliberMS platform to identify the major fatty acids found in the samples. Each fatty acid
was measured (in nmol g−1) by a one-point calibration against the GC response of the
internal standard (19:0 methyl ester).

A total of 24 phospholipid fatty acids methyl esters were identified in all 32 samples,
which are characteristic of specific microbial groups. Given the standard nomenclature
that describes phospholipid fatty acids methyl esters, the ones found in our samples are
presented in Table 2 [36,47–49]. Biomasses of the microbial groups Gram-positive, Gram-
negative, actinomycetes, and microeukaryotes resulted from the sum of the concentration
of the fatty acid corresponding to each group of microorganisms, while for fungi biomass
all fungal PLFAS were summed except for 16:1ω5. Total bacterial biomass resulted from
the sum of the fatty acids which are representative of Gram-positive, Gram-negative, and
actinomycetes. In addition, ratios such as Gram+/Gram− and bacteria/fungi which reflect
the structure of the soil community were estimated.

Table 2. The phospholipid fatty acids methyl ester biomarkers found in our study.

PLFA Biomarkers

i15:0, a15:0, 15:0, i16:0, i17:0, 17:0 Gram-positive bacteria
16:1ω9cis, 16:1ω9trans, cy17:0 Gram-negative bacteria
10Me16:0, 10Me17:0, 10Me18:0 Actinomycetes

20:0, 22:0, 24:0 Microeukaryotes
18:2ω9,12 Fungi

18:1ω9t, 18:1ω9c Gram-negative bacteria and fungi
16:0 Bacteria and fungi

11:0, 13:0, 14:0, 18:0 Microbial origin
16:1ω5 AM fungal mycelium
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2.4. Enzyme Activity Analysis

We estimated the enzyme activity of urease, β-glucosidase (BG), and acid phos-
phatase (AP) involved in N, C and P-cycles respectively. The activities of AP and BG
were determined according to the methodology of Allison and Jastrow [50], modified for
96 well microplates. We used 5 mM p-nitrophenyl-phosphate and 5 mM p-nitrophenyl-
β-glucopyranoside solutions for AP and BG, respectively. The p-nitrophenol (pNP) re-
action product for AP and BG was measured at 405 nm. The microplate method of
Sinsabaugh et al. [51] was used to assess urease activity. The concentration of urea in the
assay 96 well microplate was 20 mM. The plates were incubated at 20 ◦C for 18 h. Ammo-
nium released by the reaction was quantified using colorimetric salicylate and cyanurate
reagent packages from Hach (absorbance was measured at 610 nm by using LT-4500 96-well
microplate reader, Labtech, UK).

2.5. Statistical Analysis

To determine the effect of water regime, type of microbial inoculant and their interac-
tion on rhizosphere microbial biomasses and their activity, we applied a two-way ANOVA.
Prior to analyses, the data were transformed, where necessary, to meet the assumptions
of the ANOVA (normal distribution, independence among means and variances, homo-
geneity of variances). Wherever statistically significant effects were recorded, post hoc
comparisons (Fisher LSD) were further applied. To detect changes in microbial community
composition between treatments, we applied a one-way analysis of similarities (ANOSIM)
based on the Bray–Curtis similarity index (PAST 3 software). Community composition was
described by the relevant abundances of individual PLFAs.

Finally, an index that gives an overall picture of the plant–microbial soil functions
was estimated separately for each treatment. The higher the value of the index, the better
the functionality of the system under consideration [52]. To quantify the index, the z-
score of nine variables recorded in each treatment was calculated. The variables were
the abundance of Gram-positive, Gram-negative, actinomycetes, fungi, microeukaryotes,
the plant dry biomass, and the enzyme activity of AP, BG, and urease. We used the
microbial biomasses for the construction of the index because that microbial groups are
involved in the biotransformation of recalcitrant (actinomycetes, fungi) and labile substrates
(bacteria) and their presence reflects a well-functioning soil. Z-score was calculated for each
sample and afterward, the average and standard error of the index for the samples of each
treatment were calculated. The effects of water regime, type of microbial inoculant, and
their interaction on the index values were determined by a two-way analysis of Variance.
All analyses were performed using the SPSS software (version 25).

3. Results

3.1. AMF Colonization

In relation to humidity level, plants are grown in 5% WC presented a significantly
lower percent of colonization (p < 0.000) compared to those growing in 10% WC. In addition,
plants inoculated with fungus and B. subtilis showed a lower colonization percentage than
those inoculated only with AM fungus (Table 3).

Table 3. Mean % colonization (±SE) of L. sativa roots by AMF after inoculation with R. irregularis or
co-inoculation with R. irregularis and B. subtilis in dry (5% WC) and wet (10% WC) pots. Different
superscripts letters denote the differences in % colonization in relation to the joint effect of water
regime x inoculant type.

% AMF Colonization Rate

Inoculant 5% WC 10% WC

R. irregularis 31.67 ± 1.67 b 58.80 ± 1.39 a

R. irregularis + B. subtilis 16.40 ± 0.93 d 22.00 ± 1.38 c
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3.2. Plant Growth

The single effects of water regime and inoculant type on plant growth were significant
(p < 0.001 for both effects) while a non-significant joint effect was recorded. Plants grown
at higher WC exhibited significantly higher values of dry biomass than the ones grown at
lower WC (Table S1, Figure 1). Moreover, co-inoculated plants (MB) presented significantly
higher biomass than the control (C) while B. subtilis and R. irregularis single inoculants had
no significant effect on plant growth compared to the control (Table S2).

Figure 1. Mean values (±SE) of dry biomass (g) of Lactuca sativa plants grown under different
water regimes. In the case of significant effects (** p < 0.01, *** p < 0.001), the results of the post hoc
comparisons are presented; different superscript letters denote significant differences (C = Control,
B = B. subtilis, M = AMF, MB = AMF and B. subtilis).

3.3. Biomass and Activity of Soil Microbial Community

The water regime did not affect microbial biomasses, while inoculant type significantly
affected the biomass of all microbial groups (Table 4). In addition, the interaction of water
regime × inoculant type significantly affected the biomass of bacteria, Gram+ (p < 0.05)
and Gram− bacteria (p < 0.001) and the bacteria to fungi ratio (p < 0.05).

Table 4. Effects of water regime, inoculant type and their interaction on the biomass of individual microbial groups, and the
bacteria/fungi and Gram+/Gram− ratios as revealed by two-way ANOVA (n = 4, df: degree of freedom).

Microbial Groups Water Regime (1 df) Inoculant Type (3 df) Water Regime × Inoculant Type (3 df)

F Value p-Value F Value p Value F Value p Value

Bacteria 6.22 0.018 8.18 0.000 3.79 0.020
Gram+ 2.09 0.158 10.64 0.000 7.90 0.000
Gram− 46.33 0.000 3.14 0.039 3.69 0.022

Gram+/Gram− 66.56 0.000 1.63 0.202 1.72 0.183
Bacteria/Fungi 6.35 0.017 9.65 0.000 3.48 0.027

Total microbial biomass 2.60 0.116 8.03 0.000 2.03 0.129
Fungi 0.00 0.958 12.03 0.000 1.21 0.322

Actinomycetes 0.74 0.395 7.19 0.000 2.14 0.115
Microeukaryotes 2.05 0.162 4.21 0.013 2.46 0.081
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Specifically, the total microbial biomass and the biomass of fungi, actinomycetes,
and microeukaryotes exhibited an almost similar pattern of response to inoculant type
(Figure 2a,e–g). Higher biomasses were recorded in controls and co-inoculated samples
compared to biomasses recorded in rhizosphere soils with single inoculants, while signifi-
cant differences between the soils inoculated with AM fungus and those with B. subtilis
were recorded only in the case of fungi.

Figure 2. Mean (±SE) biomass of total microbes (a), bacteria (b), Gram-positive (c), Gram-negative
(d), actinomycetes (e), fungi (f) and microeukaryotes (g) (nmol g−1) in the rhizosphere soil of L. sativa
under different water regimes. The significant effect of “inoculant type × water regime” is presented
by the letters above the bars; bars topped by the same letter do not differ significantly. In the case of a
single effect of the inoculum type, different superscript letters produced by LSD, denote significant
differences (a: corresponds to the highest value, C = Control, B = B. subtilis, M = AMF, MB = AMF
and B. subtilis). (* p < 0.05, *** p < 0.001, ns: non-significant).
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Bacterial biomasses (total biomass as well as that of Gram+ and Gram−) showed an
idiosyncratic response to the joint effect of the inoculant x water regime. Bacterial biomass
was high in co-inoculated soils (no matter the water status), and in controls and B. subtilis
soils under optimum water conditions (Figure 2b). The biomass of Gram-positive bacteria
was highest in co-inoculated soils in both water regimes and in AMF inoculated dry soils,
(Figure 2c). The controls and B. subtilis-inoculated soils under optimum water conditions
exhibited the highest biomass of Gram-negative bacteria (Figure 2d).

Changes in the ratios Gram+/Gram− and bacteria/fungi denote changes in the struc-
ture of the microbial community. The Gram+/Gram− ratio was only significantly influ-
enced by the water regime (p < 0.001, Table 4). The high Gram+/Gram− ratio in 5% WC
(Figure 3a) was mainly caused by a decrease in Gram-negative bacteria, rather than an
increase in Gram-positive bacteria, because the biomass of the latter remained constant
regardless of the water regime (Table 2). Although fungi were not affected by the water
regime, the bacteria/fungi ratio was jointly affected by the inoculant type × water regime
(Table 4). High ratios were reported in AMF-inoculated pots, as well as in co-inoculated
and B.subtilis inoculated pots under optimum water conditions (Figure 3b).

Figure 3. Mean (±SE) Gram+/Gram− (a) and bacteria/fungi (b) ratios in soil samples of Lactuca sativa under different water
regimes. In the case of significant effects (* p < 0.05, *** p < 0.001), the results of the post hoc comparisons are presented. The
significant effect of “inoculant type × water regime” is presented by the letters above the bars; bars topped by the same
letter do not differ significantly (C = Control, B = B. subtilis, M = AMF, MB = AMF and B. subtilis).

Water regime did not significantly affect the activity of any of the three enzymes
(Table S3, Figure S1) whereas inoculant type only affected the activity of acid phosphatase.
Co-inoculated soils exhibited the highest acid phosphatase activity (Figure 4).

Dissimilarities between treatments as concern the composition of the rhizosphere
microbial communities are presented in Table S4. For most cases, no significant differences
in composition were revealed. Significant dissimilarities in the composition of the microbial
communities were recorded for controls (C: p = 0.047), and between the control (C5) and
the jointly inoculated soils (MB5) developed at 5% WC.

3.4. Index of Plant–Microbial Soil Functions

The index was significantly affected by the single effect of water regime and inoculant
type (Table S5; Figure 5). The z-score values were higher in 10% WC compared to 5%
while the highest index values were recorded in co-inoculated soils and the lowest in AMF
inoculated ones (Figure 5).
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Figure 4. Mean values (±SE) of acid phosphatase activity in rhizosphere soil samples of L. sativa
under different water regimes. In the case of significant effects (* p < 0.05), the results of the post hoc
comparisons are presented; different superscript letters denote significant differences (C = Control,
B = B. subtilis, M = AMF, MB = AMF and B. subtilis).

Figure 5. Mean values (±SE) of the index of plant-soil interactions obtained from the z-scores of
nine variables in soil rhizosphere samples of L. sativa under different water regimes. In the case of
significant effects (** p < 0.01, *** p < 0.001), the results of the post hoc comparisons are presented;
different superscript letters denote significant differences (C = Control, B = B. subtilis, M = AMF,
MB = AMF and B. subtilis).
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4. Discussion

The effect of co-inoculation on plant, soil, and rhizosphere microbial traits depends
on the inoculants involved and the prevailing abiotic conditions [38,53]. In this study,
the effects of water regime and type of microbial inoculants on L. sativa traits and its
rhizosphere microbial community were examined. Although there are relevant studies,
most of them examined the effect of inoculants on the composition of the rhizosphere
bacterial communities at the OTUs level. Herein, an independent effect of water regime
and inoculant type for most of the variables were recorded. Dry conditions inhibited
the growth of L. sativa and its roots’ colonization by AMF. The findings of Saia et al. [54]
partially diverse from ours; the reduction in water availability from well- to moderate
watered conditions did not affect the lettuce yield but reduced both AMF and Trichoderma
presence in the roots and soil. The low soil humidity could impact directly the survival
and germination of fungal spores limiting the effectiveness of fungal colonization [23], or
indirectly by inhibiting root development [15].

The biomasses of the various microbial groups, the total microbial biomass, and the
soil enzyme activity were not affected by the water regime, a fact that implies the tight
correlation between biomass and activity. Usually, at low water levels, overall soil microbial
biomass decreases [55]. However, microbial biomass could remain stable [56], because of
the balance between microbial growth and death [57]. Alternatively, the lack of difference
in microbial biomass in dry soils might be explained by the fact that microbial communities
originating from dry ecosystems, such as the present system, which was a Mediterranean
one, have been adapted to be resilient to long periods of drought [58] since drought is one
of the main characteristics of the Mediterranean climate. However, the lack of water effect
on total microbial biomass was followed by changes in microbial community structure
as indicated by changes in the Gram+/Gram− ratios. The increased Gram+/Gram−
ratio under dry conditions was likely due to the reduction in drought-vulnerable Gram-
negative bacteria, rather than the increase in Gram-positive ones. Moreover, Fanin et al. [59]
mentioned that the Gram+/Gram− ratio could be used as a coarse indicator of the relative
C availability for bacterial communities; it increases with decreasing C availability [60,61].
We could assume that the prevailing dry conditions-imposed limitations in decomposition
or inhibited C transfer to bacteria due to water limitation.

Contrary to the response of most microbial biomasses, bacteria are affected signifi-
cantly by the joint effect of water regime and inoculant type. High values of total bacterial
biomass were recorded in optimum watered soils, except those inoculated with R. irregu-
laris. This outcome showed that high populations of AM fungus (percentage of colonization
59%) could negatively affect the biomass of indigenous bacteria. In both water regimes,
the presence of B. subtilis inhibited the colonization by R. irregularis, a result that is similar
to that reported by Xiao et al. [28]. It is attributed to the ability of B. subtilis strains to
synthesize antibiotics with antifungal properties, such as iturin [62].

Similarly to bacterial biomass, the bacteria/fungi ratio of the resident microbial com-
munity responded to the joint effect of the two independent variables. In dry soils, the
ratio decreased in co-inoculated soils and those inoculated with B. subtilis, indicating a
shift towards fungal dominance in the presence of B. subtilis. This shift in dominance could
be indirectly induced by B. subtilis; the latter inhibited the growth of AM fungus which
acted competitively to the free-living fungi.

Inocula’ Effects

Plants inoculated with R. irregularis, exhibited above-ground biomass similar to the
control, but lower than that of the co-inoculated or B. subtilis treatments. These differences
were similar in both water regimes. The limited ability of R. irregularis to enhance plant
growth in L. sativa plants was also reported by Kohler et al. [30]. AM fungi do not always
form mutualistic relationships with their host plants. Johnson et al. [63] suggested that a
commensalistic or, even, parasitic relationship might occur between the two symbionts.
The type of relationship is defined by the benefit/cost ratio, which, in turn, is affected by
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developmental, environmental, and genotypic factors [64]. In our case, the cost of main-
taining AMF symbiosis seems to be too high for the plant, a fact that imposed limitations
on its growth. Kohler et al. [30] also reported that the dual inoculation of L. sativa with
Glomus intraradices and B. subtilis promoted plant growth. However, in our study, the plant
biomass in co-inoculated soils was similar to that recorded in the B. subtilis inoculated ones.
Based on these findings, we assumed that plant growth was enhanced by the presence of B.
subtilis per se, rather than the presence of both inoculants. The study of Kohler et al. [30]
was conducted in more fertile soil than the one used in the current study (available P: 70
vs 15.68 μg g−1; available K: 440 vs 125 μg g−1). In soils with low P and K availability, B.
subtilis which is phosphate- and potassium-solubilizing rhizobacterium, might enhance
mineral uptake by plants by solubilizing insoluble P and releasing K from silicate [65],
resulting in increased plant growth.

Low rhizosphere microbial biomass was observed in soils inoculated with R. irregularis,
or with B. subtilis implying the development of negative interactions among the inoculants
and the members of the resident microbial community. B. subtilis exerted a negative
effect on the biomass of the various microbial groups; fungi and actinomycetes were
decreased no matter the water regime while Gram+ and Gram− bacteria were decreased
in dry soils. In fact, PGPR is characterized by exhibiting highly competitive ability over
indigenous microbial communities [10]. Similar to the bacterium, R. irregularis reduced
the total microbial biomass and the biomass of actinomycetes, microeukaryotes, and fungi
(the latter to levels lower than B. subtilis). Competitive interactions between free soil
fungi and R. irregularis were documented by Tian et al. [66]. The authors attributed the
reduction in fungal abundance to the death of some pathogenic fungi by the development
of mycorrhizal mycelium. Alternatively, competition between mycorrhizae and free fungi
for nitrogen might exist [67]. Fungal hyphae absorb NH4 and/or NO3 to meet their high
nitrogen requirements [68] in order to absorb soil phosphorus. It is also possible that R.
irregularis by affecting the metabolism of plants induces changes to the profile of root
exudates. The inoculation of olive trees with the AM fungi Glomus intraradices followed
by the increase in glucose and trechalose and the decrease in fructose, galactose, sucrose,
raffinose, and mannitol and by changes in the rhizosphere microbial community; increase
in actinomycetes and decrease in bacteria [69].

Co-inoculation resulted in higher than the control plant biomass, but to almost similar
to the control, microbial biomasses. The latter could be due to competitive interactions
between microbial inoculants during colonization. B. subtilis decreased the ability of the
fungus to colonize roots at a percentage of 50%. However, co-inoculation increased the
activity of acid phosphatase, a fact that was in accordance with the results showing that
certain bacteria and/or AM fungi secrete phosphatases [70]. According to the microbial
resource allocation theory, microbes expend energy to produce enzymes when nutrients
are short in supply [71], such as the P-deficient soil environment that existed in this
study. Further, the changes in the available soil P could adjust the establishment of the
P-solubilizing strains [38].

Changes in the composition of the resident bacterial communities induced by inocula
are usually reported [37,38,72]. For instance, the introduction of Bacillus amyloliquefaciens
into soil resulted in the enrichment of two bacterial taxa and the inhibition of other 18
taxa [38] in the cucumber rhizosphere bacterial community. In this study, the analysis of
similarities between the microbial communities revealed minor changes in composition
because of treatments. Since the water regime had a significant effect only on control
pots, it seems that the changes in composition induced by differences in soil water were
mitigated by inoculation (single or dual). Also only at 5% WC, the communities in jointly
inoculated pots differed from those in controls, partly supporting our initial hypothesis
that differences because of inoculation are expected more pronounced under water-stressed
conditions. Similarly, Chao et al. [72] found that the effects of dark septate endophyte
inoculation (DSE) on the microbial community composition of licorice rhizosphere soil
were dependent on the DSE species and the water regime as well.
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5. Conclusions

The interactions between the two inocula as well as between them and the resident
rhizosphere microbial community were mainly negative, a fact that could be attributed
to the initial low amount of soil nutrients. However, the negative interactions between
R. irregularis and B. subtilis were not reflected in plant biomass. Co-inoculation improved
considerably the functionality of the plant–soil system due to its positive effect on plant
growth while the inoculation with the AM fungus deteriorated the index. R. irregularis
adversely affected plant growth, microbial biomasses, and the enzyme activity in the plant
rhizosphere, especially when it occupied a large proportion of the roots. Remarkably,
the positive impact of co-inoculation on the index of plant–soil microbial functions was
independent of the soil water status, a finding that contradicts our initial hypothesis. The
knowledge of the plant and rhizosphere microbial responses to single and co-inoculation
and their dependency on abiotic conditions is valuable for the construction of synthetic
microbial communities that could be used as efficient inocula.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11112183/s1, Table S1: Effects of water regime, inoculant type and their interaction
on dry biomass per plant. Table S2: Effects of water regime, inoculant type and their interaction on
soil enzyme activity. Table S3: p-values of ANOSIM analysis based on Bray-Curtis index applied on
values of individual PLFAs, Figure S1: Mean values (±SE) of urease and β-glucosidase activity in
soil samples of L. sativa under different water regimes (5 and 10% soil water content).
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Abstract: Inoculation with beneficial microbes has been proposed as an effective practice for the
improvement of plant growth and soil health. Since soil acts as a physicochemical background
for soil microbial communities, we hypothesized that its management will mediate the effects
of microbial inoculants on the indigenous soil microbes. We examined the effects of bacterial
inoculants [Bacillus subtilis (Ba), Pseudomonas fluorescens (Ps), and both (BaPs)] on the growth of
Lactuca sativa cultivated in soils that originated from an organic maize (OS) and a conventional barley
(CS) management system. Moreover, the biomass and the community structure of the rhizosphere
microbial communities and the soil enzyme activities were recorded. The root weight was higher in
CS than OS, while the foliage length was greater in OS than CS treatments. Only in OS pots, inoculants
resulted in higher biomasses of bacteria, fungi, and actinomycetes compared to the control with the
highest values being recorded in Ps and BaPs treated soils. Furthermore, different inoculants resulted
in different communities in terms of structure mainly in OS soils. For soil enzymes, the effect of
the management system was more important due to the high organic matter existing in OS soils.
We suggest that for microbial inoculation to be effective it should be considered together with the
management history of the soil.

Keywords: microbial inoculants; soil enzyme activities; soil microbes

1. Introduction

Several conventional farming management practices, such as extensive use of inorganic fertilizers
and pesticides, have a significant impact on the environment [1,2]; increasing the greenhouse effect [3],
reducing biodiversity [4], and enhancing toxicity in the food chain [5]. Such practices could have serious
impacts on the soil environment and more specifically on soil microbial communities. Insecticides,
such as pyrethroids altered the composition of the soil microbial community [6], fungicides lowered
the abundance of Bacillus species by 63% [7] or affected negatively the populations of soil fungi and
bacteria [8]. Moreover, pesticide residues could remain in the soil for a long period (even for eight years)
after their application [9]. On the contrary, organic farming practices, such as manure application and
lack of tillage could improve soil fertility, increase microbial biomass [10] and activity [11], and elevate
soil microbial diversity [12], thus affecting the soil microbial community structure [13].
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The need for more environmentally friendly viable alternatives to traditional fertilizers for
enhancing plant productivity and improving soil quality is growing [14]. The use of bacteria and fungi
as inoculants for enhancing crop production is a sustainable approach that has gained ground over the
last years, as inoculation with beneficial microorganisms can reduce the requirements for chemical
fertilizers and pesticides [15]. Inoculation of soil with plant growth-promoting rhizobacteria (PGPR)
proved to have beneficial effects on plant growth, as PGPR have a wide range of activities such as
the enhancement of nutrient availability, the biocontrol of soil-borne pathogens, the release of plant
hormones, and the alleviation of various types of abiotic stress [16,17]. PGPR are either exogenous
bacteria introduced into agricultural ecosystems or autochthonous bacteria that are being enhanced.
Both types of bacteria act positively upon plant development in annual and perennial crops and
under different abiotic conditions [18,19]. The genera of PGPR that are most often used in sustainable
agriculture are Azospirillum, Azotobacter, Bacillus, Enterobacter, Pseudomonas, and Rhizobium [20,21].

Among the PGPR genera, several Pseudomonas and Bacillus species are the most widely known ones
and those that have been frequently commercialized due to their survival within a diverse range of biotic
and abiotic environments [22]. Pseudomonas is one of the most abundant Gram-negative soil bacterial
genus in rhizosphere soil [23]. Pseudomonas species can either suppress the growth of soil pathogens by
inducing the plant’s systemic resistance [24] and by producing antibiotics and siderophores [23] or play
a vital role in plant growth by modifying plant phytohormone concentrations [25]. The Bacillus-based
inoculants have demonstrated significant biocontrol properties by inhibiting the growth of plant
pathogens (e.g., Rhizoctonia solani and Botrytis cinerea) due to the secretion of antifungal compounds [26],
or toxins [27], or by inducing the plant’s defense systems through the synthesis of plant growth
hormones [28]. Bacillus species can also increase the concentration of soil essential nutrients, such as P
and N, by converting complex nutrient compounds to more simple available forms easily accessible by
the plant roots [29].

Over the last 10 years, many studies have been conducted to investigate the effect of PGPR
inoculants on various lettuce varieties aiming at increasing productivity and nutritional quality,
improving plant abiotic stress tolerance, facilitating nutrient uptake, and controlling pests [30,31].
Bacillus and Pseudomonas-based inoculants have presented promising results for lettuce crop yield [32,33].
Nevertheless, only a few studies have focused on the effect of PGPR inoculants’ application on the
indigenous soil microbial communities [33,34]. The incorporation of PGPR inoculants into the soil
could have a significant impact on indigenous soil microbial community because these exogenous
microbes are involved in a wide range of interactions with the autochthonous microbes such as
competition, synergy, or prey-predator interactions. For that reason, PGPR may increase, decrease,
or not affect the indigenous microorganisms [35].

The present study aimed to assess the effect of Pseudomonas fluorescens and Bacillus subtilis
inoculation on the biomass, community composition, and functionality of the lettuce rhizosphere
microbial community in plants cultivated in soils that originated from two different management
systems (conventional barley and organic maize cultivations). Since soil acts as a physicochemical
template for microbial communities due to nutrient supply (availability and movement of nutrients to
microbes) and by providing refugia for them, we expect that inoculants applied in the conventional
system will impose suppressing effects on microbial biomass, community, and enzyme activity resulting
in a narrower range of responses of microbial attributes compared to relevant effects recorded in the
organic management system. We hypothesize that in the conventional system, exogenous microbes
would be involved mainly in competitive interactions due to limitations in resource availability.
In contrast, the lack of nutrient limitation and tillage effect in the organic system would enable
inoculants to express their influence, a fact that would be identified by a wide range of inoculant-specific
responses of soil microbial community structure, biomass, and functionality in this system.

24



Agronomy 2020, 10, 1428

2. Materials and Methods

2.1. Experimental Design and Sampling

The experimental design consisted of two management systems [organically (OS) and
conventionally (CS) managed soils] × four inoculation treatments [Bacillus subtilis (Ba), Pseudomonas
fluorescens (Ps), Bacillus and Pseudomonas consortia (BaPs), and non-inoculated (control, C)], with four
replicates per treatment, giving a total of 32 pots arranged in a randomized block design. The soils
used in the experiment were collected from two different fields in Lithia, Kastoria, Western Macedonia,
Greece (40.5208◦ N, 21.4097◦ E). The OS originated from an organically managed maize crop cultivation,
involving the application of sheep manure (1 t ha−1) every 2 years, no-tillage, and no use of pesticides
for more than 10 years, while plant residues were left on the soil surface after harvest. The CS originated
from a conventionally managed barley crop cultivation that involved the use of inorganic fertilizers
(NPK 20-10-0; 20–25 kg ha−1), extensive tillage, and extensive use of pesticides (Phenylpyrazolines),
insecticides (Pyrethroids), and fungicides (Triazoles and Pyrazoles) for more than 10 years. We selected
these specific fields as they presented similar soil texture properties [CS: SL soil texture (S: 44%, C: 6%,
Si: 50%), pH: 6.60 and EC: 0.93 mS cm−1 and OS: SL soil texture (S: 24%, C: 14%, Si: 62%), pH 7.81 and
EC 1.19 mS cm−1]. The soil collected from the top 15 cm from each management system was passed
through a 2 mm sieve and 1500 g of either OS or CS were put into plastic pots (15 cm diameter and
11 cm depth) that have been previously disinfected with ethanol. Before the experiment, lettuce seeds
(Lactuca sativa var. longifolia) were surface sterilized with sodium hypochlorite 10% (v/v) for 20 min
and then washed repeatedly with deionized water; then the sterilized seeds were sowed in seedbeds
containing soil from either CS or OS to grow for 60 days, before being transplanted in the experimental
pots. The last watering was 24 h before their transplantation. Five seeds of lettuce were planted in each
seedbed. After their germination, plants were thinned, leaving only one lettuce plant per seedbed and
these were transplanted to pots. The experiment was conducted in outdoor conditions under natural
light and temperature conditions. The experimental period was November to December with mean
temperatures 12.1 and 6.3 ◦C, respectively (Florina Meteorological Station). Both seedling trays and
the plastic pots (after the transplantation) were watered every 3 days with 50 mL of deionized/distilled
water to keep the soil water content around 10% w/w that imposes no limitation to plant growth [36].
A destructive sampling was conducted 60 days after the transplantation.

We manually separated the roots from the soil, while the rhizosphere soil attached to the roots
was collected on a sterilized surface. Fresh rhizosphere soil samples were sieved to remove small
roots and then were stored at 4 ◦C until further analysis. We analyzed the rhizosphere soil samples
for microbial community structure, abundance, and extracellular enzyme activity as well. We also
determined lettuce root weight, foliage weight, and foliage length.

2.2. Inoculum Preparation

Bacillus subtilis and Pseudomonas fluorescens were isolated from different soil samples collected
from the rhizosphere of the Solanum lycopersicum (tomato) and the Gossypium hirsutum (cotton),
respectively. The rhizobacteria were isolated on their respective media; B. subtilis on nutrient agar
and P. fluorescence on King’s B agar. The pure isolates were further cultured on new plates for
colony morphology. The colony morphological characteristics including margins, shape, raised,
and pigmentation were observed. Biochemical studies such as Gram reaction, endospore staining
catalase production, oxidase, indole production, citrate utilization, methyl red test were carried out for
the confirmation of Pseudomonas fluorescens and Bacillus subtilis [37]. The preliminary identification
was confirmed by molecular classification with polymerase chain reaction (PCR), using ERIC1f/ERIC2
(ERIC 1: 5′-ATGTAAGCTCCTGGGGATTCAC-3′, ERIC2: 5′-AAGTAAGTGACT GGGGTGAGCG-3′)
oligonucleotide primers [38], and based on the sequence of the 16S rDNA gene. The preparation of
the inocula involved the growth of the bacteria in nutrient broth (100 mL) for 48 h on a rotary shaker
at 28–30 ◦C. After incubation, the inoculum reached the final cell density of about 1010 cfu cm−3 by
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diluting the bacterial cultures with a 0.85% NaCl water solution. Bacterial inoculation was applied once.
Bacteria were applied by drenching of the soil in a dose of 10 cm3 of bacterial suspension per 1 cm3 of
soil. The suspensions of B. subtilis, P. fluorescens, or their mixture (1:1 v/v) were used for inoculation.
The concentration of the suspensions of B and P was 5 mL of the inoculant in 45 mL of water, while
the consortia suspension of Ba/Ps was constituted of 2 × 2.5 mL and 45 mL of water. The control was
treated with 50 mL of water.

2.3. Analyses of Soil Chemical and Biochemical Variables

Soil pH was determined by the 1:2 soil/water suspension method. Soil texture was estimated by
the Bouyoucos method. Soil organic C was determined by a wet oxidation titration procedure using
an acid dichromate system. NO3–N concentration was determined by distillation and titration. Mg and
K were estimated in soil extracts by the atomic absorption spectrophotometer (Perkin–Elmer 2380).
For inorganic P the Olsen method was used. All soil chemical variables were determined as described
in Allen [39].

2.4. Phospholipid Fatty Acid Analysis

Soil samples were analyzed for phospholipid (PLFAs) bioindicators according to the method
presented in Ntalli et al. [40]. A Trace GC Ultra gas chromatograph (Thermo Finnigan, San Jose, CA,
USA) coupled with a Trace ISQ mass spectrometry detector, an autosampler with a split–splitless
injector, and an Xcalibur MS platform was used for the chromatographic separation and identification of
the main components. We quantified each fatty acid (in nmol/g) by one-point calibrating against the GC
response of the internal standard (19:0 methyl ester). Overall, in all the samples, we consistently found
24 fatty acid methyl esters which were included in all further analyses. These fatty acids were assigned
to functional groups as follows [40,41]: i-15:0, a-15:0, 15:0, i-16:0, i-17:0, 17:0 (Gram-positive bacteria);
16:1ω9c, 16:1ω9t, cy17:0 (Gram-negative bacteria); 10Me16:0, 10Me17:0, 10Me18:0 (actinomycetes);
18:2ω9,12 (fungi); 20:0, 22:0, and 24:0 (microeukaryotes, e.g., algae, nematodes). The remaining PLFAs
may derive from several sources and were considered only for the estimation of total microbial biomass.
For example, 18:1ω9t, 18:1ω9c may derive from both Gram-negative bacteria and fungi, 16:0 from
bacteria and fungi, while 11:0, 13:0, 14:0, 18:0, 18:2ω6 are mainly of microbial origin. We also estimated
the bacteria/fungi (B/F) and Gram+/Gram− ratios.

2.5. Enzymatic Activity Analysis

Urease, β-glucosidase, and acid phosphatase play key roles in the N, C, and P cycles,
respectively [42]. We determined the acid phosphatase (AP) and β-glucosidase (BG) activity according
to the procedures of Allison and Jastrow [43], modified for 96-well microplates. We used 5 mM
p-nitrophenyl-phosphate and 5 mM p-nitrophenyl-β-glucopyranoside substrate solutions for AP and
BG, respectively. The p-nitrophenol (PNP) reaction product from the AP and BG assays was measured
at 405 nm. The method of Sinsabaugh et al. [44] was used for the estimation of the urease activity.
The urea concentration in the wells was 20 mM. The ammonium released by the reaction was measured
spectrophotometrically at 610 nm.

2.6. Data Analysis

We applied a two-way analysis of variance (ANOVA) to determine the effect of the management
system, inoculum type, and their interaction, on plant variables, microbial biomasses, and enzyme
activity data. In the case of significant effects, a post hoc test was performed at p < 0.05. An independent
t-test was used to compare the mean soil physicochemical variables between the two management
systems (CS and OS). Before analyses, we logarithmically transformed the data when considered
necessary, to meet the assumptions of t-test and ANOVA.

To further explore whether the management system or inoculum type exerted the greatest influence
on microbial community structure, we applied a principal component analysis (PCA). Moreover,
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we applied the analysis of similarities (ANOSIM), based on the similarity index of Bray-Curtis, to the
data of individual PLFAs to detected similarities in community structure between the treatments.

3. Results

A t-test revealed that the OS pots presented significantly higher values of pH, organic matter,
nitric nitrogen, P, K, and Mg compared to the CS. On the contrary, the concentration of Zn, Mn, and B
did not differ significantly (Table 1).

Table 1. Mean values (±SE) of the soil physicochemical variables in conventionally and organically
managed systems. The independent t-test was used for the comparison of the mean values. (**: p < 0.01;
***: p < 0.001; ns: Non-significant).

Conventionally Managed System Organically Managed System p-Value

pH 6.60 ± 0.054 7.81 ± 0.035 ***
EC (mS cm−1) 0.93 ± 0.107 1.19 ± 0.049 ns

Organic matter (%) 2.29 ± 0.159 3.24 ± 0.351 **
Nitric Nitrogen (mg kg−1) 14.13 ± 6.955 32.36 ± 2.377 **

Pext (mg kg−1) 26.33 ± 0.609 133.75 ± 3.609 ***
K (mg kg−1) 153.66 ± 9.769 347.33 ± 10.170 ***

Mg (mg kg−1) 188.33 ± 7.264 352.33 ± 7.838 ***
Zn (mg kg−1) 5.64 ± 0.065 5.61 ± 0.196 ns
Mn (mg kg−1) 28.04 ± 2.256 26.40 ± 1.307 ns
B (mg kg−1) 0.84 ± 0.070 0.81 ± 0.051 ns

The effects of the management system, inoculum type, and their interactions on plant growth are
shown in Supplementary Materials Table S1 and Figure 1. The root weight and the foliage length were
affected only by the management type. The root weight was higher in CS than in OS, while the foliage
length was greater in OS than in CS.

Figure 1. Mean values (±SE) of root weight, shoot weight, and shoot length in conventionally and
organically managed systems. “Management” on the top of the graphs, indicates a significant effect of
the management type, as revealed by two-way analysis of variance (ANOVA). (**: p < 0.01)

For the abundance of most microbial groups (Gram-positive and Gram-negative bacteria,
actinomycetes, fungi), the interaction of management system× inoculum type was significant (Table S2).
The same was held also for the total microbial biomass. The effect of inoculum type was much more
pronounced in OS pots, while in the CS pots no differences in biomasses were recorded between
the different inoculants (Figure 2). Ba or Ps inoculants resulted in significantly higher biomasses of
Gram-positive bacteria in the OS pots compared to CS ones, while the BaPs inoculant induced similar
effects in both management systems. The biomass of Gram-negative bacteria was higher in OS pots
inoculated with Ps or with both inoculants (Figure 2). For actinomycetes, the highest biomass was
recorded in Ps inoculated organic pots. The highest value of fungal biomass was in Ps OS pots,
while the biomass in BaPs pots was similar to Ba and Ps ones. Finally, the total microbial biomass
showed non-significant differences in organic pots inoculated with Ba, Ps, or BaPs. The abundance of
microeukaryotes was higher in the CS samples, regardless of the inoculum type. The bacteria/fungi
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ratio was affected only by the management system; the organic pots presented significantly higher
values than the conventional ones (Figure 3). On the contrary, inoculants resulted in increased values
of Gram+/Gram− ratios compared to the controls in both CS and OS pots. The ratios recorded in the Ps
and BaPs conventional pots were the highest, whereas in organic pots the Ba inoculant exhibited the
highest ratios.

Figure 2. Mean biomass (±SE) of total microbes, fungi, Gram+ and Gram− bacteria, actinomycetes,
and microeukaryotes in the conventionally and organically managed systems, at the four
treatments. “Inoculum”, “Management”, and “Inoculum ×Management” at the top of the graphs,
indicate a significant effect of these factors and their interaction, respectively, as revealed by two-way
ANOVA (*: p < 0.05, **: p < 0.01, ***: p < 0.001, for all cases n = 4). The different letters above
bars represent statistically significant differences between treatments described by the inoculum
type × management system as emerged from Fisher’s test (Fisher post hoc; a: Corresponds to the
highest value).

For acid phosphatase and β-glucosidase, the independent effect of the management system and
inoculum type was significant (Table S3), while for urease only the effect of management system
was significant. All enzymes presented higher activity values in the OS compared to the CS pots
(Figure 4). While for phosphatase and urease the co-inoculated pots exhibited significantly higher
activity compared to the controls in both management systems.

PCA depicting the ordination of samples and individuals PLFAs is presented in Figure 5. The first
axis explained 36.7% of the data variability and the second one explained 16.9% (53.6% in total). The OS
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control samples were ordinated at the right end of the first axis, while all the other samples from the OS
treatments (Ba, Ps, BaPs) were ordinated at the left side of the first axis showing a positive correlation
to all PLFA biomarkers, that correspond to Gram-positive, Gram-negative bacteria, actinomycetes,
and fungi. Along the second axis, the samples of CS are ordinated in the upper part showing a positive
correlation to PLFA biomarkers describing microeukaryotes (20:0, 22:0, 24:0) and were clearly separated
from the OS samples that are ordinated in the lower part. The classification of all the CS samples
close to each other indicated that the addition of any type of inoculum did not affect significantly the
structure of the soil microbial community. On the contrary, the distance between the control and the
inoculated OS samples showed a great impact of the inoculants on the microbial community structure.

Figure 3. Mean values (±SE) of microbial ratios in the conventionally and organically managed systems,
at the four treatments. “Inoculum”, “Management”, and “Inoculum ×Management” at the top of the
graphs, indicate a significant effect of these factors and their interaction, respectively, as revealed by
two-way ANOVA (*: p < 0.05, ***: p < 0.001, for all cases n = 4). The different letters above bars represent
statistically significant differences between treatments described by the inoculum type ×management
system as emerged from Fisher’s test (Fisher post hoc; a: Corresponds to the highest value).
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Figure 4. Mean values (±SE) of acid phosphatase, urease, and β-glucosidase enzymes in the
conventionally and organically managed systems, at the four treatments. “Inoculum”, “Management”
at the top of the graphs, indicate a significant effect of these factors, as revealed by two-way ANOVA
(**: p < 0.01, ***: p < 0.001, for all cases n = 4). Superscript letters in parentheses following the term
“Inoculum” denote the significant differences between inoculum types (C: Control, Ba: B. subtilis,
Ps: P. fluorescens and BaPs: B. subtilis and P. fluorescens) as emerged from Fisher’s test (Fisher post hoc;
a: Corresponds to the highest value).
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Figure 5. Ordination of the soil samples and the phospholipid (PLFA) biomarkers on a principal
component analysis (PCA) biplot. Each point corresponds to the mean value of the loadings of the
four samples belonging to the same treatment at the first and second axis (the first symbol corresponds
to the management system (1: Conventional system (CS), 2: Organic system (OS)) and the second
symbol corresponds to the inoculum treatment; Ba: B. subtilis; Ps: P. fluorescens; BaPs: Both inoculants;
C: Control). Error bars indicate standard errors at both axes (n = 4).

To get a deeper insight into the differences in microbial community structure between treatments,
we applied an ANOSIM analysis on individual PLFAs. As shown in Table 2, in organic pots, the Ps
community structure differed significantly from the Ba community and both differed from the control.
Moreover, the community in co-inoculated organic pots differed from the control. On the contrary,
in conventional pots, Ba and Ps communities’ structure was similar to the control community. In this
management system, when both inoculants were added together (BaPs), a significantly different
microbial community structure emerged compared to the control.

Table 2. Results of ANOSIM analysis (p-values) based on the similarity index of Bray-Curtis applied to
the data of individual PLFAs. The numbers in bold (p < 0.05) indicate statistically significant differences
(the first symbol is the acronym for the management system (CS: Conventional system; OS: Organic
system) and the second symbol corresponds to the inoculum type; Ba: B. subtilis; Ps: P. fluorescens; BaPs:
Both inoculants; C: Control).

CS-C 0.174 0.116 0.024 0.030 0.027 0.026 0.061

CS-Ba 0.174 0.318 0.284 0.029 0.061 0.030 0.027

CS-Ps 0.116 0.318 0.055 0.030 0.028 0.030 0.027

CS-BaPs 0.024 0.284 0.055 0.029 0.028 0.029 0.028

OS-C 0.030 0.029 0.030 0.029 0.028 0.031 0.033

OS-Ba 0.027 0.061 0.028 0.028 0.028 0.026 0.057

OS-Ps 0.026 0.030 0.030 0.029 0.031 0.026 0.222

OS-BaPs 0.061 0.027 0.027 0.028 0.033 0.057 0.222
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4. Discussion

4.1. Plant Growth

The effects of different microbial inoculants on lettuce growth and attributes of the indigenous
microbial community were examined in two soils of similar soil texture but of different management
histories (organic maize and conventional barley).

The root biomass of the lettuce plants grown in the conventional soil was increased significantly
in relation to the organic one while lettuce’s growth was unaffected by inoculation. As the conventional
soil had lower soil nutrient concentrations (e.g., organic matter, nitric N, P, K, and Mg), plants may
have allocated more photosynthetic products to their roots to increase their exploitative capacity [45].
Previous studies showed that the lettuce plant’s inoculation with Bacillus and Pseudomonas strains,
either separately or as co-inoculants resulted in increased plant growth parameters compared to the
control [33,46]. In those studies, different results were recorded, as the temperature of the experimental
areas was higher than 20 ◦C while the pots had been fertilized before the plant transplantation
either with chemical fertilizers or compost and green manure. In our experiment, the poor plant
growth performance in the inoculated treatments could be related to the low winter air and soil
temperatures (6 to 12 ◦C). Plant inoculation during winter has frequently resulted in restricted
PGPR colonization [47,48]. Specifically, Bacillus species are favored by temperatures above 20 ◦C,
enhancing plant growth through hormone production and nutrient solubilization [48]. Along this line,
Nguyen et al. (2019) [47] reported that the root growth of the inoculated plants with a B. velezensis
strain was lower in October when the temperature was low and the natural daytime was short,
in comparison to the root growth in May. Further, due to the short daytime in this experiment,
plants grown in organically managed system pots with no limitation in nutrient availability probably
increased significantly their foliage length to increase their photosynthetic surface. Contrary to B. subtilis,
Lynch [49] detected functional growing cells of the psychrotrophic P. fluorescens at a temperature from
3 to 35 ◦C. Based on these studies, although there is a difference in the response of the two microbial
species to the temperature spectrum, this had no consequence for the lettuce plant performance.

4.2. Microbial Biomass, Composition, and Activity

The inoculants in the conventionally managed pots had a limited effect on the biomass of all
of the microbial groups; in most cases, the abundances did not differ significantly compared to the
control. This may be attributed to the pesticide residues of the conventional management practice
before this experiment. More specifically, the conventional management of barley crops included the
extensive use of triazole fungicides (propiconazole), which reduced significantly the bacterial and
fungal populations, even after long incubation periods [50]. On the contrary, in the organically managed
pots, the application of the Ps and BaPs inoculants increased the abundance of most rhizosphere
microbial groups, while the abundances in B. subtilis-inoculated pots were similar to the control.

The co-inoculation with B. subtilis and P. fluorescens enhanced the biomass of Gram-positive
and Gram-negative bacteria in the organic system. This suggests a lack of competitive interactions
between the inoculants and the indigenous microbes, which could be due to the enhanced availability
of resources. Similarly, P. fluorescens per se increased the size of the populations of both Gram-positive
and Gram-negative bacteria in the organic system. P. fluorescens is a Gram-negative opportunistic
bacterium that adapts rapidly to the environment and becomes the dominant species [51]. Moreover,
according to Ke et al. [52], P. fluorescens could affect positively the indigenous diazotroph populations,
the majority of which are Gram-negative bacteria, while Kozdroj et al. [53] found that pots inoculated
with Pseudomonas sp. presented higher populations of the slow-growing Gram-positive bacterial classes
compared to the untreated controls. Apart from P. fluorescens, B. subtilis per se increased the biomass
of Gram-positive bacteria in the organic system. This increase could be attributed to the increased
B. subtilis biomass. However, the low temperatures prevailing during the experiment, compared to the
optimum temperature for this species (30–35 ◦C, makes this explanation less possible. Alternatively,
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B. subtilis could act synergistically with the other Gram–positive bacteria supporting their growth.
The lack of B. subtilis effect on Gram-negative bacteria contradicts the results of Han et al. [54] who
mentioned the antibacterial activity of B. subtilis against specific Gram-negative phytopathogens.

The abundance of microeukaryotes was affected only by the management type and exhibited
higher values in conventional pots. This finding contradicted the idea that the increased biomass of
microeukaryotes is strongly associated with an increased number of bacteria, due to the prey-predator
relationship [55]. Nevertheless, our results may be explained by the increased plant’s root biomass
in the conventional pots, which may have led to an enhanced number of plant-feeding nematodes
(parasitic and non-parasitic), which are associated with plant roots.

The addition of any of the three inoculants in the organic pots increased the fungal abundance,
while the Ps treatment presented the highest values; similar results were recorded by Viollet et al. [56].
Inoculation of the organic soil with Ba resulted in increased fungal biomass, but not to the levels of
the Ps treatment. This may be explained by the negative relationship between the Bacillus species
and some strains of fungi, either by synthesizing chitinases, which are hydrolytic enzymes that break
down glycosidic bonds in chitin, a component of the fungal cell walls or by producing antifungal
lipopeptides [57]. The fact that the co-inoculated pots presented intermediate fungal biomass between
the other inoculated treatments further supports our suggestion.

The Gram+/Gram− ratio showed an idiosyncratic response to the management type × inoculum
type treatment. The Ps and BaPs treatments in the pots with conventionally managed soil and the
Ba ones of the organically managed pots had the highest values. According to Moeskops et al. [58],
Gram-negative bacteria are negatively affected by chemical fertilizers. Another possible reason could
be the capacity of the Gram-positive for spore formation under extreme conditions. Further in
Ps conventional pots, Pseudomonas may have developed competitive interactions with the other
Gram-negative bacteria suppressing their biomass and leading to the increase of the Gram+/Gram−
ratio. The dominance of Gram-positive bacteria when young roots are colonized with the inoculant
containing the Pseudomonas genus has been reported by other researchers as well [59] and was attributed
to the vulnerability of r-strategy microbes to the environmental perturbation caused by the P. fluorescens
inoculant. These negative relationships were not developed in the organically managed pots probably
due to the greater presence of resources. Specifically, in the organic system, the incorporation of
B. subtilis seemed to result in synergistic relationships with the other Gram-positive bacteria.

Apart from the ratio among bacterial groups, dissimilarities in the structure of microbial
communities were revealed. Nutrient adequacy in the organically managed pots facilitated the
development of distinct microbial assemblages; community structure in the Ps inoculated pots differed
significantly from the community in the Ba pots and both differed from the control. Moreover,
the microbial community in the BaPs organic pots differed from the control. This result looks similar to
the results of Nunan et al. [60] who demonstrated that the intrinsic differences in microbial communities
of different structures and/or diversities were revealed under conditions of high nutrient availability.
In contrast, the limited nutrient availability in the conventional system together with the pesticide
residues may have weakened the effect of the inoculants. In the conventionally managed pots, only in the
case of co-inoculation did a significantly different microbial community structure emerge.

Although microbial biomasses and community structure were affected by the interaction of
management type × inoculum, the soil enzyme activity was affected separately by each one of the
independent variables. For all enzymes, a higher activity was recorded in the organically managed
pots. Extracellular enzymes can be bound on clay minerals and stabilized by soil organic matter via
the formation of enzyme-clay or enzyme-humus complexes [61]. This binding protects enzymes from
decomposition by microbial proteases. For acid phosphatase and urease, the lowest and highest activity
was recorded in the control and BaPs inoculated pots, respectively. Kumar et al. [23] also reported
that the co-inoculation with Bacillus and Pseudomonas strains showed a synergistic effect, resulting
in increased enzymatic activity. The increased urease activity in treatments that involved inoculation
with P. fluorescens (Ps and BaPs) could be explained by the increased values of Gram-negative bacteria
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(at least in the organically managed pots) since most urease-producing bacteria are Gram-negative [62].
In contrast, the activity of β-glucosidase was not affected by any of the inoculants indicating the
independence of the carbon cycle on inoculation.

5. Conclusions

This study confirmed the central role of the soil management system for microbial inoculation.
The management system exerted the only significant effect on plant growth and an independent
significant effect on enzyme activity. However, it mediated the effects of inoculants on soil rhizosphere
microbial biomass and community structure confirming partly our initial hypothesis. Specifically,
P. fluorescens inoculation and co-inoculation with B. subtilis resulted in increased microbial biomasses
only in the organic system. Further, in the organic system, new microbial assemblages emerged because
of the inoculants. To conclude, we suggest that for microbial inoculation, which has been promoted
as a suitable method for sustainable agriculture, to be beneficial for plant growth and soil health,
it should be considered together with the management history of the soil. Our results suggest that
microbial inoculants are most effective when applied to soils that were previously cultivated using
more environmentally friendly methods such as organic matter incorporation, no tillage, and with
limited use of pesticides.
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Table S1: The effects of management system, inoculum type, and their interaction on plant growth parameters as
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inoculum type, and their interaction on microbial groups and PLFAs ratios as revealed by Two-way ANOVA
(*: p < 0.05, **: p < 0.01, ***: p < 0.001, ns: non-significant); Table S3: The effects of management system, inoculum
type, and their interaction on microbial groups and PLFAs ratios as revealed by Two-way ANOVA (*: p < 0.05,
**: p < 0.01, ***: p < 0.001, ns: non-significant)
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Abstract: Conservative agricultural practices have been adopted to improve soil quality and maintain
crop productivity. An efficient intercropping of maize with mushroom has been developed in
Northeast China. The objective of this study was to evaluate and compare the effects of planting
patterns on the diversity and structure of the soil bacterial communities at a 0–20 cm depth in the black
soil zone of Northeast China. The experiment consisted of monoculture of maize and mushroom,
and intercropping in a split-plot arrangement. The characteristics of soil microbial communities
were performed by 16S rRNA gene amplicom sequencing. The results showed that intercropping
increased soil bacterial richness and diversity compared with maize monoculture. The relative
abundances of Acidobacteria, Chloroflexi, Saccharibacteria and Planctomycetes were significantly
higher, whereas Proteobacteria and Firmicutes were lower in intercropping than maize monoculture.
Redundancy analysis suggested that pH, NO3

−-N and NH4
+-N contents had a notable effect on

the structure of the bacterial communities. Moreover, intercropping significantly increased the
relative abundance of carbohydrate metabolism pathway functional groups. Overall, these findings
demonstrated that intercropping of maize with mushroom strongly impacts the physical and chemical
properties of soil as well as the diversity and structure of the soil bacterial communities, suggesting
this is a sustainable agricultural management practice in Northeast China.

Keywords: 16S rRNA; planting pattern; soil chemical properties; soil microbial community

1. Introduction

Maize (Zea mays L.) is not only one of the three major food crops in the world, but also a high-quality
animal feed and an important industrial raw material. Maize production in China accounts for 21.9% of
total maize output in the world. The northeast area is the largest maize producer in China, particularly
in the Jilin province, which accounts for 1/8th of maize production in China [1]. However, the maize
planting pattern in Northeast China was mainly based upon conventional agricultural practices
(e.g., monoculture cropping, tillage and removal of crop residues) that have caused soil erosion, fertility
decline, and loss of soil biodiversity [2]. Therefore, conservation and sustainable agricultural practices,
such as intercropping, no tillage and mulching, have been adopted to improve soil quality and increase
crop productivity.

Intercropping, a method of simultaneously planting two or more crops on the same field, has been
practiced in many countries for several decades [3]. It increases the productivity per unit of land
through better utilization of resources, control of disease and reducing soil erosion [4]. Soil microbial
activity, nutrient cycling, decomposition of organic matter, and physical and chemical properties can
be changed in intercropping systems [5,6]. Soil organic matter, reflecting the physical, chemical and
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biological properties of soil, is an effective indicator of soil quality [2,4], which is defined as the capacity
of a soil to function within ecosystem and land-use boundaries to sustain biological productivity,
maintain environmental quality, and promote plant and animal health [7]. Mushroom compost is used
as a soil conditioner for the growth of soybean, and the substrate pH for growing soybean is increased
from acidity to neutrality [8]. The residual fungi and a large number of mycelium are incorporated
into the soil, making the soil loose, which improves the physical and chemical properties of the
soil, and increases the content of various nutrients in the soil in the maize–mushroom intercropping
system [9]. Soil microorganisms play crucial roles in soil ecosystem functioning, as they are involved in
soil nutrient cycling and energy flows, micro-ecology regulation and soil sustainable productivity [4,10].
In the soil ecosystem, soil bacteria are crucial decomposers that metabolize organic matter by secreting
specific extracellular enzymes to break down large organic molecules into monomers, which are then
available for plant uptake [11,12]. The cultivation of continuous monoculture often results in the
accumulation of soil-borne pathogens, the growth inhibition of beneficial bacteria [13], and a decrease
of bacterial diversity, ultimately [14]. Pear/mushroom intercropping significantly increased the number
and biomass of cultivable microorganisms in the 0–40-cm soil layer and had a marked effect on the soil
fertility of the pear garden and the quality of the pear fruit [15].

Oyster mushroom (class Basidiomycetes) is a fungus that is an excellent source of human nutrients
(e.g., vitamins, minerals and micro nutrients) and has medicinal values [16]. It can be used as an
intercropping crop to promote the efficient uptake of nutrients and resources [8]. For example,
the mushroom (Plearotus spp.) intercropped with field-grown faba bean (Vicia faba L.) increased
the faba bean dry seed yield and mushroom basidiocarp yield compared to sole cultivation [16].
Maize–mushroom intercropping systems have been previously studied and were proved to improve
maize yield and land equivalent ratio [9,17]. However, few studies have attempted to investigate the
effects of maize–mushroom intercropping on soil physical and chemical properties and the diversity
and composition of soil microbial community. Therefore, the objective of this study was to explore the
effect of maize–mushroom intercropping on the soil bacterial community in Northeast China. Recently,
we developed an integrated agricultural management practice involving wide–narrow-row spacing
alternation (160 + 40 cm), adoption of no tillage, and mulching by crop residues in maize cropping
system in the Northeast China plain, resulting in an improvement of soil quality, reduced soil erosion,
and a more sustainable use of cultivated land [18]. Furthermore, in order to use land resources with
high efficiency, control disease, and increase the income of farmers, maize–mushroom intercropping
was developed based on the integrated agricultural practice. We hypothesized that the intercropping
could lead to (i) a marked effect on the structure and diversity of the soil bacterial community and (ii)
an improvement of soil quality compared with monocultures.

2. Materials and Methods

2.1. Site Description and Experimental Design

The integrated agricultural management practice was initiated in spring 2012 and the
maize–mushroom intercropping under integrated agricultural practice experiment was initiated
in spring 2014 at Changchun Agricultural Experimental Field of the Northeast Institute of Geography
and Agroecology, Jilin Province, China (43◦59′54” N, 125◦23′57” E). The climate is a north temperate
continental monsoon. The mean annual air temperature is 7.2 ◦C. The mean annual precipitation is
530.5 mm. The frost-free period is 138 days. Snow cover usually occurs from November to April.
The soil is a typical silty clay loam (classified as Mollisols), which is highly fertile, inherently productive
and suitable soil for cultivation in the world [19], with organic matter 3.1%, total nitrogen 1.49 g kg−1,
total phosphorus 0.59 g kg−1, total potassium 21.53 g kg−1, available nitrogen 204.54 mg kg−1, available
phosphorus 9.43 mg kg−1, effective potassium 125.84 mg kg−1, soil bulk density 1.19 g cm−3, cation
exchange capacity 23.3 cmol kg−1, and pH 6.71.
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The experiment was conducted in a plot comparison experiment with three treatments including (1)
maize–mushroom intercropping, (2) maize monocultures, and (3) mushroom monocultures. Each plot
was 20 m long and 8 m wide with four plot replicates for each treatment. The cultivars were maize
Liangyu 99 and oyster mushroom (provided by Liaoning Sanyou Agricultural Biotechnology Company).
The maize seeds were sown in late April and harvested in late September, and mushroom sticks were
planted in early July and harvested in late September every year. In the maize monoculture treatment,
the wide–narrow row spacing was 160 and 40 cm, respectively; no tillage was implemented; the maize
stalks were cut at 35 cm above the ground, and then maize stalks were left in the field. Maize was
planted on a narrow line of 40-cm spacing, with a plant spacing of 15 cm and a planting density
of 6.5 × 104 plants ha−1. The intercropping of maize with mushroom was based on the integrated
agricultural management practice. In the intercropping and maize monoculture, maize seeds were
sown in 40-cm, narrow rows using a small jukebox in late April. During the maize spinning period,
a 10-cm-deep and 40-cm-wide sulcus was dug in advance to place mushroom sticks in the intercropping.
Then, mushroom sticks were evenly placed in the sulcus, covered in 2–3 cm soil (Figure 1). The distance
between mushroom and maize, mushroom and high stubble both were 27 cm. The mushroom row
spacing of mushroom monoculture treatment was 160 cm. A based controlled release compound
fertilizer (resin coating) of 600 kg ha−1 (total nutrient ≥ 53%, Zn ≥ 2%) was applied to all treatments
(as the base of the fertilizer) before rotating the soil (using the small rotating machine). The type of
controlled release nutrient was nitrogen, and the amount of controlled release nutrient was greater
or equal to 8%. In mid-May, the compound fertilizer was added once. Throughout the growth
period of mushroom, intermittent spray irrigation was used to maintain the optimum moisture for
mushroom production.

Figure 1. Schematic illustration of row placement of (a) maize–mushroom intercropping, (b) maize
monoculture and (c) mushroom monoculture. Red arrows indicate the sampling point. The unit of
distances is the centimeter (cm).

2.2. Soil Sampling

On September 20 2017 (After the mushrooms had been planted for 70 days), soil core samples
(5.5 cm in diameter, 20 cm in depth, repeated four times) from each treatment were taken randomly
from the maize rows (10 cm from the maize rows) of maize monoculture and intercropping treatment,
and high stubble rows (10 cm from high stubble rows) of mushroom treatment. In total, there were 12
soil samples used for the analysis. All samples were sieved by a 2-mm sieve to remove rocks and were
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then separated into two parts: one part air dried to determine soil properties, and another stored at
−80 ◦C for DNA extraction.

2.3. Soil Chemical Assays

Total nitrogen (TN), nitrate nitrogen (NO3
−-N), ammonium nitrogen (NH4

+-N), were determined
by a continuous flow analyzer (San++, Skalar, Breda, Holland). Soil organic matter (SOM) was
measured by the method of potassium dichromate heating oxidation-volumetric based on the standard
LY/T1237-1999 [20]. Briefly, 0.2 g of air-dried soil was added into 5 mL K2Cr2O7 (0.8 M) and 5 mL
concentrated H2SO4 solution and heated on a hot plate (300 ◦C) for 5 min. Three to four drops of
phenanthroline indicator were then added, and titrated with FeSO4 (0.4 M).

TN, available nitrogen (AN), NH4
+-N, and NO3

−-N were measured by standard methods based
on LY/T1228-2015. For TN, 1 g soil was added to 1.8 g catalyst (selenium powder: copper sulfate:
potassium sulfate = 1:10:100), mixed with 4 mL concentrated sulfuric acid, and removed on the electric
heating plate until the soil became grayish white. The resulting solution was green and was transferred
to a 100-mL volumetric flask after cooling. The solution was then diluted to volume with distilled
water and shaken for testing. For AN, 2 g soil was mixed with 3 mL of 2% H3BO3, 10 mL of 1 M
NaOH solution, and then incubated at 40 ◦C for 24 h. After cooling, the sample was titrated with HCl
(0.012 M) until the color changed from blue-green to purple. For NH4

+-N and NO3
−-N, 5 g soil was

mixed with 25 mL of KCl (2 M), shaken for 30 min, and filtered for testing.
To measure soil pH, 10 g soil was placed in a 100-mL beaker. Then, 50 mL of distilled

water (water:soil = 5:1) was added, shaken for 30 min, and measured with a calibrated pH meter
(Mettler-Toledo FE 20, Zurich, Switzerland).

2.4. DNA Extraction and MiSeq Sequencing

DNA was extracted from 0.25 g fresh soil using E.Z.N.A Mag-Bind Soil DNA Kits (OMEGA, Irving,
TX, USA) according to the manufacturer’s instructions. The DNA extraction quality was measured by
0.8% agarose gel electrophoresis, and the DNA was quantified by an ultraviolet spectrophotometer.
The PCR amplification used Q5 high-fidelity DNA polymerase (NEB, Ipswich, MA, USA), and the V3-V4
region of the 16S rDNA genes were amplified using the primers 338F (ACTCCTACGGGAGGCAGCA)
and 806R (GGACTACHVGGGTWTCTAAT) [21]. Referring to the preliminary quantitative results of gel
electrophoresis, the PCR amplified product was subjected to fluorescence quantification, the fluorescent
reagent was Quant-iTPicoGreen dsDNA Assay Kit, and the quantitative instrument was Microplate
reader (BioTek, FLx800). A total of 20 pM DNA for each sample were pooled and sequenced in an
Illumina MiSeq platform (Illumina, SanDiego, CA, USA) with a 600-cycle kit (2 × 300 bp paired ends).
The Miseq sequencing raw data were deposited in the NCBI Sequence Read Archive database, and the
project ID is PRJNA432129 and BioSample is SAMN10362720.

2.5. Data Analysis

The original paired-end sequencing data were exported in a FASTQ format. Sequences were
removed if the read length was <150 bp, with a mean quality score <20 [22]. Sequence analysis was
performed using QIIME software (Version 1.8.0) [23]. Sequences with ≥97% similarity were assigned
to the same operational taxonomic units (OTUs) using UCLUST [24]. In detail, the sequences were
merged according to ≥97% similarity into OTUs, and the most abundant sequence in each OTU was
chose as the representative OTU sequence. Then, according to the number of sequences of each OTU
in each sample, a matrix file of OTU abundance in each sample was constructed (i.e., OTU table).
The relative abundance of OTUs with <0.001% of the total reads of all samples were removed [25].
The Greengenes database (Release 13.8) was used to annotate taxonomic information [26].

Data were compared using analysis of variance (ANOVA) in IBM SPSS 23.0 software (SPSS
Inc., USA). Alpha diversity (Chao1 and Shannon index) was calculated with QIIME (Version 1.8.0).
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Pearson’s correlation coefficients between soil properties, OTU richness (Chao1 index) and diversity
(Shannon index), and bacterial phyla were computed.

Differences of soil bacterial communities based on OTUs between treatments were analyzed using
LEfSe [27]. Cluster analysis of soil bacterial communities based on the non-metric multidimensional
scaling (NMDS) dissimilarity matrix was performed using QIIME. Permutational multivariate analysis
of variance (PERMANOVA; function ‘adonis’) was adopted to compare community composition on
three treatments with QIIME. Redundancy analysis (RDA) was carried out to explore the relationship
between soil properties and microbial community composition using the ‘vegan’ package in the R
program (Version 3.3.1). Function predictions were classified into KEGG pathways using PICRUSt
(Version 1.1.4) method [28]. In detail, firstly, OTU table was standardized by copy number; the full-length
16S rRNA gene sequence of the tested microbial genome was used to infer the gene function spectrum of
their common ancestor; then, the gene function profiles of other untested species in the Greengenes 16S
rRNA gene full-length sequence database was inferred and constructed the gene function prediction
profiles of the entire lineage of archaea and bacteria; thirdly, the 16S rRNA gene sequence data obtained
by sequencing with the Greengenes database was compared to find the “nearest neighbor of the
reference sequence” of each sequenced sequence and classified it as a reference OTU; the obtained
OTU abundance matrix according to the copy number of the rRNA gene of the nearest neighbor of the
reference sequence was corrected; finally, the microbial composition data to the known gene function
profile database was “mapped” to realize the prediction of the metabolic function of the microbial
communities. The KEGG pathways statistical analysis was implemented using SPSS.

3. Results

3.1. Soil Chemical Properties

The planting pattern was found to significantly affect soil pH and the contents of AN, NO3
−-N,

NH4
+-N, and SOM (Table 1). The soil pH and SOM were markedly increased in intercropping, whereas

the contents of AN, NO3
−-N and NH4

+-N were decreased, compared with maize monoculture. Soil
pH was higher, whereas AN, NO3

−-N and NH4
+-N contents were lower in mushroom monoculture

than maize monoculture.

Table 1. Soil chemical properties under maize monoculture, mushroom monoculture and
maize–mushroom intercropping.

Planting Pattern pH TN (g kg−1) AN (mg kg−1) NO3
−-N (mg kg−1) NH4

+-N (mg kg−1) SOM%

Maize 6.37 ± 0.10 b 1.28 ± 1.49 a 257 ± 33.6 a 191 ± 58 a 51.3 ± 15.3 a 3.12 ± 0.15 b
Mushroom 7.49 ± 0.05 a 1.39 ± 0.60 a 169 ± 10.4 b 2.19 ± 0.27 b 4.15 ± 0.46 b 3.23 ± 0.05 ab

Intercropping 7.40 ± 0.04 a 1.51 ± 1.05 a 170 ± 8.65 b 19.8 ± 3.39 b 8.41 ± 0.69 b 3.59 ± 0.10 a

Values are means ± standard errors. Mean values in each column followed by the different letters are significantly
different (p < 0.05) according to Tukey’s test. The number of replicates per treatment is 4 (n = 4). TN, AN, NO3

−-N,
NH4

+-N and SOM represent total nitrogen, available nitrogen, nitrate nitrogen, ammonium nitrogen and soil
organic matter, respectively.

3.2. Soil Bacterial Community Diversity

Sequencing of the 16S rRNA gene fragment from 12 soil samples produced a total of 462,813
sequences (Table S1). After filtration, alignment, pre-clustering and removal of chimeric sequences and
singletons, 359,341 sequences were obtained. They were assigned into 18,519 OTUs.

Intercropping and mushroom monoculture had higher bacterial OTU richness and Shannon index
compared with maize monoculture (Figure 2). There was a striking positive relationship between
Shannon index and pH and SOM, whereas there was a negative association between Shannon index
and the contents of AN, NO3

−-N, NH4
+-N (Table S2).
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Figure 2. Operational taxonomic units (OTUs) richness and Shannon index of soil bacterial community
under maize monoculture, mushroom monoculture and maize–mushroom intercropping. The error
bars represent standard errors (SE). Different letters indicate significant different (p < 0.05) according to
Tukey’s test. The number of replicates per treatment is 4 (n = 4).

3.3. Soil Bacterial Community Structure

In order to characterize the effect of planting pattern on soil bacterial communities, the relative
abundances at phylum, class, order, family and genus levels were analyzed. Then, 16S rRNA gene
amplicon sequencing showed that the dominant bacterial phyla were Proteobacteria, Chloroflexi,
Acidobacteria, Actinobacteria, Firmicutes, Gemmatimonadetes, Cyanobacteria, Saccharibacteria,
Bacteroidetes, Nitrospirae, Planctomycetes, Verrucomicrobia and Parcubacteria (Figure 3), and these
groups accounted for over 88–95% of the sequences. Moreover, soil chemical properties were closely
correlated with the relative abundance of some dominant microbial phyla groups (Table S2). There
was a marked positive association between soil pH and Chloroflexi, Acidobacteria, Planctomycetes,
Verrucomicrobia, and Parcubacteria, whereas the relationships were negative between the contents of
AN, NO3

−-N, NH4
+-N and those dominant microbial phyla.

In total, 13 phyla, 31 classes, 64 orders, and 84 families in the bacterial community were
significantly affected by planting pattern. At the phylum level, planting pattern significantly altered the
relative abundance of Chloroflexi, Acidobacteria, Saccharibacteria, Planctomycetes, Armatimonadetes,
Fusobacteria, Euryarchaeota, WS6, Elusimicrobia, Peregrinibacteria, WWE3 and Gracilibacteria.
Intercropping had higher relative abundance of Acidobacteria, Chloroflexi, and Planctomycetes,
and lower relative abundance of Proteobacteria and Firmicutes compared with maize monoculture
treatment (Figure 3). Intercropping had higher relative abundance of Saccharibacteria, and lower
Cyanobacteria than mushroom monoculture. The distribution of related genera varied between maize
monoculture, mushroom monoculture and intercropping soils. Pseudomonas, Sphingomonas, Lactobacillus
and Rhodanobacter were the most abundant genera across all soil samples, representing 5.57%, 2.83%,
0.19%, and 3.74% of all classified sequences in intercropping, 17.24%, 9.28%, 10.79%, and 2.05% in
maize monoculture and 6.64%, 1.59%, 0.14%, and 1.05% in mushroom monoculture, respectively.
Gemmatimonas, Cystobacteraceae, Marmoricola, Bradyrhizobium, Streptomyces, Rhodoglobus, Nakamurella,
Frateuria, Sphingobium, Woodsholea, and Oribacterium showed an increased relative abundance in
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intercropping, while the relative abundance of Streptomycetaceae decreased in intercropping compared
with maize monoculture (Figure 4).

Figure 3. Relative abundances of the dominant phyla of bacteria at 0-20-cm soil depths under maize
monoculture, mushroom monoculture and maize–mushroom intercropping. The number of replicates
per treatment is 4 (n = 4).

Figure 4. Cladogram of bacteria at 0–20-cm soil depths under maize monoculture, mushroom
monoculture and maize–mushroom intercropping. The Cladogram shows the hierarchical relationship
of all classification units from the phylum to the genus (from the inner circle to the outer circle).
The node size corresponds to the average relative abundance of the classification units. The blue, green
and red node represents that the difference of bacterial relative abundance between groups is significant.
The letters identify the taxon name that has a significant difference between groups. The number of
replicates per treatment is 4 (n = 4).

3.4. Comparative Analysis of Soil Bacterial Community

Based on the NMDS dissimilarity matrix, hierarchical cluster analysis for investigated the beta
diversity of bacterial communities showed that soil bacterial communities were affected by planting
patterns (Figure 5). PERMANOVA analysis indicated that soil bacterial community composition was
significantly affected by maize monoculture, mushroom monoculture and intercropping treatments.
The RDA was performed to determine the strength of the association between the soil bacterial
community and soil physical, chemical properties. RDA revealed a strong difference between maize
monoculture, mushroom monoculture and intercropping soils (Figure 6). The first two canonical axes
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are responsible for 45.73% of variance (25.42% by RDA1 axis and 20.31% by RDA2 axis). The RDA
indicated that pH, NO3

−-N and NH4
+-N contents had an extremely significant influence on the

structure of the bacterial community (p < 0.05) (Table S3).

Figure 5. Hierarchical cluster analysis of soil bacterial communities based on the NMDS dissimilarity
matrix among maize monoculture, mushroom monoculture and intercropping. Permutational
multivariate analysis of variance (PERMANOVA) was adopted to compare community composition on
three treatments. The number of replicates per treatment is 4 (n = 4).

Figure 6. Redundancy analysis (RDA) of soil bacterial community structure and soil properties under
maize monoculture, mushroom monoculture and intercropping. Soil factors indicated in blue text
include pH, contents of organic matter (SOM), total nitrogen (TN), available nitrogen (AN), nitrate
nitrogen (NO3

−-N) and ammonium nitrogen (NH4
+-N). The circles are the RDA scores of the samples

and the arrows are the scores of the soil variables by RDA. The number of replicates per treatment is 4
(n = 4).
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3.5. Metabolism of Soil Microbial Community

Potential metabolism were assigned to predicted functional annotation of protein sequences.
The KEGG metabolic pathway difference analysis of soil bacteria revealed significant changes in 11
metabolic networks between the groups of planting patterns. The analysis showed that intercropping
significantly increased the relative abundance of carbohydrate metabolism pathway functional groups
compared with maize monoculture (Figure 7). In addition, the relative abundance of glycan biosynthesis
and other secondary metabolites functional groups in intercropping and mushroom monoculture was
higher compared with maize monoculture (p < 0.05) (Figure 7 and Table S4).

Figure 7. The KEGG metabolic pathway difference analysis of bacteria at 0–20-cm soil depths under
maize monoculture, mushroom monoculture and intercropping. The number of replicates per treatment
is 4 (n = 4).

4. Discussion

4.1. Soil Physicochemical Properties

Nutrients such as carbon, nitrogen, phosphorus and potassium, are essential for proper plant
growth. Soil carbon and nitrogen contents are the most sensitive indicators of soil quality [29],
and it has been suggested that below ground interspecific interactions improved soil nitrogen supply
capacity [30], mobilization [31] and increased TN in intercropping [32]. The results of the current
study have shown that contents of AN, NO3

−-N, NH4
+-N in intercropping treatment were no higher

than maize monoculture treatment. Below ground interactions through intercropping could affect
N-cycling [30,33]. Moreover, soil nitrate nitrogen is dynamic, and is influenced by soil particle
distribution, soil depth, and precipitation, and varies during crop growth and development [34].
Soil nitrate would likely decline faster in intercropping and mushroom monoculture treatments in
comparison with maize monoculture, mostly due to decomposition of mineral nutrients by saprotrophs
and leaching losses [35], using intermittent spray irrigation to maintain the optimum moisture for
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mushroom production. Vieira et al. [36] also showed that nitrogen losses after 10 and 15 days impacted
by mushroom yield. In this study, intercropping treatment significantly increased the contents of
SOM compared with maize monoculture. This is consistent with previous studies that demonstrated
that soil organic carbon fraction, carbon pool management index and soil carbon sequestration were
improved under intercropping [4,37,38].

4.2. Bacterial Community Diversity

The soil microbial community, a biomarker indicator of soil quality and ecosystem processes [39],
is very sensitive to vegetation. On the other hand, it can also strongly affect plant growth and yield
formation [40]. Our study revealed that intercropping significantly increased the OTU richness and
diversity of the bacterial community compared to maize monoculture treatment. Consistent with our
findings, Fu et al. [4] reported that maize–soybean intercropping had higher Shannon index compared
with monocultures. Qin et al. [41] demonstrated that maize–potato intercropping increased the carbon
source utilization rate and diversity of the microbial community. In addition, the bacterial Shannon
index was correlated with contents of N, SOM and pH, suggesting that the improvements in C and
N source utilization were beneficial to increased soil bacterial diversity, such as species richness [12].
Moreover, soil bacterial community could be changed by pH with a higher bacterial diversity in neutral
soil than acidic soil, which a significant positive association between Shannon index and pH was found
in this study.

4.3. Bacterial Community Structure

Microbial community composition has large effects on organic matter dynamics and nutrient
cycling, and can influence soil function and ecosystem sustainability [42]. In total, 46 phyla, 168 classes,
356 orders, 605 families and 1207 genera of bacterial communities were obtained in our samples.
Within the thirteen dominant bacterial phyla, Proteobacteria was the most abundant bacterial phylum,
which was consistent with the results of mulberry and alfalfa intercropping system [43]. The major
microbial phyla, such as Chloroflexi, Acidobacteria, Actinobacteria, identified in this study are often
observed in other soils, though the relative abundance was different [44,45].

Previous studies have indicated that the dominant bacterial phyla could be changed by
manipulating planting patterns and plant species [4,12,43]. In the present study, the bacterial
community structures among intercropping and maize and mushroom monoculture treatments
were significantly different. Planting patterns significantly affected the four dominant and eight
other bacterial phyla. The relative abundance of Chloroflexi, Acidobacteria, Planctomycetes and
Saccharibacteria were higher in intercropping than maize or mushroom monoculture treatments.
Anaerolineae, a dominant class of Chloroflexi, has been thought to be ubiquitous and to play important
roles in ecosystems [46]. The greater abundance of Chloroflexi in the intercropping than maize
monoculture treatment likely indicated that intercropping would better coordinate soil ecosystems [47].
Acidobacteria is an acidophilic and oligotrophic chemoorganotrophic bacterium; Planctomycetes
play possible role in the evolution of the methane cycle [48]. Saccharibacteria play a role in the
degradation of various organic compounds as well as sugar compounds under aerobic, nitrate
reducing, and anaerobic conditions [49]. Although the phylum Proteobacteria was not affected by
planting pattern, Gammaproteobacteria, the most dominant class of Proteobacteria in our study, had a
prominent higher abundance under intercropping than maize monoculture treatment, stimulated by
higher SOM and lower nitrate nitrogen contents of intercropping treatment [50]. Pseudomonas is one of
the widely distributed plant growth promoting rhizobacteria [51]. The result revealed that the soil
Pseudomonas community was affected by planting pattern. Consistent with previous studies, the altered
plant species affected the microbial community composition [52].

In this study, the relative abundance of Actinobacteria in intercropping and maize monoculture
treatment were significant different at class level. At genus level, Gemmatimonas, Streptomyces,
Nakamurella and Frateuria had greater abundance in intercropping soils. Actinobacteria have a critical
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role in decomposition of soil organic materials, such as cellulose, chitin and polysaccharides [53].
Streptomyces could produce bioactive secondary metabolites which show antifungals and antivirals
biological activities [54], and have more efficient secretion mechanisms which could promote protein
solubilization [55]; Nakamurella is able to accumulate polysaccharides [56]; Frateuria is able to enhance
potassium uptake efficiently in plants and has been found to increase biomass and nutrient content [57].
In addition, Gemmatimonas, the dominant genus of Gemmatimonadetes, is involved in modulating
carbon and nitrogen intake, decomposing polyaromatic carbon and promoting plant development [58].
The greater abundance of Actinobacteria, Streptomyces, Nakamurella, Frateuria and Gemmatimonas
likely be attributed to the effects of secondary metabolites such as carbohydrates, free amino acids,
and nucleotides produced by mushroom during metabolism [59]. Our study showed that the relative
abundance of glycan and secondary metabolites functional groups in intercropping and mushroom
monoculture significantly increased compared with maize monoculture. This is consistent with the
other research that intercropping lead to changes in plants accumulation of minerals and secondary
metabolites [60].

To investigate the relationships between soil microbial community structure and measured soil
variables in the maize monoculture, monoculture mushroom and intercropping systems, we analyzed
the dominant bacterial phyla and OTUs data using Pearson’s correlation and RDA. The soil variables
have a substantial impact on the dominant bacterial phyla. In this study, SOM, TN, AN, NO3

−-N,
NH4

+-N, and pH had positive/negative correlations with the dominant bacterial phyla. For example,
the abundance of Chloroflexi and Planctomycetes were positively correlated with SOM content,
which indicated that SOM correlated with the relative abundance of these bacteria [4]. SOM may
play non-negligible roles in influencing on the soil microbial community structure by affecting the
metabolism of soil microbes [61]. The output of RDA with soil variation in bacterial community
indicated that pH plays critical roles in the structure of the bacterial community. This was in accordance
with other studies that indicated that soil pH was a major factor in determining the structure of the soil
bacterial community [12,61].

5. Conclusions

In total, 13 phyla, 31 classes, 64 orders, 84 families in the bacterial community were significantly
affected by planting pattern. The results revealed that SOM, TN contents, Shannon index and the
relative abundance of Chloroflexi, Acidobacteria, Saccharibacteria, Planctomycetes and carbohydrate
metabolism pathway functional groups were significantly increased in intercropping compared with
maize monoculture treatment. Moreover, soil chemical properties closely correlated with OTU
richness, Shannon index and the relative abundance of Chloroflexi, Acidobacteria, Planctomycetes,
Verrucomicrobia, Parcubacteria phyla groups. Our study demonstrates that intercropping of maize
with mushroom affected the physical and chemical properties of the soil, and altered the structure
and diversity of the soil microbial community. These results suggest that this crop production system
could be a sustainable efficient agricultural management practice in Northeast China.
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53. Lladó, S.; Žifčáková, L.; Větrovský, T.; Eichlerová, I.; Baldrian, P. Functional screening of abundant bacteria
from acidic forest soil indicates the metabolic potential of Acidobacteria subdivision 1 for polysaccharide
decomposition. Biol. Fertil. Soils 2016, 52, 251–260. [CrossRef]

54. Rashad, F.M.; Fathy, H.M.; El-Zayat, A.S.; Elghonaimy, A.M. Isolation and characterization of multifunctional
Streptomyces species with antimicrobial, nematicidal and phytohormone activities from marine environments
in Egypt. Microbiol. Res. 2015, 175, 34–47. [CrossRef] [PubMed]

55. Binnie, C.; Cossar, J.D.; Stewart, D.I.H. Heterologous biopharmaceutical protein expression in Streptomyces.
Trends Biotechnol. 1997, 15, 315–320. [CrossRef]

56. Tao, T.; Yue, Y.; Chen, W.; Chen, W. Proposal of Nakamurella gen. nov. as a substitute for the bacterial genus
Microsphaera Yoshimi et al. 1996 and Nakamurellaceae fam. nov. as a substitute for the illegitimate bacterial
family Microsphaeraceae Rainey et al. 1997. Int. J. Syst. Evol. Microbiol. 2004, 54, 999–1000. [CrossRef]
[PubMed]

57. Subhashini, D. Growth promotion and increased potassium uptake of tobacco by potassium-mobilizing
bacterium Frateuria aurantia grown at different potassium levels in vertisols. Commun. Soil Sci. Plant Anal.
2015, 46, 210–220. [CrossRef]

58. Li, F.; Chen, L.; Zhang, J.; Yin, J.; Huang, S. Bacterial community structure after long-term organic and
inorganic fertilization reveals important associations between soil nutrients and specific taxa involved in
nutrient transformations. Front. Microbiol. 2017, 8, 187. [CrossRef]

59. Kojima, M.; Kimura, N.; Miura, R. Regulation of primary metabolic pathways in oyster mushroom mycelia
induced by blue light stimulation: Accumulation of shikimic acid. Sci. Rep. 2015, 5, 8630. [CrossRef]

52



Agronomy 2020, 10, 1526

60. Ngwene, B.; Neugart, S.; Baldermann, S.; Ravi, B.; Schreiner, M. Intercropping induces changes in
specific secondary metabolite concentration in Ethiopian Kale (Brassica carinata) and African Nightshade
(Solanum scabrum) under controlled conditions. Front. Plant Sci. 2017, 8, 1700. [CrossRef]

61. Zhang, X.; Gao, G.; Wu, Z.; Wen, X.; Zhong, H.; Zhong, Z.; Bian, F.; Gai, X. Agroforestry alters the rhizosphere
soil bacterial and fungal communities of moso bamboo plantations in subtropical China. Appl. Soil Ecol.
2019, 143, 192–200. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

53





agronomy

Article

Compost as an Option for Sustainable Crop Production at Low
Stocking Rates in Organic Farming

Christopher Brock 1,*, Meike Oltmanns 1, Christoph Matthes 2, Ben Schmehe 2, Harald Schaaf 3, Detlef Burghardt 3,

Hartmut Horst 3 and Hartmut Spieß 2

Citation: Brock, C.; Oltmanns, M.;

Matthes, C.; Schmehe, B.; Schaaf, H.;

Burghardt, D.; Horst, H.; Spieß, H.

Compost as an Option for Sustainable

Crop Production at Low Stocking

Rates in Organic Farming. Agronomy

2021, 11, 1078. https://doi.org/

10.3390/agronomy11061078

Academic Editors:

Nikolaos Monokrousos and Efimia

M. Papatheodorou

Received: 14 April 2021

Accepted: 17 May 2021

Published: 27 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Forschungsring e.V., Brandschneise 5, 64295 Darmstadt, Germany; oltmanns@forschungsring.de
2 Forschung & Züchtung Dottenfelderhof, Dottenfelderhof 1, 61118 Bad Vilbel, Germany;

christoph.matthes@dottenfelderhof.de (C.M.); ben.schmehe@dottenfelderhof.de (B.S.);
h.spiess@dottenfelderhof.de (H.S.)

3 Landesbetrieb Hessisches Landeslabor, Am Versuchsfeld 13, 34128 Kassel, Germany;
harald.schaaf@outlook.de (H.S.); detlef.burghardt@lhl.hessen.de (D.B.); apiverdi@gmx.de (H.H.)

* Correspondence: brock@forschungsring.de; Tel.: +49-6155-8421-23

Abstract: Mixed-crop-livestock farms offer the best conditions for sustainable nutrient management
in organic farming. However, if stocking rates are too low, sustainability might be threatened.
Therefore, we studied the development of soil organic matter and nutrients as well as crop yields
over the first course of a new long-term field experiment with a mimicked cattle stocking rate of
0.6 LU ha−1, which is the actual average stocking rate for organic farms in Germany. In the exper-
iment, we tested the effects of additional compost application to improve organic matter supply
to soils, and further, potassium sulfate fertilization for an improved nutrition of fodder legumes.
Compost was made from internal resources of the farm (woody material from hedge-cutting). Soil
organic matter and nutrient stocks decreased in the control treatment, even though yield levels, and
thus nutrient exports, were comparably low. With compost application, soil organic matter and
nutrient exports could be compensated for. At the same time, the yields increased but stayed at a
moderate level. Potassium sulfate fertilization further improved N yields. We conclude that compost
from internal resources is a viable solution to facilitate sustainable organic crop production at low
stocking rates. However, we are aware that this option does not solve the basic problem of open
nutrient cycles on the farm gate level.

Keywords: long term field experiment; sustainable crop production; nutrient balances; legume
nutrition

1. Introduction

Soil organic matter is recognized as a key factor of soil fertility [1]. For this reason,
the supply of soils with organic matter was always a major concern in organic agriculture.
Meanwhile, it was shown that organic farming in fact leads to higher soil organic matter
levels than conventional management [2]. However, a sufficient supply of soils with
organic matter is not an effect of organic farming per se, but of the specific structure of
organic systems. Leithold et al. [3] emphasized that fodder legumes and cattle manure are
the basic factors for a sufficient supply of soils with organic matter. These factors must
balance the loss of soil organic matter in turnover. If the supply of soil with organic matter
is too low to meet the specific requirements, SOM levels might decrease even under organic
management. This situation was observed in the OAFEG long-term field experiment in
Germany that is designed to study the effects of mixed, as compared to stockless organic
farming [4]. Under the conditions of this experiment, SOM stocks increased under the
mixed farming treatment, but stayed unchanged or even decreased under the two stockless
treatments. In a modeling study, Brock et al. [5] calculated that the actual average soil
organic matter balance of organic farming in Germany was slightly negative, as the mean
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animal stocking rate was only 0.63 LU per ha at that time. Even though this result should
not be overrated due to the high uncertainty of the calculation, it seems necessary to further
study soil organic matter changes under organic management with low stocking rates
or even stockless systems. If manure availability is too low, farmers will need to utilize
further sources of organic matter. Here, green manure and compost are the most important
options.

The demand for organic matter to maintain or even increase soil organic matter stocks
is dependent on site conditions, management history, and actual management [6]. Organic
inputs of plant roots and residues, animal manure, and other material must balance the loss
of organic matter in turnover. As organic matter supply and turnover are directly linked to
N supply in organic farming, the demand for organic matter is greater with higher yield
levels (of non-legumes), due to the export of mineralized N [3].

Compost is reported as a viable option to increase soil organic matter and soil
health [7,8]. In principle, composting is the biological decomposition of organic residues [9].
Compost can be made from different substrates, e.g., municipal waste, sewage sludges,
plant residues/green waste, farmyard manure, or biogas production residues. Farm com-
post, as applied in the field experiment reported in this study, is carried out individually
in farms, depending on the available materials. However, Lehtinen et al. [10] found that
impacts on soil properties and crop yields were not significantly different between the
composts made from municipal waste, sewage sludge, green waste, and farmyard manure
in a long-term field experiment, even though the macronutrient inputs differed. Further,
microbial biomass and the composition of the microbial community differed between the
treatments [11].

In general, compost application builds up soil organic matter [12] and enhances crop
yields moderately in the short run [13]. In the long run, the build-up of soil organic matter
further improves the growing conditions for arable crops and thereby further increases
yields [14,15].

The biological N fixation (BNF) is an important source of N for organic crop rotations
because mineral sources of N fertilizers that are allowed for organic farming are limited.
Especially in organic agriculture, BNF is preferred due to different advantages, as compared
to mineral N sources like higher N use efficiency of the plants and decreased volatilization,
denitrification, and leaching [16]. Therefore, nitrogen fixing legumes like clover and
lucerne are usually placed at the beginning of organic crop rotations and act as drivers
for the subsequent crops. However, clover and lucerne react particularly sensitively to
the deficiencies of P, K, and S. Although several processes and mechanisms about the
dependency of legume growth to the listed elements remain unclear [17] it is evident that a
good supply improves crop growth and health. It is also known that legumes that acquire
N by BNF have a higher demand of P, K, and S, as compared to those that rely on soil N
only [18,19]. It is generally accepted that when the host plant growth is reduced due to
deficiencies of P, K, or S, an N-feedback is triggered so that the nodule development and
activity is reduced. This mechanism can also be induced by plant diseases and pathogens,
as well as abiotic stresses like drought, toxic levels of salt, or heavy metals [20–22].

In this study, we showed the development of crop yields and soil nutrients and organic
matter over the first crop rotation in a long-term field experiment, under conditions of
organic farming (more specifically—biodynamic farming). The experiment mimicked a
mixed farm with a stocking rate of 0.6 LU cattle per hectare, which corresponded to the
average stocking rate of organic farms in Germany. In this experiment, we compared
a fertilization regime that was based on the available cattle manure with a regime that
additionally utilized a farm compost made from available plant residues on the farm.
Further, we examined the effect of potassium sulfate application, which was owed to the
fact that the experiment was located on a potassium-fixing soil.

As the field experiment is still in an early stage, we can only study the short-term
effects and development factors, rather than development trends. In this stage, we expect
the positive effects of compost application on crop yields, and increased biological N
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fixation rates in legumes with potassium sulfate application. Further, we want to study the
impact of the fertilization regimes on soil nutrient and organic matter balances. This is of
high relevance in organic farming, as crop production is largely dependent on soil fertility.

2. Materials and Methods

We analyzed crop yields and the development of nutrient (N, P, K, S) and organic
matter stocks in the soils under the four treatments, in a long-term field experiment on a
luvisol, under conditions of biodynamic farming. Further, we calculated nutrient and soil
organic matter balances to support the assessment of factor treatment effects, and modelled
opportunities to improve organic matter supply to soils.

2.1. Experimental Site and Trial Design

The long-term field trial was initiated in 2010 Germany, Hesse (50◦11′39.0′′ N 8◦45′09.5′′
E) at 120 m above the sea level. It is maintained by the on-farm research and breeding
department Dottenfelderhof. The soil type is a Haplic Luvisol with Silt loam from loess [23].
The average precipitation is 630 mm per year with an average temperature of 9.4 ◦C.

The farm was converted from conventional to biodynamic agriculture in 1968. In the
time of conventional practice, sugar beet was cropped as a monoculture for many years.
Since the conversion, the crop rotation consisted of a two times six year rotation with a
legume/grass mixture in year one and two; winter wheat in year three; winter rye in year
four; root crops in year five; and a spring cereal in year six. The legume/grass mixture
alternated between clover/grass and alfalfa/grass from one six-year cycle to the next. Root
crops varied widely and could be maize, potatoes, carrots, or other. The spring cereals are
usually oats or spring wheat. In the rotation under study, it is important to notice that
fodder maize was planted instead of winter rye in 2015 and clover/grass was ploughed
and reseeded in 2013, because of drought and winter damage.

All treatments receive the same biodynamic preparations [24], i.e., BD 500 and BD 501
spray, at least once a year each. The compost used for the experiment was prepared with
the usual biodynamic compost preparations and was made on site.

The trial was initiated in spring 2010 as a one factorial Latin square design with four
treatments on plots of 48 m2 gross area (6 × 8 m) and 29.25 m2 net area (4.5 × 6.5 m).
On all plots, an equivalent livestock unit (LU) of 0.6 cattle deep litter (06M) was applied.
Treatments 2 and 4 were treated with potassium sulfate (K), and treatment 3 and 4 with
biodynamic compost (BD).

1. Control (06M).
2. Potassium sulfate (06M + K).
3. Biodynamic plant-based compost (06M + BD).
4. Biodynamic plant-based compost + potassium sulfate (06M + BD + K).

The cattle deep litter was a fermented manure from the farms’ dairy cow herd. A total
of 70% of the cow manure was distributed evenly, daily in the stable, and covered with
straw. Cow pat pit preparation was added daily and compost preparations were applied
once a month. The deep litter was harvested after the rye harvest and worked into the soil
before the root crops were planted.

Potassium sulfate was produced by the fertilizer company K + S, under the tradename
“Kalisop” and consisted of 50% water-soluble potassium oxide (K2O) and 45% water-
soluble sulfur trioxide (SO3).

The biodynamic compost consisted of 85–90% green chop, 5–8% cow manure, and
5–7% soil. To speed up the process, the material was mixed daily in the first week and
prepared with the cow pat pit during this time. After that, the single biodynamic compost
preparations were added for the first time. Whey from the farm dairy or water was added
to keep the right moisture content, which should be over 60% to avoid overheating and
thus losses of nutrients, because the initial material was usually too dry. To protect the
compost from rain, it was covered with a compost membrane. After the initial week and
during the following half year process of composting, the compost pile was turned three
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to four times. After three months, the biodynamic compost preparations were added a
second time.

Table 1 shows that the climatic water balance according to Haude [25] was negative
from 2012 until 2015, and was positive in 2016 and 2017.

Table 1. Mean annual temperature, annual precipitation, and climatic water balance [25] during the
investigation period.

Year
Mean Annual

Temperature (◦C)
Total Annual

Precipitation (mm)
Annual Climatic

Water Balance (mm)

2012 10.6 572.8 −153.8
2013 10.5 664.4 −10.2
2014 12.0 669.7 −72.5
2015 11.7 434.7 −408.4
2016 10.7 729.0 159.8
2017 11.0 717.9 157.3

2.2. Fertilizer and Manure Application

The applied amounts of manure and fertilizer are shown in Table 2, except an ap-
plication of 2 Mg ha−1 lime (CaCO3 with 56% CaO) on all treatments in November 2009,
because the pH was too low at the start of the experiment. The cattle deep litter was applied
on all treatments before planting of root crops once in a 6-year rotation.

Table 2. Crop rotation, amounts of organic amendment, and total nutrient amounts (kg ha−1) applied
with all fertilizers (cattle deep litter, compost, and K2SO4).

Year Crop Treatment
Cattle

Manure 1 Compost 2 N P K 3 S 3

Mg ha−1 fresh matter kg ha−1 dry matter

2010 potato

06M 40.0 208.0 120.6 271.9 45.0
06M + K 40.0 208.0 120.6 671.9 218.5

06M + BD 40.0 30.0 344.2 150.2 383.8 67.3
06M + BD + K 40.0 30.0 344.2 150.2 656.6 185.6

2011
oat/clover

grass

06M
06M + K 400.0 173.5

06M + BD 15.0 51.7 17.2 50.7 8.5
06M + BD + K 15.0 51.7 17.2 400.0 160.1

2012 clover grass

2013 clover grass

2014 winter wheat

06M
06M + K

06M + BD 30.0 87.9 26.6 112.3 13.5
06M + BD + K 30.0 87.9 26.6 112.3 13.5

2015 fodder maize

06M
06M + K 300 130.3

06M + BD 30.0 98.4 59.3 269.6 29.5
06M + BD + K 30.0 98.4 59.3 419.6 94.6

2016 red beet

06M 35.0 168.3 41.3 231.5 19.7
06M + K 35.0 168.3 41.3 431.5 106.6

06M + BD 35.0 30.0 294.9 92.4 426.1 40.4
06M + BD + K 35.0 30.0 294.9 92.4 476.1 62.1

2017 spring wheat

06M
06M + K 400 173.5

06M + BD 30.0 123.6 39.3 160.4 19.2
06M + BD + K 30.0 123.6 39.3 480.4 158

1 cattle manure from deep litter; 2 compost = plant-based compost; 3 K and S was applied at the same time as the
compost in 2010, 2011, 2015, 2016, and 2017 as K2SO4.
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The amount was calculated to represent 0.6 LU ha−1 and was applied in spring 2010,
before planting of potatoes (40 Mg ha−1) and in spring 2016 before planting of red beet
(35 Mg ha−1). The same amount of compost (30 Mg ha−1) was applied on the 06M + BD
and 06M + BD + K treatment in 2010 and from 2014 to 2017, after calculating the maximum
allowed N amount by the German fertilizer regulation. In 2011, the applied amount of
compost was 15 Mg ha−1. Potassium sulfate was applied on the 06M + K treatment in
three subsequent years from 2015 to 2017, in an amount that was derived from previous
dosing tests.

2.3. Soil Samples and Chemical Analyses

Soil samples were taken every year after harvest or in autumn, for clover grass, from
a soil depth of 0–30 cm. These were then mixed and sent to the laboratory “Hessisches
Landeslabor” (LHL).

Soil organic carbon (SOC) were analyzed by combustion at 550 ◦C under O2, using
Leco® RC612 carbon analyzer. Total N were measured by the dry combustion method until
2012, according to DIN ISO 13878 [26], and afterwards according to DIN EN 16168 [27].
Total K, S, and P were determined by inductively coupled plasma optical emission spec-
trometry [28]. Soil pH was measured 1:10 in 0.01 M CaCl2 [29]. Soil bulk density was
calculated as the dry weight of soil divided by its volume and as a mean of replications at
the end of the rotation [30].

2.4. Yield and Samples for Crop Nutrients

Clover grass was cut three times during the vegetation period at 12 June, 1 August,
and 10 October 2012, and two times in 2013 at 19 June and 24 September. The harvest
from the net plots was weighed to determine fresh matter yield. A 5 kg mixed sample of
harvest was chopped and from this material 2 × 1 kg was dried at 105 ◦C in an oven, to
determine dry weight yield. Samples for the analyses of nutrient content were taken from
the chopped material.

In 2014, winter wheat cv. Butaro was harvested with a Hege 125 combine. Grain
and straw were weighed separately for fresh matter yield. The straw was processed in an
analogous manner to clover grass, for determination of dry weight and laboratory samples.

From maize cv. Colisee in 2015, grain was harvested on 9 September by hand. The
straw was harvested one day later with a maize chopper. Maize straw was processed in an
analogous manner to clover grass. Red beet cv. Robuschka was harvested on 14 September
by hand. Stem and leaves were separated from the bulbs, and fresh matter yield was
determined separately. From both portions, a mixed sample of 2 kg was taken and sent to
the laboratory. Sping wheat cv. Heliaro was harvested on 4 August and processed in an
analogous manner to winter wheat.

Crop nutrients (P, K, and S) were measured with X-ray fluorescence spectroscopy,
according to VDLUFA Volume III [31]. Dry matter and N were determined according to
ISO 12099 [32].

2.5. Soil Surface Nutrient Balance

The nutrient balances were calculated from 2012 until 2017, because this was a full
cycle of the crop rotation, beginning with the legume-grass mixture, until the spring cereal.

The N, P, K, and S balances were annually estimated as the difference between nutrient
input and nutrient output (kg ha−1 year−1):

Nutrient budget = nutrient input − nutrient output (1)

Where the nutrient inputs included fertilization (deep litter manure, plant-based com-
post, and potassium sulfate) and crop seeds, the outputs included harvested aboveground
biomass (main and side product).
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For the N balance, the N inputs were extended by atmospheric N depositions, asymbi-
otic N fixation, and symbiotic N fixation. The N atmospheric deposition were estimated at
15 kg ha−1 year−1, and the asymbiotic nitrogen fixation were 5 kg ha−1 year−1.

The symbiotic N fixation was estimated according to the Stein-Bachinger [33]:

Symbiotic N fixation = (Nshoot + Nroot + stubble) × Legshare × Ndfa (2)

where Nshoot was calculated as the product of grass-clover biomass and the N concentra-
tions. Nroot + stubble was calculated as the product of grass-clover biomass and the fix value
of 0.75 for the root and stubble biomass, and the totally fixed root and stubble N (1.5%).
For the Legshare, we assumed the fix value 0.7 and for the Ndfa (nitrogen derived from the
atmosphere) it was 0.8, respectively.

2.6. Soil Organic Matter Balance (HU-MOD)

The HU-MOD model [34,35] was developed as a decision support tool for application
in farming practice. Unlike most other so-called humus balance methods, this model was
conceptually able to analyze and predict soil organic matter changes [36]. The estimation
of soil organic matter changes was based on the calculation of a coupled C and N balance
in the soil–plant system. In principle, the model assumed that N in plant biomass could be
used as a proxy for soil organic matter mineralization, if the N was supplied from other
sources (here, atmospheric deposition, fertilizers, and—for legumes—biological nitrogen
fixation) were considered. Thus, soil organic matter loss was calculated according to:

SOMLOSS (kg SOM-N ha−1) = NPB − NFIX − NDEP − NFTLZ (3)

NPB = N in total plant biomass (including roots), NFIX = N from biological fixation
(legumes only), NDEP = N from atmospheric deposition, and NFTLZ = N from organic
and mineral fertilizers.

SOM-N was transferred to SOM-C, based on the C:N ratio of the soil under assessment.
Regarding the formation of new soil organic matter, the model applied a stoichiometric
assumption, where the build-up of soil organic matter could be limited both by C and N
availability. Again, the C:N ratio of the soil at the site under assessment was taken as a
reference. Soil organic matter gain was therefore calculated according to:

SOMGAIN (kg SOM-C ha−1) = MIN(CREM; NREM × SITECN) (4)

CREM = C from organic material (including plant roots), NREM = remaining N in the
soil from organic material (including plat roots) and other inputs after consideration of
losses, SITECN = reference C:N ratio of the soil at the site under assessment (topsoil C:N
ratio was used as a proxy).

In the calculation of remaining C and N for the soil organic matter build-up, organic
C and N inputs as well as mineral N inputs were considered. Losses of N in turnover were
accounted for.

The model was successfully evaluated in several long-term and even in short-term
field experiments [34,35,37].

2.7. Statistical Analysis

Data were analyzed using analysis of variance (ANOVA) for a Latin square design
using SAS® Studio 3.8. Data normality was tested using the Shapiro–Wilk test (p < 0.05).
Tukey’s honestly significance difference (HSD) was used as a post-hoc mean separation
test (p < 0.05), where the ANOVA performed significant. N stocks of 2014, 2016, and 2017
were reciprocally transformed.
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3. Results

3.1. Development of Soil Organic Matter and Nutrient Levels in the Soil

In the course of the experiment, we observed an oscillating development of both
carbon nitrogen stocks in soils, which were more pronounced with C (Figure 1a,b). The
highest C values were measured in 2012 and 2017, which was at the start and the end of the
first regular crop rotation. With N, the highest values were measured in 2010 and 2016/2017.
In 2014–2016, the treatments with additional application of plant-based compost (06M + BD
and 06M + BD + K) showed significantly higher stocks of SOC as compared to treatments
without compost application (06M and 06M + K). The application of plant-based compost
also led to a significant differentiation in the soil N stocks between the treatments in 2011
and after 2016. Nevertheless, soil total N stocks decreased from 2009 to 2017 by 17.7% and
12% for 06M and 06M + K, respectively. The 06M + BD and 06M + BD + K treatments
maintained the initial values.

Figure 1. (a) Evolution of soil organic carbon stocks (Mg ha−1), (b) soil total N stocks (Mg ha−1),
(c) soil total K stocks (Mg ha−1), (d) soil total S stocks (Mg ha−1), (e) soil total P stocks (Mg ha−1),
and soil pH (f) in the soil layer of 0–30 cm, over the period of 2009–2017, as affected by different
fertilization treatments. Error bars represent the standard error of the mean value. Different letters
within a year are significantly different at p < 0.05.

Potassium (K) stocks were also oscillating, but the pattern was different from that of
C and N (Figure 1c). In 06M + K, the highest values were measured after the potassium
sulfate fertilization events in 2011 and 2014 (cf. Table 2). In 06M + BD + K, however,
these events could not be identified. As expected, potassium sulfate fertilization with and
without compost application led to significantly higher soil total K stocks. As compared to
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06M, all other treatments maintained or increased K stocks by 3% and 5% for 06M + K and
06M + BD + K, respectively.

Sulfur (S) stocks were higher in 06M + K and 06M + BD + K after potassium sulfate
application in 2010, 2015, and 2017, but not in the other years with additional K and S
fertilization in these treatments (Figure 1d). The highest increase in S stocks was observed
for 06M + BD + K (+ 38.8%), followed by 06M + K (+ 26.5%) and 06M + BD (+ 20%).

Moreover, the 06M + BD + K treatment resulted in a significant increase in the soil total
P stock (2.61 Mg ha−1), as compared to the 06M (2.38 Mg ha−1) and 06M+K (2.38 Mg ha−1)
treatments (Figure 1e), whereas 06M + BD were not significantly different from other
treatments.

After 9 years, the soil pH in 06M, 06M + K, 06M + BD, and 06M + BD + K treatments
were 0.3, 0.5, 0.6, and 0.4 units higher than the initial value in 2009 (Figure 1f). However,
there were no statistically significant differences between the treatments in the last two
years of the crop rotation.

3.2. Yields over the Crop Rotation 2012–2017

Depending on the crop and the year of investigation, the results varied. However, the
different fertilization influenced the annual marketable yields, as shown in Table 3.

Table 3. Yields (Mg ha−1 dry matter), nitrogen yields (kg ha−1 dry matter), soil nitrate–nitrogen
(mg kg−1 0–90 cm) in spring of the rotation. Means followed by different letters within a row are
significantly different at p < 0.05.

Treatments

06M 06M + K 06M + BD 06M + BD + K SEM Pr > F LSD

2012 clover grass

Yield Mg ha−1 10.9 b 11.9 ab 11.3 b 12.6 a 0.26 0.0138 1.3

N Yield kg ha−1 306.0
b 338.6 ab 306.7 b 352.7 a 9.01 0.0237 44.1

Soil NO3–N mg kg−1 5.48 5.55 6.05 5.85 0.56 0.8739 2.7

2013 clover grass
Yield Mg ha−1 7.7 8.5 7.5 8 0.32 0.2386 1.5
N Yield kg ha−1 172.6 198.6 164.2 175.1 8.61 0.1218 42.2
Soil NO3–N mg kg-1 10.63 12.1 11.3 12.2 0.55 0.245 2.7

2014 winter wheat

Yield Mg ha−1 2.5 b 3.0 a 2.8 ab 3.1 a 0.09 0.0121 0.4
N Yield kg ha−1 47.2 b 56.8 ab 52.8 ab 58.1 a 1.98 0.0297 9.7
Soil NO3–N mg kg−1 12.28 14.05 12.6 12.1 0.53 0.1296 2.6

2015 fodder maize

Yield Mg ha−1 10.8 b 11.9 ab 12.2 ab 12.8 a 0.33 0.0244 1.6

N Yield kg ha−1 164.1
b 180.7 ab 184.2 ab 201.4 a 5.42 0.0164 26.5

Soil NO3–N mg kg−1 19.95 21.78 20.48 21.58 0.5 0.1117 2.4

2016 red beet

Yield Mg ha−1 5.7 ab 5.5 b 6.2 a 6.1 ab 0.09 0.0339 0.7
N Yield kg ha−1 91.7 c 86.4 c 97.8 ab 102.53 a 1.66 0.0021 8.1
Soil NO3–N mg kg−1 23.43 24.15 23.95 23.73 0.94 0.952 4.6

2017 spring wheat

Yield Mg ha−1 2.4 b 2.5 b 2.9 a 3.0 a 0.08 0.0051 0.4
N Yield kg ha−1 42.3 b 43.7 b 54.9 a 56.5 a 1.64 0.0015 8
Soil NO3–N mg kg−1 18.1 17.43 19.73 19 0.52 0.0775 2.5

Abbreviations: SEM, standard error of the mean value; and LSD, Least Significant Difference.

The yields differed significantly in 2012, 2014, 2016, and 2017, between 06M and 06M
+ BD + K. Further, the application of compost plus potassium sulfate resulted in higher
N yields of all treatments, as compared to 06M in all years, except for 2013. Despite the
different N input, the mineral N in spring was similar in all treatments.
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Fertilization resulted in significant marketable yield increases cumulated over the
6-year crop rotation, which followed the order—06M < 06M + K < 06M + BD < 06M + BD
+ K (Figure 2a). The significantly highest marketable yields cumulated over the 6-year
crop rotation was achieved with the addition of plant-based compost, with and without
potassium sulfate (26.1 Mg ha−1 and 25.4 Mg ha−1, respectively), while the treatment with
only deep litter (06M) achieved 22.7 Mg ha−1, which were 13% and 10.6% less than 06M +
BD + K and 06M + BD.

Figure 2. (a) Marketable yields (Mg ha−1 dry matter) included winter wheat, maize, red beet, and spring wheat. (b) Total
nitrogen yields (kg ha−1 dry matter) included clover grass, winter wheat (grain and straw), maize, red beet (root and side
product), and spring wheat (grain and straw). Results are cumulated over the 6-year crop rotation, boxplots with different
letters are significantly different at p < 0.05.

Fertilization with potassium sulfate significantly influenced the total aboveground
biomass N uptake over the crop rotation, being significantly higher in 06M + K and 06M +
BD + K than in 06M (Figure 2b). Compost application (06M + BD) did not increase the N
yield as compared to 06M and 06M + K, but was significantly lower than the combination
of compost and potassium sulfate.

3.3. Nutrient Balance over the Crop Rotation

Nutrient inputs in the treatments varied according to the fertilization regimes, and
the exports varied according to the yield levels. The N:P:K:S ratios were only different
between treatments on the input side, but not for the nutrient exports.

Balances of all nutrients under study were negative with the 06M treatment (Table 4).
Inputs did not compensate for nutrient export in this treatment.

Table 4. Mean total nitrogen (N), sulfur (S), potassium (K) and phosphorus (P) balance across one
crop rotation (2012–2017) in kg ha−1 year−1.

N Balance S Balance

Treatments
Input kg

ha−1 year−1
Export kg

ha−1 year−1
Budget kg

ha−1 year−1
Input kg

ha−1 year−1
Export kg

ha−1 year−1
Budget kg

ha−1 year−1

06M 149 152 −3 3 12 −8
06M + K 160 165 −5 68 14 54
06M + BD 220 158 62 17 12 5
06M + BD + K 232 173 59 55 14 40

K Balance P Balance

06M 39 113 −74 7 24 −17
06M + K 189 164 25 7 25 −17
06M + BD 162 127 35 37 26 11
06M + BD + K 249 169 80 37 27 10

Potassium sulfate application turned the K and S balances positive in the 06M + K
treatment, while the P and N budgets became positive only with compost application in
the experiment (treatments 06M + BD and 06M + BD + K).
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3.4. Soil Organic Matter Balances and Modeling

The good correlation between observed and predicted C and N development (Figure 3)
indicated that assumptions in the model seemed to be more or less applicable at the site,
even though the undulating development of SOC was not captured in that magnitude by
the model.

Figure 3. Observed and predicted development of soil organic C (a) and N (b) under the rotational
cycle 2012–2017 in the long-term field experiment. Predicted values were calculated with the HU-
MOD model.

According to the coupled C- and N-based soil organic matter balance, the supply
of organic matter was too low in the 06M and 06M + K treatments to compensate for
mineralization (Table 5). With compost application in 06M + BD and 06M + BD + K, the
balance became slightly positive, but there was not much potential for increasing yields.

Modeling opportunities to improve organic matter supply to soils in treatments with
and without compost (Table 6), we found that the inclusion of non-legume catch crops
would marginally improve SOM balances, but the budgets would almost not change in
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06M. An optimization of the crop rotation (substitution of fodder maize by oats and new
crop order) would significantly improve the SOM budget, but still the balance of the 06M
treatment would stay negative. In the compost treatments, the same optimization of the
crop rotation would allow for a 50% reduction of compost application, without significantly
changing the budget (Table 7).

Table 5. Coupled C- and N-based soil organic matter balance with HU-MOD across one crop rotation (2012–2017) in
kg ha−1 year−1.

06M 06M + K 06M + BD 06M + BD + K

Crop Rotation SOM-C kg
ha−1 year−1

SOM-N kg
ha−1 year−1

SOM-C kg
ha−1 year−1

SOM-N kg
ha−1 year−1

SOM-C kg
ha−1 year−1

SOM-N kg
ha−1 year−1

SOM-C kg
ha−1 year−1

SOM-N kg
ha−1 year−1

clover grass 290.4 37.8 354.6 46.1 356.7 44.6 411.5 51.4
clover grass 427.3 51.9 445.7 56.7 436.2 53.3 439.0 56.3

winter wheat −453.7 −63.4 −555.8 −75.7 126.8 18.0 101.6 13.4
fodder maize −1190.4 −160.9 −1345.0 −177.9 −692.8 −90.0 −882.7 −111.3

red beet 38.1 5.4 91.5 13.8 814.0 115.3 750.8 105.7
spring wheat −541.2 −64.4 −480.5 −63.2 266.5 32.8 238.3 30.3
crop rotation −238.3 −32.3 −248.3 −33.4 217.9 29.0 176.4 24.3

Table 6. Scenarios for optimized crop rotation for treatment by 06M. Coupled C- and N-based soil organic matter balance
with HU-MOD across one crop rotation (2012–2017) in kg ha−1 year−1. For the scenarios, the CN reference was standardized,
therefore, the budgets of the original scenarios differed from those in Table 5.

06M Original 06M + Catch Crops 06M Optimized

Crop Rotation SOM-C kg ha−1

year−1
SOM-N kg ha−1

year−1
SOM-C kg ha−1

year−1
SOM-N kg ha−1

year−1 Crop rotation SOM-C kg ha−1

year−1
SOM-N kg ha−1

year−1

clover grass 302.1 37.8 302.1 37.8 clover grass 396.3 49.5
clover grass 414.9 51.9 414.9 51.9 clover grass 234.5 29.3

winter wheat −507.0 −63.4 −507.0 −63.4 oats −388.7 −48.6
catch crop # no no oil radish # catch crop # oil radish #

fodder maize −1287.0 −160.9 −1251.7 −156.5 red beet * 552.5 69.1
red beet * 43.0 5.4 43.0 5.4 winter wheat −497.2 −62.2

catch crop # no no phacelia # catch crop # phacelia #

spring wheat −514.8 −64.4 −459.1 −57.4 spring wheat −508.9 −63.6
underseed no no clover grass underseed clover grass

crop rotation −258.1 −32.3 −243.0 37.8 crop rotation −35.2 −4.4

* Fertilization: 35 Mg ha−1 with farmyard manure # Catch crop effect is considered in the balance value of the main crop.

Table 7. Scenario for the optimized crop rotation for treatment by 06M + BD + K. Coupled C- and
N-based soil organic matter balance with the HU-MOD across one crop rotation (2012–2017) in kg
ha−1 year−1. For the scenario, the CN reference was standardized, therefore, the budgets of the
original scenario differed from those in Table 5.

06M + BD + K Original

Crop Rotation Fertilization
SOM-C kg ha−1

year−1 SOM-N kg ha−1 year−1

clover grass 411.5 51.4
clover grass 450.3 56.3

winter wheat compost 30 Mg ha−1 106.9 13.4
fodder maize compost 30 Mg ha−1 −890.4 −111.3

red beet FYM * 35 Mg ha−1 + compost 30 Mg ha−1 846 105.7
spring wheat compost 30 Mg ha−1 242.5 30.3
crop rotation 194.5 24.3

06M + BD + K optimized (compost reduced by 50%)

clover grass 411.5 51.4
clover grass 450.3 56.3

oats compost 30 Mg ha−1 207.2 25.9
catch crop oil radish #

red beet FYM * 35 Mg ha−1 499.6 62.4
winter wheat −566.8 −70.9

catch crop Phacelia #

spring wheat compost 30 Mg ha−1 296.8 37.1
crop rotation 216.4 27.1

* FYM = farmyard manure; # Catch crop effect is considered in the balance value of the main crop.
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4. Discussion

4.1. Soil Organic Matter and Nutrients

The development of soil organic matter is a rather slow process, and it will likely take
more than a 6-year crop rotation or even an 8-year observation period, until significant
treatment effects emerge [38]. However, we can already observe some differentiation in
this initial phase of the field experiment. As could be expected, both C and N values were
higher in the compost treatments than in the other two treatments. Further, it appears that
decreasing C and N stocks in the treatments without compost application could indicate
an insufficient supply of organic matter to soils. However, since the turnover of organic
matter in soils is not only dependent on actual management, but also on site conditions and
management history [36,39,40], it is not possible to determine whether farmyard manure
application corresponding to a stocking rate of 0.6 LU cattle ha−1 is insufficient in general,
or only worked under the specific conditions of this experiment.

Unfortunately, there are almost no studies on the stocking rate and the corresponding
available manure effects on soil fertility in the scientific literature today. In the well-known
DOK experiments in Switzerland, farmyard manure was applied at rates corresponding
to 0.7 and 1.4 LU cattle per ha, but soil carbon stocks decreased under all treatments in
the experiment, except for a biodynamic treatment with composted manure application,
corresponding to 1.4 LU ha−1 [41]. This was most likely an effect of the site history. Leithold
et al. [3] assumed that 1 LU ha−1 would be an adequate stocking rate to maintain soil
fertility in productive organic farming systems. Nevertheless, Schulz et al. [4] observed
even increasing SOM levels in the Organic Arable Farming Experiment Gladbacherhof
(Germany) at the FYM application, corresponding to 1 LU cattle per ha.

Soil organic matter balances provide some explanation for the observed trends of soil C
and N, despite the uncertainties in the parametrization (see below). According to the model
calculations, organic matter supply is not sufficient in the treatments without compost
application to compensate for turnover losses, despite the low yield level. It was considered
that the N uptake of crops is taken as a proxy for soil organic matter mineralization in the
model [34]. The yield level of non-legume crops is, therefore, positively correlated with
the demand for organic matter to compensate for SOM mineralization [42]. At present,
only treatments with compost applications have the potential to build up SOM. However,
the demand for organic matter would increase if the yield levels shall be improved in the
experiment.

The development of K, S, and P stocks reflects the different input rates in the treatments.
Therefore, treatments with compost application (06M + BD, 06M + BD + K) have higher
p-values than the two other treatments, and treatments with potassium sulfate application
(06M + K, 06M + BD + K) have higher K and S values.

4.2. Crop Yields

The fodder legumes obviously benefitted from potassium sulfate application. From
our results we might not conclude whether this was a K- or S-effect. Both elements play a
vital role in biological nitrogen fixation, and the effect of variable availability is similar [17].
Usually, K is not a limiting factor in arable soils in Germany. At the site of the field
experiment, however, K supply might be limited by K fixation.

Row crops (maize and red beet) both benefitted from compost application, while K/S
fertilization had a smaller effect. Here, it must be considered that all treatments received
farmyard manure. According to Blake et al. [43], farmyard manure application is more
effective in supplying crops with K than mineral fertilizers. Lehtinen et al. [10] found that
K input with manure-based compost was higher than with plant-based compost. In fact,
we found that K use efficiency was highest in the 06M treatment and lowest in the 06M +
BD + K.

The reaction of the cereals to fertilization was not consistent. Higher winter wheat
yields in the treatments with K fertilization are likely an effect of the preceding fodder
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legumes. Spring wheat at the end of the crop rotation on the other hand obviously profited
from compost fertilization.

Altogether, yield levels were comparably low in the experiment. Nutrient balances
revealed that the actual nutrient supply did not offer much potential for yield increases,
if at all. Increasing yields would require additional efforts in soil fertility management,
like the use of green manure and catch crops to improve N supply [44], and additional
fertilization.

4.3. Nutrient and Soil Organic Matter Balances

Nutrient balances were negative for both S, P, and K in the control treatment (06M).
This corresponded to the results of Berry et al. [45], which indicate negative K and P
balances in organic farming systems without external inputs. In our field experiment,
the application of compost compensated for nutrient exports (and losses), even in the
treatment without additional Potassium sulfate fertilization. The utilization of additional
internal organic matter resources, therefore, is a good opportunity to improve nutrient
balances on arable land, but of course this measure did not close the nutrient cycle on the
farm level. Instead, nutrients were transferred and re-distributed within the farm. Reimer
et al. [46] addressed this situation in their meta-analysis of nutrient budgets in organic
farms in Germany. The authors emphasized that positive nutrient balances at the farm
gate could not be achieved without nutrient imports. In principle, biowaste compost and
sewage sludge would be the appropriate sources to close nutrient cycles. However, both
sources featured the risk to import mineral and organic pollutants into organic farming
systems [47]. Therefore, the utilization of internal resources must be considered a viable
interim option.

Soil organic matter balances were calculated with the HU-MOD model [34,35]. The
tool was originally developed for decision support in farming practice, but unlike most
other so-called ‘Humus balance methods’ it could also be used for analytical purposes [36].

The advantage of the HU-MOD model was that the utilization of N in plant biomass
as a proxy for the mineralization of soil organic matter allowed us to by-pass the need
for information on site factors, as it was assumed that their effect on soil organic matter
mineralization became visible in the N fluxes that were considered in the model. However,
the procedure made the model susceptible to errors resulting from erroneous estimates of
N pools. Most importantly, biological nitrogen fixation is known to be highly variable [48],
even though [49] found that there is a statistically significant average rate of approximately
0.7 kg BNF-N per kg plant shoot N. Nevertheless, the error of this average was high enough
to severely impact site-specific N balance calculations. As we did not measure BNF, we
could not account for any differentiation between the treatments in N yield from this
process.

Regarding the congruence between the observed and predicted trends of soil C and
N stocks, it must be considered that the model output does refers to the total rooted soil
layer. A comparison with topsoil C and N trends, therefore, comprises the risk that C
and N changes in deeper soil layers are not captured. Soil organic matter in the subsoil
is usually more stable than topsoil SOM [50], and turnover mainly takes place in the
topsoil. However, it was argued that organic matter turnover in subsoil is relevant for
the calculation of actual C balances [51]. Therefore, it cannot be concluded whether the
deviations between measured topsoil organic matter changes and the calculated changes
according to the HU-MOD model indicate parametrization errors, or are caused by the
limited database on C and N changes in the soil.

4.4. Practical Implications
4.4.1. Farm Compost to Open Additional Organic Matter Sources

In our experiment, we used on-farm composting as an option to increase organic
matter supply to soils based on own resources of a farm. This compost provided an
additional input of several nutrients. Besides N, the compost contained considerable
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amounts of P, K, and even S and could be considered an effective ‘full-fertilizer’ with a
low leaching potential [52]. Compost application therefore could effectively increase crop
yields [11,13,53].

As outlined by D’Hose et al. [53], the positive effect of farm compost on crop yields
should not only be ascribed to the additional nutrient input, but also to the improvement
of growing conditions for the crops. Compost application improves soil physical prop-
erties [52,54], and has a beneficial effect of compost on pathogen regulation in soils and
plant health [54–56]. Further, compost might even facilitate the formation of arbuscular
mycorrhizas [57].

It is widely acknowledged that compost builds up soil organic matter [8,10,52,58].
This improves microbial activity and related ecosystem services [59]. For example, organic
matter build-up improves the accessibility of micronutrients to plants [14]. In general, there
is a positive relationship between soil organic matter and crop yields [15,42].

Composting was also identified as a viable option to reduce ecological trade-offs
between soil fertility management and environment and climate protection [60,61].

4.4.2. Optimization

Modeling possible adaptations of crop rotation or fertilization in selected treatments
indicated a low potential of catch crops to improve the SOM balance. This is supported
by findings of White et al. [58] as well as Tautges et al. [12]. However, it contradicts the
results of Poeplau and Don [62] who concluded that the introduction of catch crops into
crop rotations would have a considerable effect on carbon sequestration in Germany. The
reason for the different observations could be a stoichiometric effect, were N availability
limits C retention from catch crops in the soil [63]. As the C:N ratio of organic material
is narrowed down in the turnover process, excess C is lost by respiration [64]. At the
same time, it should be considered that increasing N supply causes a priming effect [65],
which pushes organic matter turnover. The impact of catch crops on soil organic matter is
therefore probably dependent on both C and N amounts and availability, alongside with
biological and physical factors. As we included non-legume catch crops in the model that
did not receive any fertilization, the model calculated only slightly positive balances based
on the fertilization effect of the catch crops on the succeeding crops. However, it should be
considered that soil N taken up by the catch crops might have leached in a corresponding
bare fallow period. On the other hand, N leaching usually is very low under the N-limited
conditions of organic farming [66], especially on heavy soils.

In contrast, the substitution of fodder maize by oats proved a very effective measure
in the modeling study, as this adaptation significantly decreased N export and the related
demand for organic matter. Field experiments comparing maize and cereal cultivation
effects on soil organic matter are rare. Nevertheless, in a study from Poland, Rychcik
et al. [67] found that maize and grain legumes had lower soil carbon values than cereals. In
a recent paper, Benbi et al. [68] showed that soil C respiration was three-fold higher under
maize, as compared to wheat. Our results therefore are plausible.

Of course, changes in the crop rotation need to be discussed against the background
of the requirements in the farming system. A substitution of fodder maize by cereals might
not always fit to the specific situation. In such cases, intercropping could provide an option
to improve the soil organic matter balance of maize [69].

5. Conclusions

Sustainable nutrient supply might be threatened in organic farming systems with
a stocking rate of 0.6 LU cattle per hectare, if fertilization only relies on the available
manure. Additional compost application provides a solution, as compost provides a direct
additional input of nutrients, and contributes to the nutrition of legumes, which in turn
enhances biological N fixation. Additional supply of essential nutrients (K, S) does further
improve BNF. This compost can be made from internal resources on the farm (e.g., hedge-
cutting), to be independent from external inputs and to avoid the import of pollutants.
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However, it must be considered that own farm compost makes new nutrient, and the
organic matter sources available on the farm and is a viable interim solution, but does not
solve the problem of open nutrient cycles at the farm gate level.
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Abstract: Most species of Cucurbitaceae respond favorably to irrigation, especially when combined
with fertilizers. The effect of drip irrigation combined with nitrogen fertigation in melon grown on a
very light soil in Central Poland, during 2013–2015, was evaluated. The field experimental design
was a split-plot with four replications. Two factors were studied: (1) irrigation treatments applied in
two combinations—drip irrigation + broadcast nitrogen fertilization (control), and drip irrigation +
fertigation with nitrogen; (2) two cultivars—Melba and Seledyn. The total marketable yield of fruits,
weight of a single fruit, and the concentration of dry matter, total sugars, monosaccharides, ascorbic
acid, total carotenoids, and polyphenols were evaluated. Tested factors presented a significant
effect both on the yield and nutritive value characteristics. Drip irrigation combined with nitrogen
fertigation, comparing to the control, notably improved yields and nutritional value of fruits. Seledyn
produced better yields than Melba. This study shows that on very light soil, with low water and
nutrient retention capacity, melon should be drip-irrigated and nitrogen-fertigated to obtain the best
cultivation results.

Keywords: Cucumis melo L.; chemical composition; cultivar; drip irrigation; fruit quality

1. Introduction

Melon (Cucumis melo L.) belongs taxonomically to the Cucurbitaceae family, which
also includes vegetables, such as cucumber, pumpkin, squash, watermelon, and gourds.
In many countries around the world, melon fruit is of considerable economic importance.
World production of this species in 2018 was estimated at 40 million tons per year. The
main melon-producing country is China (12.7 million tons per year), followed by Turkey,
Iran, and India (1.8 to 1.2 million tons per year) [1].

There are many cultivars of melon, which differ mainly in shape, color, and taste [2].
Melon fruits are valuable in terms of nutritional and bioactive properties. This species is a
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very good source of carotenoids (α-, β-carotene, and β-cryptoxanthin), folic acid, pectins,
as well as many vitamins (including B group) and minerals (mostly potassium, iron, and
magnesium), polyphenols, such as flavonoids and phenolic acids, and fatty acids (including
oleic, linoleic, and palmitoleic acids). Melon is a fruit appreciated not only for its taste
and dietary qualities, but also its healing properties, thanks to which it is also used in the
cosmetics industry [3–6].

In Poland, due to unfavorable climatic conditions, the melon is grown as a non-
commercial species. However, the interest in melon cultivation is clearly growing every
year. Currently, the Polish National List of Vegetable Plant Varieties includes seven cultivars
that are suitable for cultivation in Poland, and their number is systematically growing [7].
This species is photophilous and thermophilic, with a very high water requirement. Melon
plants are very sensitive to spring and autumn frosts, which negatively affect growth and
development, and thus also the fruit yield [8]. The highest sensitivity of melon plants to
water deficit is observed during the fruit setting period [9].

Due to the rising interest in melon growing in Poland, it is necessary to broaden the
knowledge about the methods of its cultivation in temperate climatic conditions. Field
production of melon largely depends on the thermal conditions and precipitation during
the growing season. An important factor in obtaining high- and good-quality crops is
ensuring optimal soil moisture during the vegetation period of this species. In Poland,
the water requirements of plants from the Cucurbitaceae family are estimated at around
400 mm during the growing season. The main reason for the high water needs of plants
belonging to this family is their high fertility and the production of much aboveground
mass with a high coefficient of transpiration (as the ratio of the amount of water excreted
to the production of dry matter) [10]. It is generally accepted that irrigation significantly
affects both the melon yield and the components of the melon yield grown under semi-
arid climatic conditions [9,11–13]. Many studies have shown that the field cultivation
of melon should be carried out using irrigation treatments [11–16]. It was found that
production factors such as water and nutrients (nitrogen, phosphorus, potassium) most
often limit the possibility of obtaining a higher yield of melon fruit [17,18]. Drip irrigation
combined with fertigation is a good way to increase the efficiency of water use and yield of
Cucurbitaceae. It was also found that drip irrigation performed during the cultivation of
Cucurbitaceae and other vegetables sensitive to climatic conditions during the growing
season clearly increases their nutrient concentration [19,20]. Drip fertigation ensures precise
administration of appropriate amounts of nutrients directly to the root zone. Accurate and
uniform application of macro- and micronutrients adequately meets the needs of crops
during the growing season [21–23].

The objective of this study was to evaluate the effect of drip irrigation combined with
nitrogen fertigation on the melon fruit yield and nutritive value characteristics. As a control,
drip irrigation combined with broadcast fertilization was used. The total marketable
yield of fruits, weight of a single fruit, and the concentration of dry matter, total sugars,
monosaccharides, ascorbic acid, total carotenoids, and polyphenols of two melon cultivars
(Melba and Seledyn) were evaluated. The experiment was carried out on very light soil in
a region of high precipitation deficit; hence, the advisability of irrigation treatments in this
area is justified.

2. Materials and Methods

2.1. Field Experiment Description

The field experiment involving the drip fertigation of two melon (Cucumis melo L.)
cultivars, namely Melba and Seledyn, was conducted in Kruszyn Krajeński near Bydgoszcz
53◦04′53′ ′ N, 17◦51′52′ ′ E (Central Poland). The area has precipitation deficits, an extremely
unfavorable water balance, and high frequency of long periods without rainfall [19,22–29].
The study was carried out in the years 2013–2015. The plants were grown using standard
crop management practices recommended for melon cultivation in Poland. The study was
carried out on very light soil with a weak and very weak rye–soil complex. Based on the
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percentage content of individual granulometric fractions, this soil was classified as sand [30].
The soil of the experimental field contained such fractions as: sand—86.97% (from 2.0 mm
to 0.05 mm), silt—12.28% (from 0.05 mm to 0.002 mm), and clay 0.75% (<0.002 mm). The
average content of total organic carbon and concentration total nitrogen in the soil was
9.6 g kg−1 and 0.9 g kg−1, respectively. The experimental soil was characterized by a low
capacity for water retention. The water reserve to 0.6 m depth of soil at field capacity was
72.7 mm, at wilting point 29.1 mm, and the available water 43.6 mm.

The experiment was conducted as a split-plot design with four replications. Two
factors were used in the study. The first factor was the drip fertigation with nitrogen
applied in two combinations: (1) drip irrigation + broadcast nitrogen fertilization (control);
(2) drip irrigation + fertigation with nitrogen. The second factor was two melon cultivars:
Melba and Seledyn.

Melon seedlings were transplanted at 0.6 m within rows and 1.6 m between rows.
The area of each harvest plot was 12 m2 and included 15 melon plants, and the whole
experimental plot size was 274 m2. Before planting the seedlings, cultivating and harrowing
were performed. The fertilization consisted of 120:100:150 kg ha−1 of nitrogen: phosphorus:
potassium. The fertilization of phosphorus and potassium was carried out every year
in early spring. The doses of potassium (potash salt) and phosphorus (superphoshate)
fertilization depended on the abundance of these nutrients in the soil, based on the soil
analysis carried out each year. Nitrogen fertilization (ammonium nitrate) was applied in
three doses of 40 kg N ha−1 during the growing season for both variants of fertilization.
Fertigation was carried out using a proportional fertilizer dispenser. Drip irrigation and
drip fertigation were carried out using the “T-Tape” drip line with a distance of 20 cm
between the emitters. The efficiency of a single emitter was 1 l h−1. The distance between
the drip lines was 1.6 m. Water from the subsurface well was used for irrigation. The
quality and physical and chemical properties of the irrigation water used complied with the
quality standards for irrigation water. Drip irrigation was started when the water potential
in the soil was close to –40 kPa and finished when the water potential in the soil was close
to –10 kPa. The end of irrigation treatments was determined on the basis of soil water
potential at field water capacity, measured with a tensiometer. The tensiometers have been
installed at every variant of the experiment at the depth of 25 cm. The dates of planting
during the particular growing seasons were in the second week of June. Harvesting took
place at the physiological stage of fruit ripeness (from the beginning of 3rd week of August
till 1st week of September). Ripe fruits were picked progressively as they matured. In the
experiment, the total marketable yield of melon fruits (t ha−1) and weight of single melon
fruit (kg) were assessed.

2.2. Nutritive Value Assessment

To carry out a nutritional assessment the fresh melon fruits, one fruit from all plants
in one plot was cut into a 5 cm wedge and then cut into 1-cm-thick slices. The frozen
material was lyophilized (model Alpha 1–4 LDplus, Donserv, Warszawa, Poland), in order
to achieve a permanent weight, and then it was ground to a fine powder (the particles were
0.3–0.5 mm in size) and was milled using the ultracentrifuge (Model FW177, Chemland,
Stargard, Poland). The ground samples were stored in the dark, in bags, which were placed
in desiccators for further analysis.

The total dry matter content of ‘Melba’ and ‘Seledyn’ melon fruits was determined
using the drying technique according to the methodology of the Association of Official
Analytical Chemists [31].

Carbohydrate analyses were performed according to Talburt and Smith’s [32] proce-
dures. For reducing sugar concentration assessment, one gram of freeze-dried material
sample was placed in a 250 mL bottle; 150 mL of distilled water was then added and it
was shaken vigorously. One milliliter of the filtrate was mixed with 3 mL of DNP reagent
in a test tube and then heated in a water bath at 95 ◦C for 6 min. Absorbance of the
mixture was measured using a spectrophotometer at a wavelength of 600 nm. The reducing
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sugar concentration was then estimated using the standard curve of glucose. The total
soluble carbohydrate was determined after hydrolysis of sugars. After filtration, 40 mL
of the filtrate was taken, and 2 drops of concentrated HCl were added. The samples were
warmed in a water bath for 30 min. After cooling, the mixture was neutralized using
concentrated NaOH until pH 8.0 was reached. Next, 1 mL of the filtrate was mixed with
3 mL of DNP reagent and the procedure for determining the concentration of reducing
sugars was followed. The results were converted to fresh weight taking into account the
percentage of dry weight in the fresh matter.

Ascorbic acid reducing sugar concentration was assessed according to Kapur et al. [33].
Ten grams of fresh melon sample was homogenized with 25 mL of 2% oxalic acid solu-
tion and quantitatively transferred into a 50 mL volumetric flask and shaken gently to
homogenize the solution. Then, it was diluted up to the mark with oxalic acid solution.
The obtained solution was then filtered and centrifuged at 4000 rpm for 15 min, after
which the supernatant solution was used for spectrophotometric determination (UV–1800,
UV Spectrophotometer System, Shimadzu, Kyoto, Japan) of ascorbic acid concentration.
Ascorbic acid is oxidized to dehydroascorbic acid by adding bromine water. After this,
L—dehydroascorbic acid reacts with 2,4—DNPH and produces an osazone, which, treated
with 85% H2SO4, forms a red-colored solution. A typical calibration plot was made and
used to determine the concentration of ascorbic acid in the investigated samples.

Total carotenoids in melon samples were extracted by procedures described by
Herrero-Martinez et al. [34]. Ten grams of lyophilized melon was blended with 100 mL
saturated anhydrous sodium carbonate and mixed with a mechanical blender. Ten grams
of the mixture was transferred into a centrifuge tube, 20 mL tetrahydrofuran was added,
and it was mixed for 2 min under cold water. The mixture was centrifuged at 5000 rpm
for 5 min and the supernatant was collected. Extraction was performed by adding 15 mL
dichloromethane and 15 mL of 10% w/v NaCl into the supernatant and shaking it for 2 min.
The extraction was repeated twice; the organic layer was collected and evaporated under
nitrogen steam. The residue was kept at –20 ◦C, reconstituted with 5 mL dichloromethane,
and diluted (1/40-fold) with dichloromethane prior UV measurements (Shimadzu UV-1800,
UV–Vis spectral photometer system, Japan). Detection was performed at 450 nm according
to the procedure reported in the Polish Standard [35]. Standard β-carotene for identification
was prepared in dichloromethane to obtain 4 μg mL−1.

Total phenolic reducing sugar concentration was determined using the Folin–Ciocalteu
reagent (Sigma-Aldrich, Darmstadt, Germany) according to the method of Singleton and
Orthofer [36]. A volume of 0.5 mL of Folin–Ciocalteu reagent previously diluted with
distilled water (1:10) was mixed with 0.1 mL of each sample. The solution was allowed to
stand for 5 min at 25 ◦C before adding 1.7 mL of sodium carbonate solution (20%). Then,
10 mL of distilled water was added to the mixture, and the absorbance was measured at
λ = 735 nm after 20 min of incubation with agitation at room temperature. Results were
expressed in mg of gallic acid equivalents (GAE) per kg of fresh sample.

2.3. Statistical Analysis

All the experimental data were tested for differences by two-way ANOVA using of
Statistica® 13.1 package. The significance of differences (LSD—lowest significant difference)
was evaluated using the Tukey multiple confidence intervals for the significance level of
p = 0.05.

2.4. Weather Conditions

The average air temperature in Kruszyn Krajeński in the vegetation period, i.e., from
1 April to 30 September in the years 2013–2015, was 14.9 ◦C and was 0.3 ◦C higher than the
mean for the long-term period 1986–2015 (Table 1). The warmest month of the growing
season in 2013–2015 was July, with a mean temperature of 19.6 ◦C (0.8 ◦C above the mean
for long-term period). In 2014, the highest average air temperature (15.4 ◦C) was recorded,
which was 0.8 ◦C higher compared to the mean for the long-term period.
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Table 1. Average air temperature (◦C) data during the vegetation period of Melba and Seledyn melon
cultivars in the years 2013–2015.

Study Years
Months of Vegetation Period

Mean
IV V VI VII VIII IX

2013 7.0 14.2 17.4 18.9 18.1 10.7 14.4
2014 9.9 13.3 16.0 21.5 17.2 14.4 15.4
2015 7.5 12.4 15.7 18.5 20.9 13.8 14.8

Mean for 2013–2015 8.1 13.3 16.4 19.6 18.7 10.0 14.9
Mean for long-term
period 1986–2015 8.1 13.3 16.3 18.8 18.0 13.1 14.6

The mean sum of precipitation in Kruszyn Krajeński in the period from 1 April to
30 September, for the years 2013–2015, amounted to 279.2 mm and was 31.4 mm lower than
the mean for the long-term period 1986–2015 (Table 2). The highest precipitation during the
vegetation period occurred in 2013 and amounted to 354.3 mm (43.7 mm above the mean
for the long-term period). In the 2015 growing season, the lowest total precipitation was
recorded, amounting to 193.3 mm, and was 117.3 mm below the mean for the long-term
period. The mean precipitation in April, June, July, and August in 2013–2015 was lower
than the mean for the long-term period. The highest monthly precipitation (91.7 mm in
May and 79.0 mm in July) was noted in the growing season of 2013.

Table 2. Precipitation (mm) data during the vegetation period of Melba and Seledyn melon cultivars
in the years 2013–2015.

Study Years
Months of Vegetation Period

Sum
IV V VI VII VIII IX

2013 13.6 91.7 49.3 79.0 56.6 64.1 354.3
2014 40.7 65.7 44.9 55.4 57.3 25.9 289.9
2015 15.6 21.6 33.0 50.4 20.3 52.4 193.3

Mean for 2013–2015 23.3 59.7 42.4 61.6 44.7 47.5 279.2
Mean for long-term
period 1986–2015 26.9 50.2 54.9 71.4 59.7 47.5 310.6

2.5. Irrigation Water Rates

The seasonal irrigation water rates used in the growing of Melba and Seledyn melon
cultivars were inversely proportional to rainfall amount during the irrigation period.
Relationship between precipitation (mm) and seasonal irrigation water rates (mm) of
Melba and Seledyn melon cultivars in June–August in the years 2013–2015 is shown in
Figure 1. The melon irrigation period, mean for 2013–2015, began on 13 June and ended on
4 August and lasted for an average of 53 days. The shortest irrigation period, only 11 days,
was carried out in 2013. On average, in 2013–2015, during the irrigation period, 14 single
waterings took place. The average seasonal dose, in the years 2013–2015, was 142.2 mm
and ranged from 104.5 mm in 2013 to 169.0 mm in 2014. Both experimental treatments
received the same amount of irrigation water.
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Figure 1. Relationship between precipitation (mm) and seasonal irrigation water rates (mm) of Melba and Seledyn melon
cultivars in June–August in the years 2013–2015.

3. Results and Discussion

In the control field (the drip irrigation combined with broadcast nitrogen fertiliza-
tion), the mean total marketable melon yield in the years 2013–2015 was 26.38 t ha−1 and
32.69 t ha−1 for Melba and Seledyn cultivars, respectively (Table 3). On average, for the two
studied melon cultivars, the highest marketable fruit yield was recorded in 2014. With the
drip irrigation and broadcast nitrogen fertilization, the marketable yield was 34.95 t ha−1,
and in the field with the drip irrigation and fertigation with nitrogen, the yield of fruits
was 39.85 t ha−1. The lowest values of this parameter were recorded in 2015, when the
marketable yield was 19.96 t ha−1 and 22.68 t ha−1, respectively, for the control and for
drip irrigation combined with nitrogen fertigation. Compared to the control, the liquid
fertigation significantly increased the fruit yield of Melba and Seledyn cultivars by 12.5%
and 13.6%, respectively. There was no significant interaction between irrigation treatment
and cultivars.

Table 3. Influence of drip fertigation on the total marketable yield of fruits (t ha−1) of Melba and Seledyn melon cultivars in
the years 2013–2015.

Irrigation Treatment Cultivar
Years of Study Mean for

2013–20152013 2014 2015

Drip irrigation + broadcast nitrogen
fertilization (control)

Melba 32.47 31.62 15.04 26.38
Seledyn 34.92 38.27 24.89 32.69

Mean 33.70 34.95 19.96 29.54

Drip irrigation + nitrogen
fertigation

Melba 35.37 35.66 18.01 29.68
Seledyn 39.95 44.04 27.36 37.12

Mean 37.66 39.85 22.68 33.40
LSD0.05 for irrigation treatment 1 2.182 4.624 1.828 1.902

LSD0.05 for cultivar 1.913 2.380 2.053 2.198
Interaction n.s. n.s n.s. n.s.

1 LSD = the lowest significant difference (Tukey’s confidence half-interval) at p < 0.05; n.s.—not significant at p < 0.05.

Some studies have previously confirmed the beneficial effect of irrigation combined
with fertilization on the development of plants of the Cucurbitaceae family during culti-
vation on light soils. The marketable yield of watermelon grown on light soil in Central
Poland under the influence of irrigation combined with nitrogen fertilization increased
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by an average of 21% [23]. In addition, in the cultivation of watermelon performed in
semi-arid regions of Brazil, on the sandy soil with low retention capacity of water and low
nutrient levels, the authors reported a significant effect of irrigation and nitrogen fertigation
on the plant growth, increasing the yield by 64% [37]. In the study presented in this paper,
the marketable yield of melon fruits was comparable to the yields obtained in research
performed in other soil and climate conditions in other regions of the world. In a study
carried out in Turkey, the yield of melon ranged from 18.0 t ha−1 to 32.4 t ha−1 depending
on the irrigation method [38], and from 8.2 t ha−1 to 43.8 t ha−1 depending on the year
of research and the type of irrigation system [39]. In an experiment carried out under
field conditions with furrow irrigation in Northwest China, near to the Tengger dessert,
the yield of melon ranged from 19.6 t ha−1 to 27.8 t ha−1 [40]. In research performed in
Northern Jordan, melon fruit yields ranged from 15.6 t ha−1 to 23.5 t ha−1 depending on
irrigation quantity [41]. In other studies carried out in Turkey, different irrigation systems
and nitrogen levels affected the fruit yield of melon [42]. In the above research, by ana-
lyzing different levels of melon irrigation and fertilization, positive effects of combining
nitrogen fertilization at a dose 60 kg N ha−1 and drip irrigation were observed. As a result
of these experiments, the fruit yield of melon was 59.77 t ha−1.

In the present study, a significant influence of the cultivar on the marketable yield of
melon fruit was also noticed. The marketable yield of fruits of the Seledyn cultivar was
higher by 24.5% compared to the Melba cultivar. Significant relationships between the yield
characteristics and the cultivar of watermelon have already been observed in previous
studies, the purpose of which was to compare the effects of irrigation and fertilization on
the fruit yield [23,43,44].

The increase in the marketable yield of melon fruits results primarily from a significant
increase in the single fruit weight. The lowest total marketable yield of fruits and weight of
a single fruit was obtained in 2015 (Tables 3 and 4). According to meteorological data, 2015
was very dry. The total rainfall in the period from April to September was only 193.3 mm
(62% of the mean for the long-term period 1986–2015). The average air temperatures
during the growing season in April, May, June, and July were lower than the mean for the
long-term period, 1986–2015, by 0.6 ◦C, 0.9 ◦C, 0.6 ◦ C, and 0.3 ◦C, respectively (Table 1).
Water deficits negatively affect the development of the melon, as it is a photophilous and
thermophilic species, with a very high water requirement [8,9]. The melon plants of the
Seledyn cultivar produced fruits of significantly greater weight than the plants of the Melba
cultivar (Table 4). The use of drip fertigation with nitrogen significantly increased the
average melon fruit weight of both the Melba cultivar by 0.12 kg (average fruit weight
0.76 kg) and the Seledyn cultivar by 0.19 kg (average fruit weight 1.15 kg). There was no
significant interaction between irrigation treatment and cultivar. Melba is an early cultivar
with an average weight of one fruit ranging from 0.5 kg to 0.7 kg [8]. In turn, the Seledyn
cultivar is one of the very early ones with fruit larger than Melba, weighing up to 1.4 kg.
For comparison, in the study carried out in Turkey, depending on the irrigation method,
the weight of melon fruit ranged from 0.8 kg to 1.2 kg [38].

The nutritive values of melons are presented in the Table 5. The content of dry matter,
total sugars, monosaccharides, ascorbic acid, total carotenoids, and polyphenols depended
on both studied factors: drip irrigation and the cultivar. Drip irrigation combined with
nitrogen fertigation significantly increased the concentration of studied components in
relation to the control: for dry matter, by 1.7 points on average, total sugars by 14.1 points,
monosaccharides by 17.3 points, ascorbic acid by 10.4 points, total carotenoids by 4.5 points,
and total polyphenols by 10.8 points. In the study published by Ouzounidou et al. [45],
melon fruit concentrated up to 5.1 g 100 g−1 fresh weight of monosaccharides and from
0.8 g 100 g−1 fresh weight to 4.0 g 100 g−1 fresh weight of saccharose (total sugars). In
the present experiment, similar results were obtained if we converted our figures into g
100 g−1 fresh weight; the levels of total carbohydrates and monosaccharides in the edible
parts of melon were significantly affected by the cultivar and irrigation treatments. Seledyn
contained significantly more dry matter, total sugars, and monosaccharides than Melba. In
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the studies presented by Wichrowska et al. [46], irrigation also had a positive effect on the
concentration of reducing sugars and vitamin C in Cucurbitaceae, as in the present study.
Melba contained significantly more ascorbic acid, total carotenoids, and polyphenols than
Seledyn. Ouzounidou et al. [45] reported that the L-ascorbic acid concentration of melon
fruit ranged from 13 mg 100 g−1 fresh weight to 28 mg 100 g−1 fresh weight. Substantially
lower concentrations of this acid, in the range of 8 mg 100 g−1 fresh weight to 13 mg 100 g−1

fresh weight, were noted by Lin et al. [47]. The results of ascorbic acid concentration in
the presented studies ranged between 14.5 mg 100 g−1 fresh weight and 20.3 mg 100 g−1

fresh weight and depended also on the irrigation treatment. Moreover, irrigation with
fertilization increased the concentration of nutrients also in Cucurbita maxima Duch. [22].

Table 4. Influence of drip fertigation on the single fruit weight (kg) of Melba and Seledyn melon cultivars in the years
2013–2015.

Irrigation Treatment Cultivar
Year of Study Mean for

2013–20152013 2014 2015

Drip irrigation + broadcast nitrogen
fertilization (control)

Melba 0.55 0.87 0.50 0.64
Seledyn 0.93 1.26 0.69 0.96

Mean 0.74 1.06 0.59 0.80

Drip irrigation + nitrogen
fertigation

Melba 0.79 0.94 0.56 0.76
Seledyn 1.17 1.39 0.89 1.15

Mean 0.98 1.17 0.73 0.96
LSD0.05 for irrigation treatment 1 0.175 0.100 0.109 0.133

LSD0.05 for cultivar 0.199 0.168 0.096 0.134
Interaction n.s. n.s n.s. n.s.

1 LSD = the lowest significant difference (Tukey’s confidence half-interval) at p < 0.05; n.s.—not significant at p < 0.05.

Table 5. Influence of drip fertigation on the selected components of nutritive value of Melba and Seledyn melon cultivars
(mean for the years 2013–2015).

Irrigation Treatment (I)
Cultivar

(I)
Dry

Matter (%)
Total Sugar
(g kg−1 FM)

Monosaccharides
(g kg−1 FM)

Ascorbic Acid
(mg kg−1 FM)

Total
Carotenoids

(mg kg−1

FM)

Total
Polyphenols

(mg GAE
kg−1 FM)

Drip irrigation +
broadcast nitrogen

fertilization (control)

Melba 7.75 38.47 25.50 182.47 248.13 58.50
Seledyn 8.54 73.53 57.53 144.67 88.50 52.23

Mean 8.15 56.00 41.52 163.57 168.32 55.37

Drip irrigation + nitrogen
fertigation

Melba 7.95 45.80 36.47 202.80 256.37 62.80
Seledyn 8.63 84.53 63.97 162.27 96.27 61.27

Mean 8.29 65.17 50.22 182.54 176.32 62.04

Mean
Melba 7.85 42.14 30.99 192.64 252.25 60.65

Seledyn 8.59 79.03 60.75 153.47 92.39 56.75
Mean 8.22 60.58 45.87 173.05 172.32 58.70

LSD0.05 for irrigation treatment (I) 1 0.076 2.050 0.745 3.867 3.462 1.926
LSD0.05 for cultivar (II)

LSD0.05 for interaction (I/II)
0.321
n.s.

0.967
2.226

0.953
1.187

2.501
n.s.

2.028
n.s.

0.895
2.086

1 LSD = the lowest significant difference (Tukey’s confidence half-interval) at p < 0.05; n.s.—not significant at p < 0.05.

4. Conclusions

The results of this study indicate that on loose sandy soil with low water capacity
and nutrients, melon plants should be drip-fertigated with nitrogen, in order to obtain
the best effects. As compared to the control (drip irrigation combined with nitrogen
fertilization), the fertigation supplying nitrogen to the plants, used during the cultivation
of two melon cultivars, Melba and Seledyn, on a loose sandy soil in Central Poland,
significantly increased the total marketable fruit yield by 12.5% for Melba and by 13.6%
for Seledyn. Compared to the control, drip fertigation also increased the weight of single
fruits by 0.12 kg for Melba and by 0.19 kg for Seledyn. Drip irrigation combined with
nitrogen fertigation significantly and positively influenced nutritive value, affecting the
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increase in dry matter, total sugars, monosaccharides, ascorbic acid, total carotenoids, and
polyphenols. Melba contained significantly more ascorbic acid, total carotenoids, and
polyphenols than Seledyn, while Seledyn contained significantly more dry matter, total
sugars, and monosaccharides.

Our studies fill a gap in the existing scientific literature and show that on a very light
soil in a region with very low precipitation within Central Europe (Central Poland), the
use of drip irrigation and nitrogen fertigation is effective for the cultivation of melon.
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Abstract: The interaction of genotype by the environment is very common in multi-environment
trials of maize hybrids. This study evaluates the quantity and the quality of grain production and the
stability of four maize genotypes in a field experiment that was conducted in five different locations
for two years. In order to make a reliable evaluation of the performance of genotypes in the environ-
ments, principal components analysis (PCA) was used to investigate the correlation of the yield, soil
properties and quality characteristics, while the additive main effects and multiplicative interaction
(AMMI) analysis detected the narrow adaptations of genotypes at specific mega-environments. For
the yield, AMMI analysis indicated that a group of five environments (ENV1, ENV8, ENV6 ENV10
and ENV9) gave higher yields than the mean value and at the same time had low first interaction
principal components axis (IPC1) scores, indicating small interactions. Regarding protein and fiber
contents, ENV1 and ENV2, gave the highest values and this could be attributed to the high concen-
tration rates of nutrients like Mg, Ca and the soil texture (C). Specifically for the protein, the results
of the analysis indicated that certain environment would provide more protein content, so in order to
obtain higher grain protein, growers should grow in certain locations in order to improve the content
of this quality characteristic, certain genotypes should be used in certain environments.

Keywords: genotype × environment interaction; maize; yield

1. Introduction

Maize (Zea mays L.) is a crop of major importance for the nutrition of the Earth’s
population. Thus, there has been an urgent need to increase its yield and its quality.
There are two main factors that have approximately the same influence on yield increase;
improved management practices along with plant breeding have made an impact on this
cause. It is notable that their interaction is the one that made such a huge progress to this
matter that neither could do alone to this extent [1]. Maize yields have been increasing over
the years globally and according to recent data have been doubled from 1961 to 2002 [1–3].
Even before the use of hybrids, farmers used to breed plants that seemed to fit their needs,
with good adaptation at their specific environmental conditions, while maintaining their
quality and morphological traits. Wherever hybrids have been adopted there has been
an increase in the maize yield. Even though there was a tendency to select the high yield
hybrids, the need for overall stability and dependability favors the selection of hybrids with
stress tolerance. The main focus of the new hybrids now is to aim for a high and stable yield
in both favorable and unfavorable growing conditions [1]. Indeed, as Rosegrant et al. [4]
mention maize production may suffer a huge input reduction since the available water
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resources will be limited especially in regions where irrigation is essential. So, it is implied
that for the future of crop production it is a mandatory need, to include the environment as
an important factor in the selection of better adaptive genotypes.

Climatic conditions along with soil characteristics are the main environmental factors
that affect plant growth [5]. Atmosphere and soil water availability, soil temperature and
composition can make an impact to the growth of the plants along with other factors
such as soil pH and its nutrient status that can influence their development [6]. Soil plays
a major role in the plant’s life with emphasis on soil carbon, water quality and content.
It is often related to problems that occur in plants such as nutrient deficiencies, water
stress and toxicities. Its structure not only affects plant growth but also influences their
ability to absorb nutrients and water [7]. Each environment has its own soil characteristics
and climatic conditions that can affect the productivity of crop production. Thus, it is
mandatory to take into consideration the effect of the environment while investigating the
most suitable cultivation.

The genotype by environment (GE) interaction is a phenomenon recognized globally
by everyone involved to the goal of crop improvement and maintenance. It refers to the
various responses of genotypes across a wide range of environments [8,9]. Quantitative
characteristics that are economically and agronomically important such as grain yield can
be significantly affected by the GE interaction and can provide relief to the breeding actions
that can be avoided, by reducing futile subsequent analyses, restricting the significance
of questionable deductions and limiting the selection of superior genotypes [8,10–13]. In
general, genotypes adapt differently to different environments and the evaluation of each
one of them differs according to each purpose [14]. These evaluations in order to be valid
are submitted to a series of multiple-environment trials (MET) in an advanced selection
stage [11,15]. According to Lu’quez et al. [16], cultivars with high yield and better stability
can be identified when growing cultivars in various environments. Every newly registered
cultivar needs to be evaluated for adaptation for several years in many locations in order
to be recommended to a specific area. To accomplish this procedure METs are conducted
in many countries through varietal testing programs for more reliable results. The GE
is the main interaction that needs to be evaluated. By submitting genotypes to a variety
of environments, differential genotypic responses are recorded and can provide better
identification of a superior and stable hybrid [17].

The environment, the genotype and the GE interaction are also responsible for variations
in the quality properties of grains, including the color, the texture, the protein and the fiber
content. Among the quality parameters, the protein content of the grains is highly affected by
the environment [18]. The evaluation of different genotypes on quality traits associating with
the improvement of the yield can also contribute to future breeding strategies.

The additive main effects and multiplicative interaction (AMMI) analysis is extensively
used among agricultural researchers who want to evaluate the yield performance of
different genotypes under multienvironment trials. This analysis is widely used because
it contributes to better understanding of the complicated interactions between genotypes
and environment, and it has high accuracy [19]. The AMMI analysis is a combination of
ANOVA and PCA (principal component analysis) and a major output of the results is a
biplot that presents the means of the genotypes used and their relation to the first PC [20].
This biplot is an effective tool to evaluate the GE interactions graphically [21]. The results
of AMMI analysis are considered useful for the evaluation of yield stability of crops across
different environmental conditions and for the determination of suitable environments for
all examined genotypes [22–25].

The aim of this study was to evaluate four maize hybrids at five locations, for two
years (the combination of year-location created the 10 environments), in order to investigate
how maize yield and quality characteristics of the grain are affected by the GE interaction.
Furthermore, principal components analysis (PCA) was used to investigate the correlation
of the yield, soil properties and quality characteristics, while the AMMI analysis contributed
to detect the narrow adaptations of genotypes at specific mega-environments.
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2. Materials and Methods

2.1. Experimental Site and Design

The effect of GE interaction in relation to the final grain yield and the various quality
characteristics were assessed. The field trials were conducted at 2019 and 2020 and a
randomized complete block design was used with three replications. The experimental
design had two main factors (genotypes and environments). The four maize genotypes
used in the experimental fields were GEN1 (P0937, Pioneer Hi-Bred Hellas S.A.), GEN2
(DKC6050, K. and N. Efthymiadis S.A.), GEN3 (DKC6980, K. and N. Efthymiadis S.A.) and
GEN4 (P2105, Pioneer Hi-Bred Hellas S.A.). P0937 hybrid belongs to the 500 FAO group
with 120–125 days until maturity, it provides well-balanced plants, resistant to the northern
leaf blight of maize, suitable especially for environments that traditionally produce good
yield results. DKC6050 belongs to the 600 FAO group with 116–123 days until maturity.
It produces average height plants with a very strong stem and root system and provides
well-balanced plants. It has solid, filled until the top ears with 16-18 rows of kernels. It is
considered to have great agronomic characteristics with high yield and good adaptation
in many environments and with great quality grains suitable for human consumption.
DKC6980 belongs to the 700 FAO group with 130–136 days until maturity. It produces
high plants with a very strong stem and root system. It has big ears with 18-20 rows of
kernels. It has stable yield even in high temperatures. P2105 is a hybrid that belongs to the
700 FAO group with 135–140 days until maturity, it provides well-balanced plants with a
strong root system. It has a fast, lively growth and high dynamic production especially in
early cultivated and well-drained fields. These four hybrids were selected because they are
considered to have great characteristics in Greece’s environmental variability.

The five locations were Giannouli, in the Prefecture of Larissa, Thessaly; Nea Tyroloi
and Kamila, in the Prefecture of Serres, Central Macedonia; Kalamonas, in the Prefecture
of Drama, Eastern Macedonia and Thrace and Koutso, in the Prefecture of Xanthi, East-
ern Macedonia and Thrace, Greece. Each location–year combination created a different
environment; thus 10 environments were used to evaluate the four genotypes.

The environments had different soil texture and variable microclimate conditions
(Tables S1 and S2). Planting dates were between 22 and 25 March for the first year and
18 and 26 April for the second year and harvesting dates between 9 and 11 September for
the first year and 19 and 21 September for the second year (Table S1). The plant density for
all cultivars was 85,000 plants per hectare and the planting depth was 3.5 cm. The field
plots (60 m2) consisted of 4 rows with spacing between rows 0.75 m. The measurement of
yield was made at a length of 12 m in the 2 middle rows of each plot to avoid the border
effect. All five locations are traditionally used for maize production in Greece since they
appear to be suitable for this crop.

All field management procedures were standard to ensure the avoidance of deficien-
cies and the balancing of soil nutrients in all environments. After grain harvesting, the
measurement of moisture content was conducted with a portable humidity meter in order
to calculate the production per hectare adjusted to 15% humidity. Afterward, grain samples
were directed for the determination and measurement of the quality characteristics.

2.2. Soil Sample Analyses

At the soil samples, the elements Ca, Mg, K and Na were determined by atomic
absorption spectrometry after extraction using BaCl2 [26]. The measurements of Zn, Mn,
Cu and Fe were conducted by atomic absorption spectrometry after extraction using
DTPA [27]. The available B was determined using a spectrophotometer, using azomethine-
H as the color (yellow) development reagent [28]. Total nitrogen was determined by the
Kjeldahl method [29]. Organic carbon was determined with oxidization by K2Cr2O7 [30].
Available phosphorus was determined after extraction with NaHCO3 [31]. Cation exchange
capacity was determined according to ISO 11260 [26]. Soil texture was determined using
the method of Bouyoucos [32] and the soil taxonomy of USDA (1999). The moisture content
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was determined in a furnace at 105 ◦C for 24 h. The value of pH was measured with a
pH-meter equipped with a glass electrode in the saturated paste extract.

2.3. Quality Characteristics of Harvested Corn Grains

After their harvest, the corn grains were dried in the shade following the farming
practices. The moisture content across all cultivars varied from 10.85 to 16.04% with an
average of 12.74%.

The color of the corn grains was measured using Minolta Colorimeter (CR-300, Mi-
nolta Company, Chuo-Ku, Osaka, Japan). The lightness or brightness of the samples was
indicated by the L value where 0–100 represents darkness to lightness color. The index a
indicates the redness or greenness of the corn grains, with a positive a value representing
more red color. The index b value represents the degree of the yellow-blue color, with a
positive b value illustrating more yellow color.

The texture analysis was carried out by HD-Plus texture analyzer (Stable Micro
Systems Ltd., Godalming, UK) and the Texture Expert Exceed Software for the data analysis.
The determination of the textural characteristics of corn grains was performed by a puncture
probe of 5 mm diameter. Probe speeds of 1 mm/s during the test, 2 mm/s for the pretest
and 10 mm/s for the post-test were used throughout the study. All the measurements
were performed at 25 ± 1 ◦C and the hardness of the corn seeds was determined and
expressed at N.

The corn grains were grinded by using a grinding mill for the determination of the
moisture, the ash, the total protein and the total crude fiber content. Ash and crude
fiber content of corn flours were determined according to AOAC Official Method 923.03
and 984.04 (Weende Method), respectively and recorded manually. Total protein content
analysis of corn flours was conducted by applying the Kjeldahl method (IDF 2008), using a
Kjeldahl rapid distillation unit (Protein Nitrogen Distiller DNP-1500-MP, Raypa Spain).

2.4. Statistical Analysis

A two-way analysis of variance (ANOVA) was used to evaluate the effect of genotype,
environments and their GE interaction on the cultivation and quality characteristics of maize
hybrids. The experimental data were analyzed using IBM SPSS software ver. 24 (IBM Corp.,
Armonk, N.Y., USA). The comparisons of means were calculated using the Duncan test at
the 5% level of significance (p < 0.05). Multivariate analysis was conducted by means of
principal component analysis (PCA) by using STATISTICA 7 (Statsoft Inc., Tulsa, OK, USA).
Additive main effects and multiplicative interaction (AMMI) analysis was conducted by using
AMMISOFT version 1.0 (Soil and Crop Sciences, Cornell University, Ithaca, NY, USA).

3. Results and Discussion

3.1. Grain Yield

Yield (kg/ha) of maize was statistically significantly influenced by genotype, environ-
ment and their interaction (Table S3). Genotype and environment effects on maize yield are
presented in Table 1. GEN1 had mean yield that was significantly different in all the tested
environments. Its highest yield value was recorded in ENV10 and ENV9 (19,288 ± 289
and 19,087 ± 471 kg/ha respectively) and the lowest in ENV2 (12,805 ± 1361 kg/ha).
GEN2 presented similar results; the highest mean yield was recorded in ENV10 and ENV9
(18,244 ± 182 and 18,113 ± 86 kg/ha respectively) but the lowest mean yield in this case
was recorded in ENV4 and ENV5 (13,617 ± 370 and 13,657 ± 51 kg/ha respectively).
On the other hand, GEN3 presented its highest mean yield in ENV10 where it recorded
20,032 ± 179 kg/ha, and significantly lower results in ENV4 (13,220 ± 569 kg/ha). GEN4
had high yields in ENV6 (20,070 ± 346 kg/ha) and the significant lower value was pre-
sented in ENV4 (12,077 ± 166 kg/ha). As for the environments, in ENV4, ENV8 and ENV9,
GEN1 presented significant higher mean yields. ENV4 had also a statistically significant
performance in GEN2 along with ENV2 and ENV3. Environments ENV1, ENV6 and ENV7
showed significant high performance with GEN4. All the environments presented great
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results when GEN3 was used except ENV6 and ENV7, which had their lowest performance
with this genotype.

Table 1. Effect of genotype and environments on yield and quality characteristics (protein, fiber, color parameters, texture
and ash content) of corn grains.

Genotype Environment Yield (kg/ha)
Protein

(%)
Fiber
(%)

Lightness

GEN1 ENV1 17,643 ± 456 Bb 8.10 ± 0.02 Ad 3.60 ± 0.01 Bb 37.85 ± 0.69 Ba

ENV2 12,805 ± 1361 Eb 8.15 ± 0.04 Ab 4.08 ± 0.06 Aa 78.88 ± 0.24 A

ENV3 14,466 ± 74 Db 7.24 ± 0.02 Dd 2.24 ± 0.02 Gd 37.83 ± 0.25 Bc

ENV4 13,993 ± 785 Da 7.42 ± 0.08 Ca 3.53 ± 0.02 Ba 77.17 ± 0.36 A

ENV5 15,860 ± 710 Cc 7.91 ± 0.01 Bb 3.12 ± 0.01 Db 35.53 ± 0.57 Bc

ENV6 18,659 ± 226 ABb 6.83 ± 0.02 Ec 3.44 ± 0.01 Ca 77.17 ± 0.25 A

ENV7 18,456 ± 784 ABab 6.23 ± 0.01 Hd 1.37 ± 0.02 Id 36.96 ± 0.45 Bb

ENV8 18,600 ± 306 ABa 6.65 ± 0.03 Fc 2.38 ± 0.01 Fb 78.23 ± 0.52 Aa

ENV9 19,087 ± 471 Aa 6.38 ± 0.01 Gb 1.99 ± 0.01 Hd 36.83 ± 0.26 Bc

ENV10 19,288 ± 289 Ab 6.81 ± 0.02 Ea 2.75 ± 0.02 Eb 75.52 ± 0.85 A

GEN2 ENV1 17,137 ± 191 Bc 8.61 ± 0.02 Ac 3.52 ± 0.01 Ac 38.05 ± 0.81 Ca

ENV2 15,470 ± 449 Ca 8.62 ± 0.02 Aa 3.51 ± 0.01 Ac 73.05 ± 0.25 A

ENV3 15,917 ± 338 Ca 7.47 ± 0.02 Cc 2.39 ± 0.02 Gc 41.99 ± 0.65 BCa

ENV4 13,617 ± 370 Da 7.42 ± 0.03 Ca 2.69 ± 0.02 Ed 72.72 ± 0.88 A

ENV5 13,657 ± 51 Dd 7.42 ± 0.03 Cc 3.02 ± 0.02 Bc 42.58 ± 0.65 Ba

ENV6 17,317 ± 613 Bb 7.95 ± 0.03 Ba 2.81 ± 0.02 Db 71.53 ± 0.48 A

ENV7 16,747 ± 417 Bb 6.99 ± 0.03 Dc 2.82 ± 0.02 Da 41.75 ± 0.52 BCa

ENV8 17,410 ± 676 Bb 6.31 ± 0.02 Fd 2.60 ± 0.03 Fa 71.53 ± 0.62 Ab

ENV9 18,113 ± 86 Ab 6.10 ± 0.01 Jb 2.86 ± 0.03 Ca 42.53 ± 0.45 Ba

ENV10 18,244 ± 182 Ac 6.69 ± 0.02 Ea 3.52 ± 0.02 Aa 75.20 ± 0.48 A

GEN3 ENV1 18,557 ± 88 Ba 8.86 ± 0.02 Ab 3.14 ± 0.01 Cd 35.50 ± 0.25 Ba

ENV2 16,986 ± 386 Ca 8.07 ± 0.04 Cc 3.90 ± 0.01 Ab 74.83 ± 0.93 A

ENV3 15,670 ± 625 Da 8.66 ± 0.01 Ba 2.56 ± 0.01 Gb 36.68 ± 0.43 Bd

ENV4 13,220 ± 569 Ea 7.04 ± 0.08 FGc 2.85 ± 0.03 Eb 72.22 ± 0.26 A

ENV5 19,103 ± 440 ABa 7.13 ± 0.02 Fd 3.33 ± 0.02 Ba 36.49 ± 0.29 Bc

ENV6 19,312 ± 112 ABc 7.06 ± 0.02F Gb 2.72 ± 0.02 Fc 70.15 ± 0.48 A

ENV7 14,787 ± 1140 Dc 7.81 ± 0.03 Db 2.43 ± 0.01 Ib 34.28 ± 0.52 Bb

ENV8 18,810 ± 608 Ba 6.89 ± 0.01 Gb 1.79 ± 0.01 Jd 70.01 ± 0.48 Ab

ENV9 19,107 ± 179 ABa 7.56 ± 0.03 Ea 2.49 ± 0.03 Hc 39.48 ± 0.47 Bb

ENV10 20,032 ± 179 Aa 6.86 ± 0.03 Ga 2.89 ± 0.02 Db 71.65 ± 0.45 A

GEN4 ENV1 18,430 ± 161 BCa 8.96 ± 0.02 Aa 3.90 ± 0.01 Aa 34.62 ± 0.34 Eb

ENV2 15,887 ± 659 Ea 8.13 ± 0.02 Bb 3.12 ± 0.01 Cd 76.35 ± 0.45 A

ENV3 14,083 ± 245 Fb 7.61 ± 0.01 Db 3.55 ± 0.02 Ba 39.62 ± 0.70 Db

ENV4 12,077 ± 166 Gb 7.24 ± 0.03 Eb 2.73 ± 0.02 Dc 73.31 ± 0.55 B

ENV5 17,670 ± 207 CDb 8.02 ± 0.02 Ca 2.37 ± 0.02 Ed 38.22 ± 0.45 Db

ENV6 20,070 ± 346 Aa 6.48 ± 0.02 Fd 2.56 ± 0.03 DEd 71.72 ± 0.35 BC

ENV7 19,040 ± 1151 Ba 8.00 ± 0.02 Ca 1.43 ± 0.01 Hc 34.79 ± 0.47 Eb

ENV8 15,946 ± 423 Ec 7.60 ± 0.03 Da 2.11 ± 0.02 Fc 69.42 ± 0.46 Cb

ENV9 17,477 ± 625 Db 6.13 ± 0.02 Hb 2.53 ± 0.03 DEb 38.73 ± 0.74 Dbc

ENV10 17,887 ± 160 CDc 6.33 ± 0.02 Gb 1.64 ± 0.04 Gc 72.98 ± 0.82 B
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Table 1. Cont.

Genotype Environment a b
Texture

(N)
Ash
(%)

GEN1 ENV1 3.88 ± 0.29 ABc 34.77 ± 0.55 Bb 20.49 ± 0.72 CD 1.65 ± 0.01 Aa

ENV2 4.81 ± 0.55 AB 49.41 ± 0.20 A 19.99 ± 0.30 Dab 1.18 ± 0.02 Jc

ENV3 4.37 ± 0.15 ABd 35.37 ± 0.26 Bc 12.53 ± 0.59 Fb 1.41 ± 0.01 Ba

ENV4 3.87 ± 0.74 AB 50.67 ± 0.72 A 23.69 ± 0.62 BCa 1.39 ± 0.02 Cc

ENV5 4.36 ± 0.15 ABc 35.09 ± 0.65 Bc 17.97 ± 0.25 DEb 1.37 ± 0.02 Cb

ENV6 2.70 ± 0.15 Bb 47.57 ± 0.56 A 19.44 ± 0.32 Abc 1.23 ± 0.04 Fb

ENV7 5.13 ± 0.26 A 34.47 ± 0.54 Bbc 14.80 ± 0.40 EFbc 1.15 ± 0.01 Hc

ENV8 5.66 ± 0.09 A 49.38 ± 0.29 Aa 26.28 ± 0.20 Ha 1.09 ± 0.02 Ic

ENV9 5.12 ± 0.15 Ab 38.15 ± 0.63 Bc 17.05 ± 0.52 DE 1.31 ± 0.03 Db

ENV10 2.80 ± 0.08 B 52.98 ± 0.27 A 30.09 ± 0.39 Aa 1.27 ± 0.03 Ec

GEN2 ENV1 7.47 ± 0.71 a 47.08 ± 0.46 Ba 21.63 ± 0.41 BCD 1.39 ± 0.01 Dd

ENV2 7.17 ± 0.15 50.57 ± 0.26 AB 22.48 ± 0.59 ABCa 1.46 ± 0.03 Ca

ENV3 6.45 ± 0.08 a 51.10 ± 0.77 ABa 17.96 ± 0.52 DEa 1.43 ± 0.02 Ca

ENV4 4.90 ± 0.26 53.07 ± 0.86 AB 25.68 ± 0.72 Aa 1.74 ± 0.02 Bb

ENV5 7.70 ± 0.28 a 55.22 ± 0.74 ABa 23.18 ± 0.65 ABa 1.21 ± 0.02 Fc

ENV6 5.21 ± 0.22 b 49.70 ± 0.52 AB 24.88 ± 0.72 ABa 2.40 ± 0.03 Aa

ENV7 7.64 ± 0.09 a 52.40 ± 0.48 ABa 13.51 ± 0.55 Fc 1.11 ± 0.03 Hd

ENV8 5.21 ± 0.14 49.70 ± 0.52 ABa 18.89 ± 0.65 CDEb 0.73 ± 0.04 Id

ENV9 7.74 ± 0.26 a 51.15 ± 0.74 ABa 15.47 ± 0.35 EF 1.31 ± 0.01 Eb

ENV10 5.25 ± 0.21 58.90 ± 0.59 A 23.48 ± 0.62 ABb 1.17 ± 0.02 Gd

GEN3 ENV1 4.66 ± 0.45 Bbc 37.70 ± 0.41 Cb 22.30 ± 0.42 A 1.54 ± 0.01 Ab

ENV2 3.61 ± 0.46 B 44.27 ± 0.82 ABC 15.68 ± 0.15 Bc 1.13 ± 0.02 Ed

ENV3 4.38 ± 0.06 Bc 41.81 ± 0.46 BCb 15.84 ± 0.43 Bab 1.27 ± 0.02 Cb

ENV4 6.91 ± 0.52 A 52.27 ± 0.74 A 17.40 ± 0.83 Bb 1.05 ± 0.02 Fd

ENV5 5.15 ± 0.09 Bd 37.60 ± 0.14 Cb 22.49 ± 0.25 Aa 1.01 ± 0.03 Fd

ENV6 4.64 ± 0.08 Bb 39.35 ± 0.25 C 21.21 ± 0.56 Ab 1.11 ± 0.04 Ec

ENV7 5.15 ± 0.12 Bb 37.97 ± 0.18 Cb 17.06 ± 0.48 Ba 1.20 ± 0.03 Db

ENV8 4.64 ± 0.07 B 39.35 ± 0.22 Ca 17.22 ± 0.25 Bbc 1.25 ± 0.02 Ca

ENV9 5.05 ± 0.14 Bb 44.67 ± 0.26 ABCb 15.30 ± 0.45 B 1.50 ± 0.02 Aa

ENV10 4.84 ± 0.15 B 50.06 ± 0.28 AB 20.59 ± 0.25 Ac 1.34 ± 0.02 Bb

GEN4 ENV1 5.26 ± 0.14 Bb 35.16 ± 0.94 Cb 21.38 ± 0.48 A 1.48 ± 0.01 Bc

ENV2 5.48 ± 0.25 B 50.64 ± 0.84 A 18.64 ± 0.53 Bbc 1.33 ± 0.03 Db

ENV3 5.70 ± 0.08 Bb 40.95 ± 0.77 ABCb 13.47 ± 0.52 Db 1.25 ± 0.01 Eb

ENV4 5.97 ± 0.63 B 50.08 ± 0.74 A 18.75 ± 0.72 Bb 1.84 ± 0.02 Aa

ENV5 5.49 ± 0.49 Bb 39.35 ± 0.72 BCb 18.34 ± 0.65 Bb 1.43 ± 0.01 Ca

ENV6 8.80 ± 0.15 Aa 47.72 ± 0.74 AB 18.63 ± 0.37 Ba 1.03 ± 0.01 Gd

ENV7 6.62 ± 0.12 Ba 31.85 ± 0.65 Cc 15.84 ± 0.36 Cab 1.32 ± 0.02 Da

ENV8 5.91 ± 0.23 B 35.91 ± 0.67 Db 13.38 ± 0.47 Dc 1.21 ± 0.03 Fb

ENV9 5.47 ± 0.27 Bb 40.53 ± 0.45 ABCc 15.46 ± 0.45 C 1.49 ± 0.01 Ba

ENV10 6.90 ± 0.18 B 49.78 ± 0.68 AB 18.10 ± 0.52 Bc 1.50 ± 0.01 Ba

Mean value of three replicates ± standard deviation. Values with different capital letter (A, B, C, D, E, F, G, H, I, J) denotes significant
difference between environments, and small letter (a, b, c, d) denotes significant difference between genotypes in each environment
according to the Duncan’s multiple range test at p < 0.05. Where there are no letters, no significant differences were recorded.

3.2. Quality Characteristics of Harvested Corn Grains

The performance of genotypes on environments for quality characteristics (color pa-
rameters, texture, ash, protein and fiber content) of the harvested corn grains is presented in
Table 1. The performance (color parameters) for corn grains varied across different environ-
ments. The lightness (L) across all cultivars ranged from 34.28 to 78.23, the yellow index b
ranged from 34.47 to 58.90 and the red index a ranged from 3.61 to 8.80. For L, a and b color
parameters, there was a significant difference between genotype (p < 0.001), environments
(p < 0.001) and for their GE interaction, except for the interaction on the red index. The
highest values of L color parameter of corn grains were obtained from the environments
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ENV2, ENV4, ENV6, ENV8 and ENV10 and the lowest from the environments ENV1,
ENV3, ENV5 ENV7 and ENV9. According to the average of the tested environments, the
highest values of L, a and b color parameters were achieved from genotype GEN2, and the
lowest corresponding values were obtained from the genotypes GEN1 and GEN4 (Table 1).

The texture of the harvested corn grains was influenced by the environmental and
genotype effects (p < 0.001) (Table 1). Texture (hardness) of corn grains varied between
12.53 and 26.28 N across the cultivars and environments. The hardness of corn grains
at ENV1 (21.38 N), ENV4 (18.75 N), ENV2 (18.64 N), ENV6 (18.63 N), ENV5 (18.33 N)
and ENV10 (18.10 N) was relatively higher than the one at ENV3 (13.47 N) and ENV8
(13.38 N). According to the average of the tested environments, the highest values of
hardness were achieved from genotypes GEN2 (20.72 N) and GEN1 (20.23 N), and the
lowest corresponding values were obtained from the genotypes GEN3 (18.50 N) and GEN4
(17.20 N) (Table 1).

The ash content of corn grains was significantly affected by genotype (p < 0.001),
environments (p < 0.001) and their GE interaction (p < 0.001) (Table 1). The ash content
across all cultivars ranged from 0.73 to 2.40%. The highest ash content was found in corn
grains obtained at the environments of ENV1 (1.51%) and ENV4 (1.50%) and the lowest at
ENV8 (1.07%). The ash content of corn grains from GEN2 (1.39%) and GEN4 (1.38%) was
significantly higher than the one from GEN1 (1.30%) and GEN3 (1.23%).

The genotype (p < 0.001), the environments (p < 0.001) and their GE interaction
(p < 0.001) highly influenced the protein content of corn grains (Table 1). The protein
content across all genotypes varied from 6.13 to 8.96%. The highest protein content was
found in corn grains obtained at the ENV1 (8.63%). The protein content of corn grains from
GEN3 (7.59%) and GEN4 (7.45%) was significantly higher than the ones from the other
genotypes. Protein content is a primary quality indicator for corn grains. Mut et al. [33] and
Peterson et al. [34] reported that the grain protein content changed from 3 to 4% and 10.0
to 18.0%, respectively within different oat genotypes cultivated in different environments.
The protein content was mainly affected by the environment rather than the genotype. This
finding is in accordance with other scientific studies [18,35,36]. The protein content of corn
grain is illustrated the quality of corn flour and is a desirable trait for the food industry.

The fiber content of corn grains was significantly influenced by genotype (p < 0.01),
environments (p < 0.001) and their GE interaction (p < 0.001) (Table 1). The fiber content
across all cultivars ranged from 1.37 to 4.08%. The highest fiber content was found in corn
grains obtained at the environments of ENV2 (3.65%) and ENV1 (3.54%) while the lowest
at ENV7 (2.01%). The fiber content of corn grains from GEN2 (2.97%) and GEN1 (2.85%)
was significantly higher than others. It was observed that the effect of environment on the
fiber content of corn grains was stronger as compared to the genotype. This finding is in
accordance with other scientific studies [18,37].

3.3. Correlation and Evaluation of the Yield, Soil Properties and Quality Characteristics vs. the
Genotype and Environment on Maize Cultivation

To investigate the correlation of the yield, soil properties and quality characteristics by
using four different genotypes of maize hybrids at ten different environmental conditions,
principal components analysis (PCA) was used (Figure 1). Each point on the loading
plot represented the contribution of a variable (yield, soil properties: clay, silt, sand,
pH, organic matter, total nitrogen, CaCO3, K, Ca, Mg, P, Fe, Cu, Zn, Mn, B and quality
characteristics: color, texture, moisture, ash, protein and fiber content) to the score, while
each point on the score plot represented a tested sample. The first principal component
(PC1) described 41.38% of the variation of extraction experiments, whereas the second
principal component (PC2) 25.63% respectively, so that they contributed 67.01% of the total
variation of extraction experiments.
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Figure 1. Biplot of principal component analysis of the four different genotypes of maize hybrids at five different environ-
mental conditions. Code of different environments of maize hybrids on different genotypes used on principal components
analysis (PCA) is listed as follows: Environments: (1) ENV1, (2) ENV2, (3) ENV3, (4) ENV4, (5) ENV5, (6) ENV6, (7) ENV7
(8) ENV8, (9) ENV9 and (10) ENV10 and Genotypes: (a) GEN1, (b) GEN2, (c) GEN3 and (d) GEN4.

According to the PCA plot, the texture, fiber, protein, clay, Mg, Ca, pH and OM had a
negative effect on PC1 and the total nitrogen, silt, CaCO3, Fe and K had a negative effect on
PC2, while the sand, P and Zn had a positive effect on PC1 and the Mn, silt and yield had a
positive effect on PC2. Furthermore, there are correlations between the Mg and fiber, clay
and protein, pH and texture, and between L, B, K, Cu and CaCO3. Based on PCA score
plot of the tested samples, four main groups of samples were noted. The groups are (a) 1a,
1b, 1c, 1d, 2a, 2b, 2c, 2d (b) 5a, 5b, 5c, 5d, 6a, 6b, 6c, 6d (c) 10a, 10b, 10c, 10d (d) 3a, 3b, 3c,
3d, 8a, 8b, 8c, 8d and (e) 7a, 7b, 7c, 7d, 9a, 9b, 9c, 9d.

All five testing locations are suitable for maize production in Greece. However,
they have different soil conditions and rainfall, influencing the yield and the quality
characteristics of corn grains. The samples of group (a) confirmed that ENV1 and ENV2
were the most effective environments for all the tested hybrids, giving corn grains with
the highest protein and fiber content. These findings could be attributed to the enhanced
soil fertility of ENV1 and ENV2 having the highest concentration of nutrients including
Mg, Ca, clay and silt. Many studies demonstrated that the protein content was mostly
affected by the environment, indicating its sensitivity to the environment [18,35,36,38] and
that the soil nutrient supply affected positively the yield and the quality characteristics of
the crop products [39].

The samples of group (b) indicated that ENV5 and ENV6 showed good soil condi-
tions in terms of nutrients resulting in high yields. This finding is in accordance with
other studies indicating that any higher nutrient uptake by the plant can result in higher
yields [18,40]. The samples of group (c) showed that ENV10 resulted in grains with the
maximum hardness concerning their texture essential soil indices such as pH and OM com-
pared with the other environments. Moreover, the samples of group (d) showed that ENV3
and ENV8 had similar characteristics in terms of protein and fiber content growing on a
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Fe-, P- and N- and sand-rich environment. The samples of group (e) indicated that ENV7
and ENV9 had similar characteristics in terms of yield and quality properties growing on a
Zn-rich environment. Concluding, the results depicted by principal components analysis
are in agreement with those discussed above.

3.4. GE Interaction for Yield, Protein and Fiber Content

According to the ANOVA, genotypes (GEN), environments (ENV) and their interaction
(G×E) gave statistically significant differences (p < 0.001) concerning the yield measurement.
Moreover, the highest percentage of variation explained by ENV (68.89%), followed by the
G×E (27.15%) effect, while GEN explained (3.95%) of the variation (Table S3).

Figure 2 shows that GEN3 had the highest mean yield, followed by GEN1, GEN4 and
GEN2. Among these, GEN4 was the hybrid with the lowest score of the first interaction
principal components axis (IPC1). The great score values of IPC1 mean that these genotypes
are adapted to certain environments [24]. As for the environments, ENV10 presented the
highest mean yield (18,862 kg/ha) with an IPC1 score close to zero, indicating small
interactions and ENV4 the lowest yield (13,227 kg/ha). ENV1, ENV6, ENV8 and ENV9
had IPC1 values close to zero and yield higher than the mean value (17,941, 18,839, 17,691
and 18,446 kg/ha respectively).

Figure 2. Additive main effects and multiplicative interaction (AMMI) biplot presenting mean grain yield (kg/ha) and the
first interaction principal components axis (IPC1) of 4 genotypes (red) evaluated in 10 environments (blue).

Based on AMMI1 model, GEN3 and GEN1 resulted in the highest narrow adaptations
and these were the best adapted genotypes of the two mega-environments delineated
(Table 2). The first one consisted of ENV5, ENV2, ENV6, ENV1, ENV10 and ENV3 in which
GEN3 was the best adapted genotype. The other one consisted of ENV8, ENV9, ENV4 and
ENV7 with GEN1 presenting better results. Genotypes and environments had been listed
according to their IPC1 order (Table 3), resulting that top and bottom performances have
the opposite GE pattern [33]. For instance, GEN3 had positive GE with the environments
such as ENV5 and ENV2 and a negative GE with environments like ENV7 and ENV4.
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Table 2. AMMI family models for the grain yield, protein content and fiber content dataset, winning
genotypes and the numbers of mega-environments.

Yield AMMI Model Family

Genotype 0 1 2 F

3 GEN3 10 6 7 6
4 GEN4 2 2
2 GEN2 1
1 GEN1 4 1 1

Mega-environments 1 2 3 4

Protein
Genotype 0 1 2 F

3 GEN3 10 5 2 3
4 GEN4 4 4
2 GEN2 5 4 3

Mega-environments 1 2 3 3

The other 1 genotype never win and so it’s not listed
Fiber

Genotype 0 1 2 F

2 GEN2 10 8 5 4
3 GEN3 1
1 GEN1 3 3
4 GEN4 2 2 2

Mega-environments 1 2 3 4

AMMI F denotes the full model.

Table 3. Ranking of the genotypes and the environments based on their IPC1 scores for grain yield,
protein content and fiber content.

Yield Protein Fiber

GENOTYPE Code
IPC1
Score

Code
IPC1
Score

Code
IPC1
Score

GEN3 49.60 GEN3 0.79 GEN2 0.65
GEN4 13.60 GEN4 0.57 GEN3 0.45
GEN2 −26.06 GEN1 −0.62 GEN1 0.04
GEN1 −37.13 GEN2 −0.73 GEN4 −1.14

ENVIRONMENT

ENV5 41.74 ENV7 0.72 ENV10 0.76
ENV2 28.32 ENV3 0.43 ENV7 0.51
ENV6 8.50 ENV9 0.34 ENV5 0.28
ENV1 4.81 ENV8 0.33 ENV2 0.15

ENV10 −0.33 ENV1 0.20 ENV6 −0.04
ENV3 −6.36 ENV10 −0.27 ENV8 −0.09
ENV8 −8.78 ENV5 −0.29 ENV9 −0.09
ENV9 −8.95 ENV4 −0.41 ENV4 −0.15
ENV4 −21.51 ENV2 −0.41 ENV1 −0.50
ENV7 −37.45 ENV6 −0.64 ENV3 −0.83

The first two principal components in AMMI analysis were significant (p < 0.001),
explaining 82.13% of GE (44.49% IPC1 and 37.64% IPC2) of interaction variation (Table S3).
According to the biplot of the first (IPC1) and the second (IPC2) interaction principal
components (Figure 3), GEN2 had a positive interaction with five out of ten environments
(ENV3, ENV4, ENV8, ENV9 and ENV10). Generally, all genotypes were located far from the
biplot origin and contribute to the G×E interaction for yield. AMMI analysis is widely used
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for the evaluation of maize hybrids yield in multienvironment field trials [20,24,25,41–43],
and grain yield of wheat varieties [22,36,44–46], seed yield of oilseed rape [23], nutritional
composition of sweet potato [38], yield of sugarcane [47] and yield of chickpea [48].

As for the protein content, according to the ANOVA, genotypes (G), environments
(E) and their interaction (GxE) gave statistically significant values (p < 0.001). Moreover,
the highest percentage of variation explained by ENV (66.90%) and G×E (29.32%) effects,
while G explained the rest of variation (3.79%) (Table S3). Figure 4 shows that all genotypes
had protein content percentages close to the mean value, with IPC1 values far from zero.
ENV1 was the environment that presented the best results for the protein content (8.63%)
of corn grains, while ENV9 presented the lowest one (6.54%). ENV10, ENV8 and ENV9
were the environments that presented the most stable results in terms of protein content.

According to AMMI1 model, GEN3 and GEN2 resulted in the highest narrow adap-
tations delineating two mega-environments (Table 2). The first one consisted of ENV7,
ENV3, ENV9, ENV8 and ENV1, in which GEN3 was the best adapted genotype and the
other one consisted of ENV10, ENV5, ENV4, ENV2 and ENV6, where GEN2 was the better
suited genotype.

The first two principal components in AMMI analysis were significant (p < 0.001),
explaining 83.93% of GE (48.61% IPC1 and 35.32% IPC2) of interaction variation (Table S3).
According to the biplot of the first (IPC1) and the second (IPC2) interaction principal
components (Figure 5), GEN1 had a large positive interaction with ENV4 and ENV2,
GEN2 had a large positive interaction with ENV6, while GEN4 and GEN3 had a positive
interaction with ENV8 and ENV9 and ENV3 respectively. Likewise the yield, all genotypes
are located far from the biplot origin and contribute to the G×E interaction for yield.

Figure 3. AMMI biplot presenting the second interaction principal components axis (IPC2) against the first interaction
principal components axis (IPC1) scores for grain yield (kg/ha) of 4 genotypes (red) evaluated in 10 environments (blue).
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Figure 4. AMMI biplot presenting mean protein content and the first interaction principal components axis (IPC1) of 4
genotypes (red) evaluated in 10 environments (blue).

Figure 5. AMMI biplot presenting the second interaction principal components axis (IPC2) against the first interaction
principal components axis (IPC1) scores for protein content of 4 genotypes (red) evaluated in 10 environments (blue).
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Regarding fiber content, according to the ANOVA, genotypes (G), environments (E)
and their interaction (GxE) gave statistically significant values (p < 0.001). Moreover, the
highest percentage of variation explained by ENV (56.43%) and G×E (39.15%) effects, while
G explained the rest of variation (4.42%) (Table S3). Figure 6 presents that GEN2 had the
highest value, followed by GEN1, GEN3 and GEN4. GEN1 had an IPC1 score close to
zero, indicating small interactions. ENV6 scored an IPC1 value near 0, and at the same
time had fiber content slightly higher than the mean value. ENV2 was the environment
that presented the best results for the fiber content (3.65%) of corn grains, while ENV7
presented the lowest one (2.01%).

According to AMMI1 model, GEN2 and GEN4 resulted in the highest narrow adapta-
tions defining two mega-environments (Table 2). The first one consisted of ENV10, ENV7,
ENV5, ENV2, ENV6, ENV8, ENV9 and ENV4 in which GEN2 was the genotype that
presented better results and the other one consisted of ENV1 and ENV3 that had GEN4
as the better suited genotype. The AMMI statistical model has been used to evaluate
the effects of genotypes, environments and their interaction for quality characteristics,
like iron and zinc concentrations in the grain of maize [49], protein and tryptophan in
maize [50], nutritional composition (protein, β-carotene, iron, zinc, starch and sucrose) in
sweet potato [38] and vitreousness, SDS sedimentation test, yellow pigment index, protein
content and test weight in durum wheat [46].

The first two principal components in AMMI analysis were significant (p < 0.001),
explaining 90.79% of GxE (55.20% IPC1 and 35.59% IPC2) of interaction variation (Table S3).
According to the biplot of the first (IPC1) and the second (IPC2) interaction principal
components (Figure 7), GEN2 had a large positive interaction with ENV7, GEN4 had a
large positive interaction with ENV3, while GEN3 had a positive interaction with ENV10.

Figure 6. AMMI biplot presenting mean fiber content and the first interaction principal components axis (IPC1) of
4 genotypes (red) evaluated in 10 environments (blue).
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Figure 7. AMMI biplot presenting the second interaction principal components axis (IPC2) against the first interaction
principal components axis (IPC1) scores for fiber content of 4 genotypes (red) evaluated in 10 environments (blue).

4. Conclusions

The evaluation of yield results of different genotypes, under different environmental
conditions is a complicated issue, as a lot of parameters have to be considered, in order to
lead to reliable results. In such experiments, often the AMMI analysis was used, which
provides valuable information that contributes to the understanding of the G×E interaction.
In this study, the GEN effect explained a low percentage of the variation and could not
lead to the selection of a stable genotype for all environments. However, the results of the
AMMI analysis contributed to dividing the region into mega-environments and introduce
the most suitable genotype for every environment.

Concerning the yield, based on the AMMI1 model, GEN3 and GEN1 resulted in
the highest narrow adaptations and these were the best adapted genotypes of the two
mega-environments delineated (the first consisted of ENV5, ENV2, ENV6, ENV1, ENV10
and ENV3 and the second consisted of ENV8, ENV9, ENV4 and ENV7, respectively). A
group of five environments (ENV1, ENV8, ENV6 ENV10 and ENV9) gave higher yields
than the mean value and at the same time had low IPC1 scores, which indicated that
they gave high yield with all the genotypes used. Regarding the grain quality, GEN3
and GEN2 for the protein content and GEN2 and GEN4 for the fiber content resulted in
the highest narrow adaptations delineating two mega-environments. Specifically for the
protein, the results of the analysis indicated that in order to obtain higher protein content,
certain genotypes should be used in certain environments. It is important to note that
ENV1 and ENV2 (location Giannouli for years 2019 and 2020 respectively, gave the highest
values concerning protein and fiber content. These findings could be attributed to the high
concentration rates of nutrients like Mg, Ca and the soil texture (C).

The results of this study suggest that the target to increase the quantity and quality
of grain yield of maize hybrids is a very challenging issue, due to the high G×E interac-
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tion, which can be implemented by exploiting positive GE interactions, by dividing the
environment into mega-environments.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-439
5/11/2/357/s1, Table S1. Coordinates, altitude, soil texture and cultivation information for the ten
environments. Table S2. Climatic conditions of the 10 examined environments during the cultivation
period (March-September). Table S3. AMMI analysis of variance for grain yield, protein content and
fiber content of 4 genotypes evaluated in 10 environments.
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Abstract: Natural pesticides are in the forefront of interest as ecofriendly alternatives to their
synthetic ancestors. In the present study, we evaluated the nematicidal activity of seven Greek
Lamiaceae species and discerned among principal components for activity according to GC-MS
analysis. Care was taken that all botanicals used were easily prepared without employing
elaborate procedures and toxic solvents. We established the in vitro EC50 values of the hydrosols
of Origanum vulgare L., Mentha piperita L. and Melissa officinalis L. and the water extracts of
Origanum vulgare, Thymus vulgaris L., Thymus citriodorus (Schreb), Rosmarinus officinalis (Spenn),
and Ocimum basilicum L. against Meloidogyne javanica (Treub) and Meloidogyne incognita (Kofoid & White).
Furthermore, we amended nematode-infested soil with powdered leaves and flowers of O. vulgare
to assess for efficacy. According to in vitro studies, the most active botanical preparations against
both nematode species was O. vulgare, as regards its hydrosol and water extract. Thymus citriodorus
was proved very potent against M. javanica, provoking 100% paralysis at 4 μL/mL after 96 h, but was
only nematostatic against M. incognita since the second-stage juveniles (J2s) recovered movement
48 h after immersion in test solutions. Interestingly, O. vulgare was also proved nematicidal in
pot bioassays but at test concentrations over 50 g/kg was phytotoxic for tomato plants. According
to GC-MS analysis, the principal components sustaining activity of O. vulgare are carvacrol and
thymol. The nematicidal activity of O. vulgare seems promising in the forms of essential oil leftovers
(i.e., hydrosol), self-prepared water extract that can be of consideration as α “basic substance”,
and powder for soil amendment.

Keywords: natural substances; nematicidal; root-knot nematodes; oregano; soil amendments;
basic substances

1. Introduction

Nematodes are among the most complex and numerous organisms on the planet. The name
Nematoda, or Nematelminthes, is derived from the Greek word “νήμα” (thread or threadworms).
They belong to the kingdom Animalia, phylum Nematoda [1]; and after arthropods, they form the
second most numerous group of Metazoa. They have the form of a worm, with a cylindrical, elongated
body and a circular cross-section. Their diffusion on earth is wide due to their ability to adapt easily
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due to their inner and outer morphology [2]. Nematode species that cause damage to cultivated
plant species are called plant-parasitic nematodes. Root-knot nematodes (Meloidogyne sp.) cause
considerable damage to more than 5000 plant species and use their stylets to feed on the roots of
the plants. [3]. Meloidogyne incognita, M. javanica, and M. arenaria infect Solanaceae and Malvaceae,
have broad host ranges, and are in the list of the most economically damaging root-knot nematodes [4].
On the other hand, tomato is one of the most significant crop hosts of Meloidogyne spp. and in the
presence of disease complexes with soil pathogens the subsequent damages may even lead to total
crop loss [5].

Plant nematodes are not controlled using just one method but are tackled by a combination
of methods in the context of an integrated system for management of harmful organisms [6].
Although many synthetic pesticides have been used in the past as chemical nematicides, only a
few are still authorized according to European legislation [7]. This fact creates an urgent need for
discovering less toxic and environmentally friendly substitutes for commercial use [8]. The use of
plant secondary metabolites, as well as the reutilization of culture’s debris can potentially constitute
a powerful weapon for plant protection. Efforts for a transition to an environmentally friendly crop
protection pave a new way towards pest control. The essential oils (EOs) of aromatic plants are used
in many fields because of their antimicrobial, antifungal, antioxidant, and antibacterial activities [9].
The biological activity of EOs is related to their chemical composition, which is influenced by the specific
climatic, seasonal, and geographic conditions affecting the aromatic species from which EOs derive [10].
It is accepted that the EOs exhibit efficacy against insects [11] and nematodes [12]. We have previously
shown that the EOs of the family Lamiaceae, including the species Mentha pulegium L., Origanum vulgare,
Origanum dictamnus L. and Melissa officinalis display powerful in vitro nematicidal activity [13].
In another study using material from different botanical families, a consistent suppression of M. incognita
population on tomato roots was evident after soil drench treatments with water emulsions of EOs from
Schinus molle L., Cinnamomum camphora L., Eugenia caryophillata L., Cinnamomum zeylanicum (J. Presl),
and Citrus aurantium L. [14]. Likewise, the EOs of Eucalyptus citriodora Hook, Eucalyptus globulus (),
Mentha piperita, Pelargonium asperum (L’Hér), and Ruta graveolens L. were proved to be nematicidal
against M. incognita [15], while Dysphania ambrosioides L., Filipendula ulmaria L., Ruta graveolens,
Satureja montana L. and Thymbra capitata L. EOs revealed EC50 values lower than 0.15 μL/mL against
root-knot nematodes according to Faria et al. [16]. The bioactive EOs’ principal components are the
terpenes, playing an essential protective role for the plants [17]; their significant synergistic and/or
antagonistic activities compose the overall efficacy against target organisms [18,19].

According to SANCO draft working document 10472, reduced data requirements are described
for plant protection products made from all edible parts of plants of human and animal feed.
The document refers to plant extracts made with water or ethanol from parts of plants currently
authorized as herbal drugs according to European Pharmacopoeia. This manufacturing process
(e.g., crushing, drying, and water and/or ethanol extraction) is not considered to modify the toxicity or
ecotoxicity profiles [20,21]. Moreover, the regulation 1107/2009 (EC2009) contains some facilitation for
“low-risk active substances” and for “basic substances”, that is, “nematicidal recipes” prepared by the
farmer with low risk of harmfulness for soil, water, air, plants, or animals [22]. In this frame, water
extracts prepared from O. vulgare and T. citriodorus may plausibly be developed as “low-risk plant
protection products” or “basic substances”.

The aim of this study was to examine the nematicidal effect of botanical extracts that are easily
prepared from seven Greek Lamiaceae species without employing elaborate procedures and toxic
solvents. Interestingly, we used T. citriodorus in a recent study to test for nematicidal activity against
M. incognita and M. javanica, but with a different extraction protocol [23], thus herein we evaluate
any subsequent differences in activity. Specifically we study the in vitro nematicidal activity of
the hydrosols of Origanum vulgare, Mentha piperita, and Melissa officinalis and the water extracts of
Origanum vulgare, Thymus vulgaris, Thymus citriodorus, Rosmarinus officinalis and Ocimum basilicum
against Meloidogyne javanica and Meloidogyne incognita. Furthermore, we evaluate in planta the most
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effective botanical species, i.e., O. vulgare, in the form of powdered leaves and flowers amended into
soil that has been artificially infested by nematodes and assess for efficacy. The outcomes of the study
are self-prepared water-based extracts that can be of consideration as “basic substances” or “low-risk”
active ingredients for plant protection products, as well as soil bio-amendment practices that can
plausibly be integrated into IPM schemes and/or organic farming.

2. Materials and Methods

2.1. Aromatic Materials

The aromatic materials tested for the nematicidal activity against M. javanica and M. incognita
include: (a) hydrosols obtained as aquatic leftovers after EO obtainment from Clevenger distillation of
Origanum vulgare, Mentha piperita, and Melissa officinalis from the Aitheria Company based in Velvento,
Kozani, Greece, and (b) water extracts from powdered plant parts of Origanum vulgare, Thymus vulgaris,
Thymus citriodorus, Rosmarinus officinalis, and Ocimum basilicum obtained from the Ethericon Greek
Herbs company based in Larisa, Greece.

2.2. Plant Extraction

The extraction of plant powders was performed with the Sonicator Branson 2510 ultrasound device.
Initially, 5 g of plant residue powder was weighed and placed in a beaker with 25 mL of water, forming
a ratio of 1/25 (w/v). The mixture was carefully stirred in order to ensure even distribution and placed
in the Sonicator device. Afterwards, distilled water was added to the volume needed to surpass the
surface of the solvent in the beaker, and the mixture was sonicated for 15 min. Finally, the water extract
was obtained by filtering through cotton (filtering had no effect on the recovery of the constituents
assessed by GC-MS). To proceed to GC-MS chemical analysis, water extracts and hydrosols were
subjected to subsequent extraction with two portions of petroleum ether (25 mL each). The combined
organic phases were dried (MgSO4), evaporated to dryness using N2 stream, filtered with Chromafil
syringe Nylon filter (0.22 μm, Macherey Nagel GmbH & Co. KG, Düren, Germany), and injected into
the GC-MS system.

2.3. Nematode Culture

A population of M. javanica and another of M. incognita were obtained upon a single eggmass per
species and were reared on tomato (Solanum lycopersicum L.) cv Belladonna, a variety that is particularly
sensitive to root-knot nematodes. The tomato plants used for the development of the population
of root-knot nematodes were maintained in a growth chamber at 25–28 ◦C, 60% relative humidity
and 16 h photoperiod in plastic plant pots (18 cm diameter) containing a 10:1 (v/v) mixture of peat
and pearlite. These conditions remained stable at these levels throughout the whole duration of the
experiments. Plants used for inoculations were 7 weeks old, at the five-leaf stage. After 40 days,
the plants were uprooted, and the roots were washed to remove any soil residue and cut into 2 cm
pieces. The roots were placed in a solution of 1% sodium hypochlorite, and the suspension was shaken
for 5 min. Then, it was washed in running water through nested sieves of a 250 and 38 μm cross-section,
and the eggs of the nematodes were recovered and finally transferred in Baermann modified funnels at
28 ◦C [24]. The water suspension with the nematode eggs was placed in filter paper inside a sieve
(2 mm hole size) and secured in a plastic tray with distilled water. All second-stage juveniles (J2s)
hatching in the first 3 days were discarded. After an additional 24 h, J2s were collected and used in
the experiments.

2.4. J2 Paralysis

Appropriate amounts of hydrosol and extract solutions were used in order to achieve the
concentration range for EC50 calculation. The solutions were mixed with the suspension of nematodes,
in the wells of a polystyrene plate of 96-well plates at a ratio 1:1 (v/v), and the final volume per well
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was 140 μL. Each test solution was 2 × so as to reach the expected concentration after mixing with the
nematode suspension.

Five replicates were performed on five concentration levels covering the range of 25 to 200 μL/mL
for all treatments. Regarding the best effective ones, which were the water extracts of O. vulgare and
T. citriodorus, the EC50 values were finally established using the test concentration range of 3.9, 7.8, 15.6,
31.2, and 62.5 μL/mL. Distilled water was used as control, and the nematode number per experimental
well was 15–20 J2s. The plates were covered with a lid, so as to prevent evaporation which would
differentiate final test concentrations, and intermediate wells were used to immerse J2 in water so
as to control cross-contamination between treatments due to the volatility. The plates were placed
in a chamber with stable conditions at 28 ◦C. J2 paralysis was assessed by observation in a reverse
microscope (Euromex, Holland) at 40× zoom at the timepoints of 24, 48, and 96 h after establishment of
the experiment. The J2s were classified into two categories: motile and paralyzed. Paralysis assessed
after 96 h of immersion was characterized as death if J2s never regained motility after significantly
augmenting the water volume in immersion solutions for an additional 24 h.

2.5. Soil Amendment with O. vulgare Powder for M. incognita Control and Phytotoxicity to Tomato Plants

The sandy loam soil (18% clay, 22% silt, 60% sand), with pH 6.5, 3.3% organic carbon, and 1.9 mg g−1

total N, was collected from a noncultivated field of the Benaki Phytopathological Institute. Initially,
it was sieved through a 3 mm sieve and partially air dried overnight; then, a mixture with sand at a ratio
of 2:1 was prepared to form the hereafter referred to soil. Six plastic bags represented the experimental
treatments, 1 kg of soil each receiving a nematode inoculation of 2500 J2s per kg. After appropriate
mixing and overnight incubation at room temperature, according to Ntalli et al. [23], the plastic bags
were spiked with appropriate amounts of O. vulgare powder to reach the test concentrations of 1, 5,
10, 50, and 100 g kg−1 soil. A water control was also included in the experiment. Seven-week-old
tomato plants, cv. Belladonna, were transplanted into the treated soil, separated in five different pots
containing 200 g of soil each, and the bioassay was kept in an incubator at 27 ◦C and 60% relative
humidity at a 16 h photoperiod for 40 days. Every pot received 20 mL of water every 3 days for 40 days;
afterwards, plants were uprooted and gently washed. Shoots were separated from roots and the
latter were stained with acid fuchsin, according to Byrd et al. [25], and the following parameters were
assessed: (a) M. incognita females per g of root at 10×magnification, (b) fresh stem weight, and (c) fresh
root weight. The experiment was performed twice, and the treatments were arranged in a completely
randomized design with five replicates.

2.6. Gas Chromatography–Mass Spectrometry Analyses of Water Extracts (WEs) and Hydrosols (Hs)

The GC-MS analysis was conducted on a Chromtech Evolution 3 MS/MS triple quadrupole mass
spectrometer built on an Agilent 5975 B inert XL EI/CI MSD system that was operated in full scan
data acquisition mode, within the mass range from m/z 50 to 500. Samples were injected with a
Gerstel MPS-2 autosampler using a 10 μL syringe. Component separations were performed on the
chromatographic column HP-5 ms Ultra-Inert (UI), with a length of 30 m, inner diameter (ID) of
0.25 mm, and film thickness of 0.25 μm (J&W Scientific, Folsom, CA, USA). Helium (99.9999% purity)
was used as the carrier gas at a flow rate of 1.2 mL min−1. The column oven temperature program
initiated from 45 ◦C and stayed there for 1 min before increasing at a rate of 5 ◦C min−1 to 250 ◦C,
where it stayed for 5 min. The transfer line, manifold, and source of ionization temperatures were 300,
40 and 230 ◦C, respectively. The electron multiplier voltage was set at 2000 V. The total GC analysis time
was 47 min. Identified peaks in GC-MS (triplicate analysis) were verified by matching the acquired
mass spectra with those in the commercial library of NIST 08.
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2.7. Statistical Analysis

Concerning the effect of the hydrosols and the aquatic extracts on J2 mobility, the experiments were
repeated five times for each concentration level on an experimental project of completely randomized
groups. The experiment was conducted twice.

For each paralysis test, the analysis of all data was correlated to time. The average of the two
temporal repetitions for each experiment is presented, as the correlated analysis of variability did not
show a significant interaction between the interventions and the execution time of the experiments.

For the statistical analysis and since the paralysis in the carrier did not differ from that measured
in water, the paralysis data for both experiments were expressed as percentage rates of the paralysis
values corresponding to the water control according to Schneider Orelli’s equation [26]: Paralysis
increase % = ((paralysis % during treatment − paralysis % in the water control)/(100 − paralysis % in
the water control)) × 100.

Following the immersion in hydrosol and extract solutions, a variability analysis (ANOVA) was
performed. Then the log-logistic equation of Seefeldt et al. [27] for the calculation of the values EC50

was used, according to the following equation: Y = C + (D − C)/{1 + exp[b (log(x) − log(EC50))]}
where C is the lower limit, D is the upper limit, b is the slope of line in value EC50, and EC50 is
the concentration of the hydrosol or aquatic extract required for the 50% increase of paralyzed J2s
compared with those of the water control.

In the particular regression equation, the concentration of the hydrosol or extract (μg/mL) was the
independent factor (x), and J2 immobility (percentage increase as compared to the water control) the
dependent factor (y).

Concerning the pot bioassays, the means were averaged over experiments, since ANOVAs showed
no significant treatment between runs. Statistical analysis was performed using SPSS 20 (IBM, Armonk,
NY, USA). Both ANOVA and Duncan’s test were set at p ≤ 0.05.

3. Results and Discussion

3.1. In Vitro Nematicidal Activity

Among all the seven species tested for their nematicidal activity, only O. vulgare and T. citriodorus
have nematicidal activity at the concentration range tested (3.9 to 200 μL/mL). Table 1 presents the
effect on the paralysis of J2s after their immersion for 24, 48, and 96 h in test solutions. Paralysis
reported after 96 h was irreversible in all cases. In most cases, the rate of J2 paralysis was proportionate
to the increase of concentration and time of immersion in test solutions. Instead, plant extracts of
M. piperita, M. officinalis, T. vulgaris, R. officinalis, and O. basilicum did not show activity in the test
concentration range (25 to 200 μL/mL). Thymus citriodorus water extract (WE) was the most effective
against M. javanica, and the observed paralysis for J2s immersed at 3.9 μL/mL was 100% at 96 h after
establishment of the experiment. In contrast, T. citriodorus was not found equally active on M. incognita
since paralysis obtained at 24 h was reversible 48 h after establishment of the experiment.

In the same context, previously we studied T. citriodorus WE obtained with a different extraction
protocol applying lower eluent volume 1/10 (w/v), and the EC50/48h values were calculated to be 84.19
and 61.97 μL/mL against M. incognita and M. javanica, respectively [23]. In this study, T. citriodorus
was extracted with water, using a ratio of 1/25 (w/v), and the respective EC50/48h value against
M. javanica was lower than the value previously reported; meanwhile it was found nematostatic against
M. incognita. Consequently, it appears that the solvent volume affects extraction efficiency, influencing
the equilibrium constant of the analytes’ partitioning between the two phases [28]. In this case,
the higher amount of solvent seems to yield higher extraction recoveries of the particular nematicidal
components (i.e., a more concentrated extract, not affected under these conditions by the dilution),
leading to higher activity against M. javanica.
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In fact, the WE of O. vulgare was the best effective against M. incognita, followed by T. citriodorus.
Interestingly, O. vulgare hydrosol (H) only achieved paralysis against M. javanica, but was found
inactive against M. incognita. Origanum vulgare WE achieved better paralysis of M. incognita than
T. citriodorus did. It should be noted that there was no cross-contamination between the treatments
due to volatility, as the mobility of the J2s in the peripheral wells, where J2s were immersed in water,
did not change.

Table 1. EC50 (μL/mL) values of water extracts (WE) and hydrosols (H) against M. incognita and
M. javanica, calculated after immersion of second-stage juveniles (J2s) in test solutions for 24, 48,
and 96 h. The test concentrations used for the H of O. vulgare were 25 to 200 μL/mL, while for the water
extracts of O. vulgare and T. citriodorus 3.9, 7.8, 15.6, 31.2, and 62.5 μL/mL.

H of O. vulgare on M. javanica

24 h 48 h 96 h

EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int

173.580 7.127 158.837–188.324 151.196 8.550 133.510–168.883 118.26 5.996 105.856–130.663

WE of O. vulgare on M. javanica

24 h 48 h 96 h

EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int

na 27.041 3.084 20.661–33.421 37.844 5.091 27.312–48.375

WE of O. vulgare on M. incognita

24 h 48 h 96 h

EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int

30.686 1.426 27.735–33.636 23.531 11.241 0.276–46.781 27.626 9.134 8.731–46.521

WE of T. citriodorus on M. javanica

24 h 48 h 96 h

EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int

38.057 3.736 30.329–45.781 27.914 2.557 22.582–33.246 na - -

WE of T. citriodorus on M. incognita

24 h 48 h 96 h

EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int EC50 (μL/mL) 95% Conf Int

35.974 1.066 33.769–38.180 na - - na - -

EC50 values were not calculated (na) they were outside the test concentration range.

3.2. In Planta Nematicidal Activity and Secondary Effects on Tomato Plants

When different O. vulgare powder quantities were used in the pot bioassay to assess for efficacy,
a clear dose–response relationship was established and efficacy was evident at 5 g/kg of soil (Figure 1)
both in terms of root galls and female counts. Considering stem and root weights, no statistical
differences were evident until the test concentration of 50 g/kg of soil, which was proved to be
phytotoxic for the tomato plants.
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(A) (B) 

Figure 1. Tomato stem and root weights (g), as assessed after treatment with O. vulgare powder for
M. incognita control in pot bioassays 40 days after experiment establishment (A). Root galls and female
counts per g of tomato root 40 days after experiment establishment (B). The data are means of ten
replicates with standard deviations. Means followed by the same letter are not significantly different
according to Duncan’s test (p ≤ 0.05). Within each graph, letters correspond to statistical differences
amongst same pattern bars.

3.3. Chemical Composition Analysis of Water Extracts and Hydrosols of Lamiaceae Species—Nematicidal
Activity Implication

The GC-MS chemical analysis of the petroleum ether extracts of the WE and hydrosols unveiled
several substances. More specifically, numerous constituents related to EOs of the respective species
were identified. According to the GC-MS, the principal components in respective extracts were as
follows: thymol in T. vulgaris WE (89.15%), carvacrol in O. vulgare WE (86.77%), eugenol and linalool in
O. basilicum WE (50.75 and 34.45%, respectively), carvacrol in O. vulgare H (93.00%), levomenthol in
M. piperita H (54.35%), and thymol in M. officinalis H (39.43%) (Table 2). Therefore, the predominant
detections in the most active species (Thymus spp. and O. vulgare) were carvacrol and thymol. Carvacrol
in O. vulgare WE and H displayed a profound difference in abundance from thymol.

Previously, we have demonstrated the significant individual nematicidal activity of carvacrol,
along with its synergic potency with other terpenes, against Meloidogyne sp. [13,18]. Similarly, carvacrol
has been proved to be a nematicidal component against M. incognita by others [29]. Interestingly,
although O. vulgare H was richer in terms of number of constituents compared to its WE, it exhibited
higher EC50 values—a fact that reveals the complexity of bioactivity interactions amongst plant
secondary metabolites within an extract.

In specific, based on the abundances of the key constituents of the GC-MS chromatograms
(same plant material quantity used), the H contains higher concentrations of carvacrol and thymol than
the WE; however, the WE is more potent than the H. Likewise, M. piperita H did not exhibit significant
activity, although it yielded numerous ingredients considered active on Meloidogyne sp., like pulegone
and geraniol [13,18].

Lamiaceae species’ EOs, extracts, hydrosols, and contained constituents are reported to exhibit
nematicidal activity [13,30–34]. It is worth mentioning that, in this work, emphasis was given to
the volatile and semivolatile constituents of the specific species, since many of these constituents
display nematicidal activity. Nevertheless, it is expected that some of the semipolar and polar
liquid-chromatography-amenable compounds (such as phenolic acids and flavonoids) can contribute
to the nematicidal properties exhibited in this work. Therefore, the enhanced activity of O. vulgare
WE and T. citriodorus WE might be attributed to the potential high content of phenolic acids (such as
rosmarinic acid and oleanolic acid) that exhibit nematicidal properties [32,35,36] and other phenolic
compounds, including their glycosides and hexosides.
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4. Conclusions

The Mediterranean basin constitutes a chemical arsenal owing to its wealth of self-sown, aromatic
plants which could be used for the development of “low-risk” plant protection products and “basic
substances”. As the EO manufacturing industry grows, producers are imposing plans, strategies,
and technology for waste management and reutilization. The reutilization of this waste for the
production of a new generation of nematicides constitutes an utterly successful practice not only for
plant protection but also for the environment. Our results show that the easily prepared water extracts
of T. citriodorus and O. vulgare, along with the distillation waste of O. vulgare, can be alternatives
for the control of Meloidogyne. Additionally, plant powder of these two species incorporated into
nematode-infested soil blocks infestation augmentation and can thus be an additional practice for
farmers to incorporate into an integrated nematode management frame.
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Abstract: In modern days, rapid urbanisation, climatic abnormalities, water scarcity and quality
degradation vis-à-vis the increasing demand for food to feed the growing population necessitate
a more efficient agriculture production system. In this context, farming with zeolites, hydrated
naturally occurring aluminosilicates found in sedimentary rocks, which are ubiquitous and environ-
ment friendly, has attracted attention in the recent past owing to multidisciplinary benefits accrued
from them in agricultural activities. The use of these minerals as soil ameliorants facilitates the
improvement of soil’s physical and chemical properties as well as alleviates heavy metal toxicity.
Additionally, natural and surface-modified zeolites have selectivity for major essential nutrients,
including ammonium (NH4

+), phosphate (PO4
2−), nitrate (NO3

−), potassium (K+) and sulphate
(SO4

2−), in their unique porous structure that reduces nutrient leaching. The slow-release nature
of zeolites is also beneficial to avail nutrients optimally throughout crop growth. These unique
characteristics of zeolites improve the fertilizer and water use efficiency and, subsequently, diminish
environmental pollution by reducing nitrate leaching and the emissions of nitrous oxides and am-
monia. The aforesaid characteristics significantly improve the growth, productivity and quality of
versatile crops, along with maximising resource use efficiency. This literature review highlights the
findings of previous studies as well as the prospects of zeolite application for achieving sustenance
in agriculture without negotiating the output.

Keywords: soil amelioration; resource use efficiency; water conservation; nutrient retention; heavy
metal toxicity

1. Introduction

The increasing pressure of the population leads to a higher food demand, and at least
50% more food production is required to meet the demand of people by 2050, without any
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scope of horizontal land diversification [1,2]. Therefore, intensive agricultural practices in
food and nutritional security force the use of irrational chemical inputs, water and heavy
machinery. More than two-thirds of the renewable water resources are exclusively used
by agricultural activities, resulting in uneven water sharing with the other sectors [2–4].
Furthermore, the consequences of intensive practices are the degradation of soil and water
qualities, such as depletion of soil organic carbon and inherent soil nutrient status, heavy
metal contamination and residual fertilizer and/or pesticide mixing with groundwater vis-
à-vis surface water resources, that dwindle crop productivity and ultimately the per capita
food grain availability [5]. Long-term intensive farming activities make the agricultural
land unproductive, resulting in low soil retention capacity. The most important element,
nitrogen, is widely used in agricultural systems, although its use efficiency in nitrogenous
fertilizers rarely exceeds 50% as it is mostly lost through denitrification, leaching and
volatilisation [6]. Moreover, irrational application of nitrogenous fertilizers facilitates easy
NO3

+ discharge from soil to groundwater, causing negative anthropogenic impacts on the
groundwater quality and public health hazards such as methemoglobinemia, cancer of
digestive organs, eutrophication in water bodies and production of greenhouse gases such
as nitrous oxide (N2O) through the denitrification process [7–10]. Phosphate (PO4

3+) is
another major nutrient in fertilizer, also responsible for eutrophication in water bodies [11].
Therefore, soil nutrient retention is a major concern in modern agriculture to account for
maximum nutrient use efficiency, improve the soil nutrient status and prevent groundwater
contamination [12–14]. Nutrient use efficiency and better plant growth are highly related
to soil’s physical and chemical properties. In this context, the application of soil amend-
ments, more particularly natural or organic amendments, has great importance for the
long-term reclamation of soil’s physicochemical properties [15–17]. Zeolites are naturally
occurring, alkaline-hydrated aluminosilicates with more than 50 different forms [18,19]
and a wide range of applications such as soil-binding agents and nutrient supplements for
animal and aquatic lives. Additionally, they can be used as heat storage materials and solar
refrigerators, both absorber and adsorber; ion-exchanging elements; molecular sieving
agents; and catalysing agents in various chemical reactions [20,21]. In agriculture, the
importance of zeolites has been realised to a greater extent with their varying applicability
(Figure 1) [20]. Natural zeolites are being considered as good soil ameliorating substances,
having good water and nutrient holding capacity (WHC); it improves infiltration rate,
saturated hydraulic conductivity, cation exchange capacity, and prevents water losses
from deep percolation [22–26]. Moreover, zeolites could be used as fertilizer and chelating
agent [27]. Zeolites minimize the rate of nutrient release from both organic and inorganic
fertilizers and enable better nutrient availability throughout the crop growth stages [27].
The improvement of the wide range of agronomic and horticultural crops in respect to
growth, yield and quality traits with the application of zeolites has been well reported
by various researchers [28–33]. Additionally, zeolite can effectively absorb heavy metals
such as cadmium (Cd), lead (Pb), nickel (Ni), anions like chromate (CrO4

2−) and arsenate
(AsO4

−3), and organic pollutants such as volatile organic compounds (VOCs) including
benzene, toluene, ethylbenzene, and xylene (BTEX) from soil or water body [34–36]. Ac-
knowledging all the aforesaid advantages, the applications of zeolites in the agricultural
research field have been widely gained importance since the last two decades (Figure 2),
evidenced by the chronological ascending trend of the publication rate accessed from “Sco-
pus” online database with the keywords of “zeolit”, “soil remediation”, “water retention”,
“nutrient retention”, “crop production” and “heavy metal toxicity”. Several earlier findings
reported the applicability of zeolites on soil properties along with water and nutrient
retention capacity, crop yield and heavy metal toxicity. Therefore, it is high time to give
importance to zeolites application in agricultural activities and this review article gives a
comprehensive assessment on the sources of zeolites, their structure and properties, and
wide application in agriculture with the special consideration of soil properties, resource
conservation, pest management, pollution control and crop productivity.
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Figure 1. Multidimensional Uses of Zeolites in Agriculture.

Figure 2. The Trend of Annual Publications on Zeolite Applications in Agriculture for the Last Two
Decades. Source: Scopus Preview [37].

2. Origin, Structure and Properties of Zeolites

The word zeolites refer to ’boiling stones’ because of their ability to froth when
heated to about 200 ◦C. The first time, the mineral zeolites are identified by a Swedish
mineralogist Alex Fredrik Cronstedt in 1756 [38]. However, zeolites production was started
commercially in the 1960s [38]. China contributes ~75% market share of total zeolites
production, followed by Korea (8%), the United States (3%), and Turkey (2%) [39]. In
India, the maximum zeolitic enriched soil is found in the state of Maharashtra followed by
Karnataka, Gujrat, Andhra Pradesh and West Bengal (Figure 3).
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Figure 3. Distribution of Zeolitic Soil in India. Modified from Bhattacharyya et al. [40].

Structurally, zeolite is comprised of aluminosilicate (AlO4 and SiO4) tetrahedrons, joined
into three-dimensional frameworks and seems like a honeycomb structure (Figure 4) [41]. The
cages in the porous structure of zeolite are approximately 12 Å in diameter, interlinked
through the channels of 8 Å diameter, includes 12 tetrahedrons rings [42]. Depending
on the minerals, the pores are interlinked to form long wide channels which facilitate
easy molecular movement into and out of the zeolite structure. The negative charge of
aluminum ions in the zeolite structure is balanced by positively charged cations.

Figure 4. The Tetrahedral Framework of Clinoptilolite Zeolite. Modified from IZA [43].

The general empirical formula that refers to a zeolite structure is M2nO. Al2O3. xSiO2.
yH2O. M refers to any alkali or alkaline earth cation; the valence of the cation is indicated
by n, x ranges between 2 and 10, and y ranges between 2 and 7, with structural cations
comprising Si2+, Al3+ and Fe3+, and exchangeable cations K+, Na+ and Ca2+ [44]. The
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spacious porous structure with large channels in zeolite structure makes it unique in nature
as compared to other silicate minerals [45]. Natural zeolites are loaded with aforesaid
cations with various considerable properties such as higher cation exchange capacity (CEC)
than normal soil, ranges between 100 and 200 centimol (+) kg−1 [46], free water storage
within their structural channels, and also have a great ability of ion adsorption in large
surface area. Zeolites can adsorb or exchange various cations viz. strontium (Sr) and
cesium (Cs); heavy metals like zinc (Zn), cadmium (Cd), lead (Pb), manganese (Mn), nickel
(Ni), chrome (Cr), iron (Fe), and copper (Cu) [34]; anions such as chromate (CrO4

2+) and
arsenate (AsO4

3+) [35]; and numerous organic pollutants mentioned earlier [36]. Other
useful physical and chemical properties of zeolites include high void volume (~50%), low
density (2.1–2.2 g/cm3), excellent molecular sieving properties and high cation selectivity
exclusively for ammonium, potassium, and cesium ions [40]. Physical characteristics of
some naturally occurring zeolites are summarized in Table 1. In respect to pore diameter
Zeolites have been classified by Flanigen [47], viz. (i) Small-pore (0.3–0.45 nm diameter
with 8 rings), (ii) Medium-pore (0.45–0.6 nm diameter with 10 rings), (iii) Large-pore
(0.6–0.8 nm diameter with 12 rings), and (iv) Extra-large pore zeolites (0.8–1.0 nm diameter
with 14 rings).

Table 1. Physical Characteristics of Some Naturally Occurring Zeolites.

Zeolites
Porosity

(%)

Channel
Dimensions

(Å)

Heat
Stability

Ion Exchange
Capacity

(meq g−1)

Specific
Gravity
(g cm−3)

Bulk
Density
(g cm−3)

References

Analcine Na10(Al16Si32O96)·16H2O 18 2.6 High 4.55 2.24–2.29 1.85 Sangeetha and
Baskar [42]

Chabezite(Na2Ca)6
(Al12Si24O72)·40H2O 47 3.7 × 4.2 High 3.85 2.50–2.10 1.45 IZA [43]

Clinoptilolite
(Na3K3)(Al6Si30O72)·24H2O 34 3.9 × 5.4 High 2.17 2.15–2.25 1.15 IZA [43]

Erionite (AlCaH60KNaO36Si2+3) 35 - High 3.12 2.02–2.08 1.51 Hemingway
and Robie [44]

Heulandite (Ca4)(Al8Si28O72)·24H2O 39 4.0 × 5.5 Low 2.90 2.18–2.20 1.69 Sangeetha and
Baskar [42]

Mordenite(Na8)(Al8Si40O96)·24H2O 28 2.9 × 5.7 High 4.30 2.12–2.15 1.70 Chmielewska
and Lensỳ [45]

Philipsite(NaK)5(Al5Si11O32)·20H2O 31 4.2 × 4.4 Moderate 3.32 2.15–2.20 1.58 Chmielewska
and Lensỳ [45]

Faujasite
(Na58)(Al58Si134O384)·240H2O 47 7.4 High 3.38 - - Hemingway

and Robie [44]

Laumonitte(Ca4)(Al8Si16O48)·16H2O 34 4.6 × 6.3 Low 4.25 - - Sangeetha and
Baskar [42]

Linde A(Na12)(Al12Si12O48)·27H2O 47 4.4 High 5.47 - - Sangeetha and
Baskar [42]

Linde X(Na86)(Al86Si106O384)·264H2O 50 7.4 High 4.72 - - Sangeetha and
Baskar [42]

3. Impacts of Zeolite Application in Agriculture

3.1. Improvement of Soil Physical Properties

Soil physical properties include bulk density, particle density, aeration, soil porosity,
water holding capacity in which bulk density is the basic soil property that influences the
total porosity and topsoil stability [48]. The application of zeolites in light texture soil
reduces the bulk density that modifies the water holding capacity and soil air porosity [49].
However, total porosity is not influenced significantly [49]. In a previous study, Xiubin
and Zhanbin [3] opined the natural zeolite mainly mordenite with less than 0.25 mm size
to the fine-grained calcareous loess which had low WHC. Result revealed that after 25 h
of water addition to treated and normal soils, the zeolites applied soil resulted in higher
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water content (Figure 5). They also reported that water holding capacity in zeolites treated
soil increased 0.4–1.8% in drought condition while 5–15% in normal situation as compared
to non-treated soil.

Figure 5. Soil Water Content as Influenced by Zeolitic Soil. Modified from Xiubin and Zhanbin [3].

In another study, the effect of modified Ca+2 type zeolite on sand dune soil was
determined where irrigated was given with saline water. Sand dune soil samples were
treated with the three different rates of zeolite i.e., 5 kg m−2, 1 kg m−2 and no zeolite
(control) and irrigated with seawater diluted to electrical conductivity (EC) levels of 3 and
16 deciSiemens per metre (dSm−1). Results showed that soil with 5 kg zeolites m−2

enhanced soil water as well as salt content, accounting for 20 and 1.4% higher than no
application of zeolite [16]. The concentration of cations namely Ca2+, K+, Na+, Mg2+ is
increased with the increasing soil salinity. The findings were attributed to the fact that
zeolite increases the cation exchange capacity, and subsequent cations holding on the
surface soil, and release them at the expense of salts in the saline water [22]. Thus, the low
salt accumulation in subsurface soil facilitates low salt stress on plants and creates a better
environment for plant growth. Lowering of particle size with the application of zeolites in
sandy soil might be another reason for higher water holding capacity. Higher pore volumes
in zeolites facilitate greater water holding in their structures [49]. Such structures are not
damaged by water particles during surface evaporation and/or reabsorption. Zeolites
may be considered as the permanent water reservoir. Retention of soil moisture in longer
duration, particularly during dry periods helps to mitigate drought-induced abiotic stresses
and enable plants to withstand in dry spell; zeolites also facilitate to rapid rewetting and
the lateral water spreading throughout the root zone during the time of irrigation that
reduces the timing of water application [41]. Soil amelioration with zeolites increases the
water availability to plants by 50% [42]. Application of zeolite @ 10 g kg−1 soil could
maintain maximum water percentage (8.4%) at field capacity and delay in permanent
wilting point in sandy loam soils [50]. Al–Busaidi et al. [16] reported that the existence of
fine particles and micropores in zeolites slowed down the deep percolation of soil water.
The infiltration rate is inversely proportional to zeolites application (Figure 6) indicating
the higher soil water residence and subsequent restriction in nutrient and salt leaching.
Xiubin and Zhanbin [3] observed that the mixing of zeolites with fine grain calcareous
loess soil increased the infiltration rate by 7–30% and 50% in a gentle and steep slope
respectively. Furthermore, run-off and subsequent soil erosion were reduced with the
zeolites application and the sedimentation also found to be decreased by 85% and 50% in a
gentle and steep slope respectively. Interestingly, a combination of zeolites and selenium
application check the water deficit oxidative damages in plants [51]. Colombani et al. [52]
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quantified the changes in flow and transport parameters induced by the addition of zeolites
in a silty-clay soil and reported that NH4

+ enriched zeolites enhanced the capacity of
water retention in silty-clay soil, thus diminishing the water and solute losses. Maximum
irrigation water productivity (0.81 kg m−3) under limited irrigation supply was registered
with the supplemental application of zeolites (21% ww−1) along with urea, while the
minimum water productivity (0.48 kg m−3) was observed under full irrigation supply and
exclusive urea application [53]. Bernardi et al. [54] also observed that concentrated zeolites
as a sand-soil amendment increase at least 10% of soil-water retention and 15% of available
water to plants. Zeolite increases the periods between the starting of rainfall and runoff
occurrence. Rainfall intensity with 10 mm per hr. results in the beginning of runoff within
15 min in normal soil while in zeolites (20%) treated soil runoff starts after 30 min of rainfall
occurrence [55].

Figure 6. Soil Infiltration Rate as Influenced by Different Rates of Zeolite Application. Modified from
Al-Busaidi et al. [16].

Zeolites help to improve the water-stable aggregates in soil. As per example, nano
zeolite with 30% concentration increased the mean weight diameter of water-stable ag-
gregates by 0.735 mm [56]. With the use of this property, Moritani et al. [57] reported
that the incorporation of 10% artificial zeolites in sodic soils resulted in improved wet
aggregate stability ranged between 22.4% and 59.4% depends on the soil textural classes.
Cario et al. [58] categorized the soil with average assessment ranking ‘good’ and ‘excellent’
in terms of water-stable aggregates and degree of soil aggregation in Vertisols and they
showed the application of zeolite along with chemical fertilizers or organic manure (Zeolite
@ 7.5 t h−1 + sugarcane filter cake @ 22.5 t h−1) improved the soil properties from good to
excellent. Sepaskhah and Yousefi [59] conducted an experiment to justify the effect of vari-
ous rate of calcium-potassium zeolite on the pore velocity of water in the soil they observed
higher pore water velocity (35 and 74%) with the application of 4 and 8 g zeolite kg−1 soil
respectively. Changes of soil physical properties with the Zeolite application in thin (heavy)
textured medium-thin textured, and medium coarse (light) textured soil was observed
by Gholizadeh-Sarabi and Sepaskhah [60] reported that in fine and medium texture soil,
zeolites application at the rate of 4 and 8 g kg−1 of soil at the low salinity level (0.5 and
1.5 dS m−1) and 16 g zeolites kg−1 soil at the high salinity level (3.0 and 5.0 dS m−1)
increased saturated hydraulic conductivity significantly while in coarse texture soil similar
rate of zeolites application reduced the saturated hydraulic conductivity considerably.
They also assumed that zeolites application in the heavy (clay loam) and medium-textured
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soil (loam) changed the shape and size of the soil pores and resulted in an improvement of
soil structure and the water movement in these soils. Zeolites application alleviates the
adverse effect of salinity on hydraulic conductivity and thus it would prevent waterlogging
in heavy and medium soil textures. In case of sandy soils, zeolites addition would be
appropriate to decrease the hydraulic conductivity and the transferability of water that
results in low deep percolation and loss of soil water. However, Razmi and Sepaskhah [61]
reported that the application of zeolite (8 g kg−1) in silty clay soils significantly improved
the hydraulic conductivity. They also established that the soil treated with zeolite resulted
in 50% less crack depth in dry puddled soil with pre-application of zeolites in comparison
to no zeolites application. A similar observation was also recorded after the first and second
irrigation in puddled condition (Figure 7).

Figure 7. Effect of Zeolite on Crack Depth in Puddled Transplanted Rice. Modified from Razmi and
Sepaskhah [61].

Furthermore, the sorptivity of clay-loam soil was reduced with a higher rate of zeolites
application as reported by Gholizadeh-Sarabi and Sepaskhah [60]. However, a contrasting
result was observed in the case of sandy-loam and loamy soil. Proper use of water is
the immediate need in agriculture to ensure food security with available water resources;
hence, technologies that enhance water use efficiency are being widespread. The aforesaid
discussions indicate that zeolites addition positively influence the inter-particle porosity
as well as total porosity, bulk density, hydraulic conductivity, infiltration rate, and cation
exchange capacity of soil that ultimately accelerates the soil water content. Additionally,
the open pore network channels into zeolites structure mainly play the significant roles’
in water retention. The summarization of zeolitic impacts to the wide range of soils in
Table 2 indicates that the use of zeolites as a soil ameliorant would be a welcome strategy
in agriculture.
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3.2. Nutrient Retention

Zeolites positively influence the physical, chemical, and biological properties of soil
directly or indirectly which in turns improves the nutrient dynamics as well as nutrient
retention capacity. Zeolitic minerals have high CEC which attributes to high NH4

+ sorption
selectivity as a consequence of the electrostatic attraction between positively charged
NH4

+ and negatively charged sites in zeolite structure [63,64]. The effective diffusion
coefficient was around 4–5 × 10–12 m2 s−1 for ammonium and sodium ions respectively
in clinoptilolite [65,66]. The adsorption capacity of zeolites for these ions is determined
by isotherms and kinetics and this adsorption property is used for various purposes
such as wastewater treatment, heavy metal removal. Clinoptilolite generally exhibits a
high selectivity for NH4

+ ion, having theoretical CEC of 2.16 cmol (+) kg−1 [67]. I on
adsorption efficiency of zeolites are mainly depends of the factors like mass, particle
size, initial concentration of cations of model solution, contact time, temperature and
pH [68,69]. Additionally, modification of zeolites surface with strong acids accelerates the
cation sorption capacity [70]. The modification of natural zeolites includes pretreatment by
grinding and sieving, mixing with sodium salt and finally, calcinations makes a change
in the pore size and surface area of zeolites, and thereby the ammonium ion uptake is
increased [71].Soil application of zeolites in combination with chemical fertilizers reduces
nitrogen leaching [72–74] and volatilization [75–77] slows down the mineralization process
and subsequent reduction in greenhouse gases (GHGs) emission [78], and retards the
nutrients release into soil solution [79,80]. In the incubation studies, researchers had clearly
seen the difference in the ammonia loss with chemical fertilizers and chemical fertilizers
with zeolite and reported low ammonia losses when fertilizer applied with zeolite [81,82].
Omar et al. [83] proved the significant improvement in soil exchangeable ammonium
retention by 40–50% in zeolite treated soil. The leaching reduction of NH4

+ and NO3
− from

different nitrogenous fertilizer with the application of zeolite is depicted in Table 3. The
zeourea and nano-zeourea contain 18.5% and 28% of N respectively and capable to release
N up to 34 and 48 days, respectively, while from conventional urea the N releases within 4
days after application [84]. The reason behind this may be the urease activity is significantly
reduced by zeolite application that lowers the nutrient release from fertilizer [85]. The
slow-released nature of fertilizer helps to release their nutrient contents gradually and to
coincide with the nutrient requirement of a plant [86].

Table 3. Leaching Reduction Percent of NH4
+ and NO3

− from Different Nitrogenous Fertilizer with the Application
of Zeolite.

Soil Type Zeolite Application Rate Source of N
N Dose
(kg h−1)

Leaching Reduction
References

NH4
+ NO3

−

Sand-based
putting green 10% Ammonium Sulphate 293 99% 86% Huang and Petrovic [87]

Sandy soil 0.8% Ammonium Sulphate 32 >90% – Zwingmann et al. [88]

Loamy sand 5% Ammonium Sulphate 200 † 83% – Mackown and Tucker [89]

Sandy loam 9 * Urea 270 – 36% Golamhoseini et al. [90]

Silty loam 4% Wastewater 14.2 ‡ – 54.9% Taheri-Sodejani et al. [91]

* With the unit of t ha−1; † With the unit of mg kg−1; ‡ With the unit of mg L−1.

Urea saturated zeolite chips have also been developed elsewhere. Piñón-Villarreal et al. [92]
experimented to assess the leaching loss from urea ammonium nitrate solution (UAN32)
where 443 mg total N was present per liter of solution. They observed that 82% reduction
in leaching loss happened from the pure clinoptilolite zeolite loaded column in comparison
to the column of loamy sand. In a sorption experiment, Piñón-Villarreal et al. [92] reported
more than 90% NH4

+ absorption by zeolite incorporated soil in initial several minutes.
Very small particle size with a greater surface area of zeolitic minerals accelerates the
stabilization of exchange equilibrium in only a few hours. Zeolite minerals also protect the
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conversion of NH4
+ to NO3

+ through the nitrification process. The latter is more prone to
leach out into the soil and facilitates to groundwater contaminations [59]. The small pores
in zeolite crystal lattice structure (4–5 Å) in which cations like ammonium can easily adsorb,
do not give access to the nitrifying microorganisms into the pores [93]; thus, nitrification
does not take place easily in zeolites treated soil. One of the most usefulness of zeolite is
utilized in compost making a way to convert agricultural farm waste into valuable organic
amendments. However, a significant amount of N losses take place during the time of
composting [94]. In an experiment, Ramesh and Islam [95] confirmed that the application
of 14–21% zeolite in fresh manure resulted in low ammonium loss. Zeolite also could
absorb volatile substances such as acetic acid, butanoic acid, skatole and isovaleric acid
and also could effectively control the odor released during composting [96,97].

The extent of reduction in total nitrogen and even phosphorus losses with the appli-
cation of zeolite into organic manure was successfully reported by Murnane et al. [98].
The reason behind the low N losses from manure is the high specific selectivity of zeolites
to ammonium (NH4

+) that helps in holding this ion during volatilization. Moreover, the
existences of small internal channels protect NH4

+ from rapid nitrification by microbes [99].
Interestingly, zeolites not only help to protect the N loss but also reduces P leaching;
however, it helps in reducing NO3

− leaching greater than P leaching [53,100,101]. Being
alkaline in nature and the presence of negative charges, zeolite ameliorated soil improves
soil P availability through lowering of soil acidity, soil exchangeable Al, and Fe [101–103].
These help in less P fixation by metal oxyhydroxides. Moreover, zeolites supplementation
triggers more P uptake by enhancing the exchange- induced dissolution mechanisms as
follows [102]:

RP(rock phosphate) + NH+
4 + zeolite → Ca − zeolite + NH+

4 + H2PO−
4 (1)

In this reaction, released Ca is adsorbed on the zeolite surface due to high CEC and as
a result, more rock phosphate will be dissolved with lowering Ca2+ activity in the solution.
This system releases the NH4

+ and PO4
3− ions. The addition of clinoptilolite zeolites

with a 75% recommended rate of fertilizers showed comparable total and available P with
the existing recommended dose without any zeolite application [31]. In this experiment,
the addition of clinoptilolite zeolites also helped to reduce Al as well as soil acidity that
resulted in low P fixation to soil colloid. A similar trend of observation was recorded
by Zheng et al. [104], accounted for 14.1% higher available P with the application of
zeolite relative to non-zeolite treatment. Antoniadis et al. [105] also reported an increase
in P recovery efficiency of 4.02% due to zeolite application in acidic soil as compared to
no zeolite application. The slow-release nature of zeolite in P release was observed by
Bansiwal et al. [106] resulted in the continuous phosphate release even after 1080 h of
continuous percolation from zeolite loaded modified phosphorous surface, while within
only 264 h phosphate from potassium dihydrogen phosphate (KH2PO4) was exhausted.

Rather than N and P zeolites have strong selectivity on K+ than Na+, Ca2+, and Mg2+

that makes it difficult to remove K+ from exchange sites, facilitating greater absorption of
K+ by plant root hairs through the ion exchange within root and zeolite [107]. The losses
of K+ by surface runoff and groundwater leaching can be reduced by supplementing the
zeolites as slow-release fertilizer [108]. For example, the application of zeolites in municipal
compost to investigate the K+ release pattern resulted in six times less leaching loss from
the zeolitic compost as compared to normal compost [109]. Additionally, Williams and
Nelson [110] observed that in a soil-less medium K+ saturated clinoptilolite recorded 23%
less leaching of K+ over-controlled control substrate. Moraetis et al. [109] reported that
there was 18-fold increase in bioavailable K when zeolites were added through kinetic
experiment to the soil-compost mixture, suggesting high potassium affinity in the soil-
compost-zeolite mixture. Zeolite is considered as nano-enhanced green application as it
adsorbs molecules at relatively low pressure [111,112]. Zeolite coated fertilizers have higher
potential in water absorption and retention, and this coating materials retard the nutrient
release rate from soil applied fertilizers, especially in sandy and sandy loam soil [113].
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Similar nutrient retention ability of zeolites in secondary nutrients such as S was registered
by Li and Zhang [114] who revealed that after leaching with 50 pore volumes, 85% of
the pre-loaded SO4

2+ remained on the zeolite modified S fertilizer. Moreover, the initial
SO4

2+ concentration in the leachate of S-loaded surfaced modified zeolite was found to be
lowered, in comparison with the non-zeolitic sulfur sources. In addition to clinoptilolite,
nano-zeolite based S fertilizer is also comprised of epistilbite zeolite. The findings from
an experiment conducted by Thirunavukkarasu and Subramanian [115] exhibited that
SO4

2+ was available even after 912 h of continuous percolation from S loaded modified
nano-zeolite, while SO4

2+ from (NH4)2SO4 was depleted within 384 h. The presence of a
huge number of channels, pores, and cages in the structure of the zeolite which helps in
holding the SO4

2+ tightly might be the reason behind the slow release of this secondary
nutrient from surface modified nano-zeolite [115].

The increase in micronutrient use efficiency with zeolites supplementation was also
registered in previous literatures [33,116–118]. Sheta et al. [116] reported the ability of
five natural zeolites and bentonite minerals to adsorb and release of zinc and iron as
natural zeolites have a greater affinity to these micronutrients. Iskander et al. [117] found
74.7% and 84.63% are readily extractable by DTPA (diethylene-triamine pentaacetic acid)
extractant (0.005 M DTPA + 0.01 M CaCI2 + 0.1 M triethanolamine, adjusted to pH 7.30) after
three successive extractions of Zn and Mn, respectively and rest were retained by zeolite.
Yuvaraj and Subramaniannano [119] reported that nano-zeolite adsorbed more Zn and the
adsorption rate obtained with the nano-zeolite appeared to be efficient adsorbents for Zn.
They also observed that ZnSO4 released the Zn up to 200 hours whereas micronutrients
from nano-zeolite were releasing even after 800 h (Figure 8). The better availability of
micronutrients in soil with zeolite application ultimately facilitates to greater micronutrients
contents in plants. Ozbahce et al. [33] resulted in significantly higher Zn, Mn and Cu
content in bean leaves with the maximization of zeolite application up to 90 kg ha−1

(Figure 9). From the above-mentioned discussions, it can be concluded that the zeolite
application accelerates the availability of primary, secondary and micronutrients in soils
and subsequent plant uptake (Figure 10), and its application is most significant in arid and
semi-arid regions that suffer from high water and nutrient scarcity all-time.

Figure 8. Zn Release Pattern with Time Duration as Influenced by Nano Zeolite Application. Modi-
fied from Yuvaraj and Subramaniannano [119].
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Figure 9. Micronutrient content in bean leaves with different levels of zeolite application (Z0: 0;
Z30: 30; Z60: 60; Z90: 90; Z120: 120 t ha−1); within treatments, different letters indicate significant dif-
ferences at p ≤ 0.05(otherwise statistically at par); error bars represent the least significant difference
value. Modified after Ozbahce et al. [33].

Figure 10. Effectiveness of Zeolite on Water and Nutrient Retention in Soil. Modified from
Nakhli et al. (2014).

3.3. Environmental Impact

The addition of zeolites increases the C sequestration and subsequent soil C stock
as compared to untreated soil [120,121]. According to Aminiyan et al. [56], application of
zeolite (30%) along with crop residues (5%) to wheat could maintain the highest amount of
organic carbon in light and heavy fractions. Soil organic matter even in the light fraction is
highly correlated with N mineralization and subsequent soil management practices. The
light fraction of soil organic matter (SOM) is not only sensitive to changes in management
practices but also correlates well with the rate of N mineralization. Periodical measurements
of N2O and N2 emissions in fields from the applied cow urine or potassium nitrate (KNO3)
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each at 200 kg N ha−1 with and without the addition of zeolite (clinoptilonite) showed that
zeolite significantly lowered the total N2O emissions by 11% from urine treated soils.

Specific channel size enables zeolite to act as molecular gas sieves. Wang et al. [122]
recommended the use of zeolite as an amendment to reduce GHGs emission from duck
manure as they found almost 27% of GHG emissions reduction from zeolite treated soil than
no zeolite application. Additionally, low NO3

− and PO4
2− leaching from zeolite amended

soil helps to prevent groundwater pollution as well as surface water contamination and
subsequent eutrophication [59]. They claimed that the better retention of anions in zeolite
structure might be the reason for less leaching loss. Zeolite prevents rapid mineralization by
preventing the entry of nitrifying bacteria into its structure and thus reduces the emission
of N2O [99].

3.4. Slow Release of Herbicides

Being porous in nature along with a well-ordered structure, zeolites are considered
as potential substances for storage and release of organic guest molecules. The most
hydrophobic solid form of zeolite ‘ZSM 5’ adsorbs triazine group of herbicides in the
compartmentalized intra-crystalline void space and release them slowly [123]. Furthermore,
ZSM-5 was found to be restricted to the mobility of post-emergence herbicide such as
paraquat [124,125]. Humic acid zeolites act as a sorbent of the herbicides belongs to the
phenylurea group [126]. Clinoptilolitic turf has the potential to remove atrazine from soil
and water [127,128]. Application of 2, 4–D herbicide along with zeolites results in a gradual
temporal release pattern and keeps the active ingredient of herbicide in upper 0–5 cm of soil
layer [129,130]. This slow-release nature of herbicide when used with zeolites improves the
herbicide efficiency to control the weed floras and the prolonged effect of herbicide keeps
the weed-free crop field throughout the entire crop weed competition period. Zeolite-rich
nanocapsule is used as an herbicide carrier, adsorbent and retaining agent [130]. A longer
retention period of zeolite added herbicide on weed leaves helps in maximizing the efficacy
of the herbicidal mode of action. Interestingly, the synergistic effect between zeolite-loaded
catalysts with isoproturon accelerates the visible light absorption and moreover better
adsorption of recalcitrant molecules by the porous structure of zeolites [131].

3.5. Remediation of Contaminated Soil

Heavy metals induced soil pollution is one of the major concerns in modern agriculture.
The anthropogenic activities of human, rapid industrialization and injudicious use of
fertilizers without proper precaution make the soil toxic with heavy metal contamination.
The solubility of heavy metal in soil is depending on complex chemical degradation and
numerous factors. Among them, low soil pH is one of the major determining factors. In an
acidic environment, oxides of iron, aluminum and manganese are slowly solubilized, and
the primary and secondary minerals release the heavy metal into soil [132]. Soil sorption
capacity is another determining factor for the retention of heavy metal ions. The ongoing
concern in relation to the purity of the soil and the need to restore its original properties
forced us to seek new and alternative ways of soil cleansing. Zeolite additions increase the
soil pH significantly which facilitates to the heavy metal adsorption on its surface; thus, the
solubility and bioavailability of heavy metals are ultimately reduced [133]. Chen et al. [134]
observed that the cadmium and lead accumulation in wheat is significantly reduced with
soil application of zeolite in soil. Moreover, it has been well reported that the clinoptilolite
zeolite effectively controlled the heavy metal solubility including cadmium and lead up to
72% and 81% respectively [135,136]. However, this area of research needs extensive studies
to find out heavy metal-specific appropriate dose and methods of zeolite application [85].

3.6. Wastewater Treatment

Industrial development with fast urbanization produces large quantities of wastew-
ater that contains heavy metals, oils and organics that badly affect the aqueous environ-
ment [137]. Various efficient techniques such as solvent extraction, ion exchange and
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adsorption are often used to remove those contaminants. Among them, the use of zeolites
as adsorbents is most popular due to low-cost involvement, eco-friendly and poses good
selectivity for toxic cations [138]. It also prevents the generation of new waste materi-
als [139]. Furthermore, zeolites more specifically clinoptilolite could adsorb dyes, humic
acid, phenols and phenol derivatives from the water body [140–142]. The clinoptilolite is
mostly effective against metallic cations such as Al3+, Cd2+, Cu2+, Ni2+, Pb2+, and Zn2+

from copper mine wastewater [143]. The selectivity by clinoptilolite for heavy metals
following the order: Pb2+> Cd2+> Cu2+> Co2+> Cr3+> Zn2+> Ni2+ [144]. The most ad-
vantage of clinoptilolite use in wastewater treatment is it can adsorb the heavy metals at
a wide range of temperature (25–60 °C), pH (1–4) and different agitation speed (0, 100,
200, 400 rpm) [145]. The greater surface area along with high cation exchange capacity
makes zeolite as a good adsorbent of cations [142]. The ability of heavy metals uptake by
clinoptilolite zeolite was investigated by Baker et al. 2009 and opined the high selectivity
of zeolite for the discharge of Pb2+ (98%), followed by Cr3+, Cu2+ and Cd2+ with 96%
selectivity within 90 min. Morkou et al. (2015) [146] reported that wastewater nutrients
can be recycled and used for microalgal and cyanobacterial biomass production by using
zeolite as a medium.

3.7. Crop Management Practices

Zeolites have been used in a wide range of field crops production such as rice (Oryza
sativa L.), corn (Zea mays L.), wheat (Triticum aestivum L.), potato (Solanum tuberosum L.),
soybeans (Glycine max L.), and other upland crops in all types of soil to improve their
productivity, water, and nutrient use efficiency (NUE), also maintaining the soil ecology
and environment [83,147,148]. In an experiment, Chen et al. [29] estimated the effect of
different rates of zeolite in combination with different N levels on transplanted rice and
concluded that the highest yield was achieved consistently when rice plant was treated
with a maximum dose of N (157.50 kg ha−1) along with zeolite supplementation (15 t ha−1),
accounting 14.90% higher than the exclusive application of N. They also revealed that yield
attributing characters namely effective tillers per plant, number of grains per panicle, grain
filling percentage, and 1000-grain weight were positively influenced by the higher dose of N;
however, zeolite consistently increased the number of effective tillers (Figure 11). A possible
explanation of these results is the slow-release characteristics of zeolite amendment that
makes the essential plant nutrients available throughout the crop growth within 0–30 cm
soil depth. Furthermore, the supplementary application of zeolite significantly influenced
the quality traits like protein content and tasting score of rice but did not influence the
head rice recovery and chalkiness of rice grain [29].

Figure 11. Effect of Zeolite Application on Tillering Pattern of Rice. Modified from Chen et al. [29].
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In another experiment, Zheng et al. [32] evaluated the effect of zeolite application on
rice under limited water condition and they confirmed that the zeolite treatment (15 t ha−1)
improved the LAI, transpiration rate and stomatal conductance (Figure 12). They observed
that chalky rice rate and chalkiness were decreased by 29.6% and 41.2% respectively in
zeolite treated plants as compared to the non-zeolite control. There was no significant
difference in zeolite application on the starch viscosity properties. As rice quality is thought
to be determined both genetically and environmentally, any improvements with zeolite
application may result from better nitrogen and water availability to plants. The better
crop performance and N partitioning in different parts of the rice plant with higher levels
of zeolite application were depicted by Wu et al. [149]. Kavoosi et al. [150] resulted in both
rice grain and straw yield increment with the application of zeolite at a certain level and
thereafter decreased (Figure 13).

Figure 12. Effect of zeolite application on LAI, Tr, Sc and Chalkiness of rice. Tr: Transpiration rate
(mmol m–2 s–1); Sc: Stomatal conductance (mol m–2 s–1); Z0: No Zeolite; Z15: Zeolite at 15 t ha−1.
Within treatments, different letters indicate significant differences at p ≤ 0.05(otherwise statistically
at par). Modified from Zheng et al. [32].

 
Figure 13. Effect of zeolite application on grain and straw yield of rice (Z0: 0; Z8: 8; Z16: 16;
Z24: 24 t ha−1). Within treatments, different letters indicate significant differences at p ≤ 0.05(other-
wise statistically at par). Modified from Kavoosi [150].
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According to Wu et al. [151], the zeolites amendment significantly improved the root
characteristics in terms of root length, dry weight, root diameter and volume, total root
surface area, root bleeding intensity in rice plant over no zeolite application. Developed
root traits may enhance nutrient transportation from the root to the above-ground parts and
result in higher biomass and grain yield [152]. In previous studies, researchers confirmed
that additional zeolites supply maximized the leaf area index (LAI) as well as leaf SPAD
values and photosynthetic efficiency in rice plant, which might be attributed to its better
ammonium retention capacity and slow-release nature that increase the better N availability
to plants [53,72]. In a lowland rice production system, Sepaskhah and Barzegar [153]
established the positive correlation between zeolites application and N retention in the
upper soil profile. This higher availability favours better N uptake and subsequently
higher nitrogen use efficiency (Figure 14). Zeolites induced rice cultivation resulted in
greater apparent N recovery (65%) while 40% recovery was observed in exclusive N
fertilization [150,154].

Figure 14. Nitrogen use Efficiency of Rice with Different Rates of Zeolite Application (Z0: 0; Z5: 5;
Z10: 10; Z15: 15 t ha−1). Modified from Chen et al. [29].

Zheng et al. [104] evaluated the consequence of zeolite and phosphorus applications
in rice under different irrigation regimes and resulted in 15.2% higher water use efficiency
(WUE) as well as greater leaf and stem P concentration by 20.3% and 32.7% respectively
than no-zeolite control. The better water use efficiency may be attributed to higher soil
water retention in the porous structure of zeolites and thus better water availability to
plant [3,53]. Additionally, restriction in deep percolation and leaching beyond the crop root
zone in zeolite loaded soil are major reasons for better water use efficiency [23,155].

The application of zeolite in maize cultivation was reported by Malekian et al. (2011) [156]
who opined that maize plants resulted in better response to zeolite when used as a fertilizer
carrier at the rate of 60 g kg−1 of soil. The application of clinoptilolite zeolite (CZ) with a
75% recommended dose of fertilizer resulted in significantly similar cobs yield in maize as
compared to the full recommended dose of fertilizer [31]. A similar trend of observation
was recorded regarding dry matter production and nutrient uptake, especially N and K
uptake. It is possible due to the higher cation exchange capacity and affinity of CZ to
NH4

+ and K+ ions. More specifically, reduced nitrification, prevention of leaching and
volatilization by inhibiting ureolytic activity of microorganisms in the presence of CZ
facilitate better nutrients availability [157]. Moreover, the cation selectivity of the CZ in
the order to K+> NH4

+> Na+> Ca2+> Mg2+ supports to the aforesaid observation [31,158].
Increased nitrogen-use efficiency with the application of zeolites and ensured good reten-
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tion of soil-exchangeable cations, available P and NO3
− within the soil have been found by

Rabai et al. [159] in maize cultivation. Low fertilizer requirement with zeolites application
not only gives a similar yield but also reduces the environmental pollution in respect to ni-
trous oxide emission, with maintaining the economic viability. Andronikashvilf et al. [147]
also suggested that the zeolite application facilitates a reduction in the recommended
dose of fertilizer by 25% and maintains a positive effect for 2–3 years in upland crops
production systems.

In high saline condition zeolite amendment in soil responded well in Barley crop and
it was reported that zeolite at 5% level produced taller plants; accumulated maximum
plant biomass and more grain yield over 1% and no zeolite application [16]. Similarly,
in alkaline condition soil application of zeolites for French bean (Phaseolus vulgaris L.)
cultivation maximized the nutrient accumulation in plant tissues. Additionally, better crop
performance as well as greater water use efficiency, water productivity and crop yield
were recorded from the zeolites treated plots [154]. Usually, the higher Na+ content in
alkaline and saline soils disturbs the soil nutritional balance and osmotic regulations in
plant tissues. Zeolite provides additional Ca2+ cations in the soil to reduce the Na+/Ca2+

ratio. The provision of Ca2+ from zeolite in the growing media would alleviate the toxic
Na+ ions accumulation and helps in the improvement of soil structure by aggregating the
soil particles [16].

Not only in cereals and pulses zeolites have significant importance in oilseed crops.
An additional supply of 10-ton zeolites ha−1 with recommended fertilizer significantly
increased the seed and oil yield in safflower, accounted for 2.7 and 9.38 t ha−1 respec-
tively [160]. Zahedi et al. [161] evaluated the effects of zeolite and selenium applications
on some agronomic traits of three Canola cultivars under drought stress. They opined
that stem diameter significantly decreased due to water stress, while the application of
zeolite along with selenium improved stem diameter may be attributed to better water
and nutrients availability from zeolites induced soil. They reported that 10 t zeolite ha−1

significantly improved the growth, yield attributes, and yield (Figure 15). They also ob-
served reduced N leaching along with higher water holding capacity and CEC in alkaline
soil when supplemented with 10 t zeolite as compared to normal soil. The oil yield and oil
qualities such as palmitic acid, Oleic acid, Linoleic acid, Linolenic acid and Erucic acid of
canola significantly improved with zeolite application (15 t ha−1) rather than no zeolite
use [28].

Figure 15. Effects of zeolite on some agronomic traits in canola. SD—Stem diameter (mm); NS—
Number of siliquae; LS—Length of siliqua (cm); SS—Seeds per siliqua; TW—Test weight (g); SY—
Seed yield (t ha—1). Adapted and modified from Zahedi et al. [162].
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From an experiment, the findings recorded by Ozbahce et al. [162] revealed that
application of 60 t zeolite ha−1 along with proper irrigation and nutrient management,
potato yielded (39.1 t ha−1) maximum tubers (Figure 16). They also recorded superior crop
performance even under limited water supply when treated with zeolite while non-zeolite
traditional practices sharply decreased the tuber yield. The interaction of zeolites and
irrigation regimes was found to be significant for tuber weight, tuber diameter and crude
protein percentage.

Figure 16. Effect of Zeolite Rates Eighth Different Levels of Irrigation on Tuber Yield of Potato
(Z0: 0; Z30: 30; Z60: 60; Z90: 90; Z120: 120 t ha—1) Within treatments, different letters indicate
significant differences at p ≤ 0.05(otherwise statistically at par). (Adapted and modified from
Ozbahce et al. [163]).

The effectiveness of zeolite on Peppermint (Mentha piperita L.) cultivation was reported
by Ghanbari and Ariafar [30]. They opined that zeolite treatment significantly improved
the fresh and dry leaf weight of mint and the highest value of fresh dry leaf weight was
observed in 2.5 g zeolite application per kg of soil even under—water scare situation. They
also observed that drought intensity was decreased with increasing the zeolite application.
In 30% field capacity, zeolite application maximized the leaf dry weight from 18.54 to
32.76 g and fresh leaf weight from 41.7 to 67.14 g. Interestingly, zeolite helps to keep the
essential components of mint oil such as menthol, menthone, methyl acetal, menthofuran
and palegone [163,164]. Actually, these essential components are adversely affected by
drought and salinity stress whereas, zeolites consist of alkali and alkaline materials and
crystalline alumino—silicate which act as a water reservoir in their internal surface area
during drought situation [165,166].

Numerous scientific reports were also concluded that significant positive influence on
cocoa fruiting [167], eye numbers in potato tubers [160], pod and siliqua number in pulses
and oilseeds [33,168], and overall development of soybean, sweet potato, wheat, bean and
safflower with the application of soil—applied zeolites [160–171]. The use of Clinoptilolite—
rich tuff as soil conditioner was found to be effective to improve the productivity of wheat,
eggplant, carrots, and apples by 13–15%, 19–55%, 13–38% and 63% respectively [172]. Not
only in field crops or vegetables, zeolite induced soil significantly improved the production
as well as qualitative traits of mycelium mushroom [173]. The treatment with 30% zeolite +
70% urea resulted in a positive effect on the microbiological community in spring barley,
soybean and maize [174]. Andronikashvili et al. [175] opined that the introduction of
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clinoptilolite containing tuffs into soils enhanced the soil microbial population viz. bacteria,
fungi and actinomycetes.

Another interesting dimension of zeolite application was introduced by the National
Aeronautics and Space Administration (NASA), which developed a special type of clinop-
tilolite loaded plant growth media including synthetic apatite, dolomite, and several
essential trace nutrients mainly for vegetable production (10% higher than non—zeolite
application) in space missions, known as ‘zeoponic’ [176]. Life support system for regener-
ating and recycling the air, water and food are essentially required for the long duration
Mars mission and only the growing of plants could be fulfilled this aim. The ultimate
objective of zeoponic research is to develop a solid substrate that can supply all essential
macro and micronutrients slowly for a long duration in a space habitat. In an experiment,
Gruener et al. [176] resulted in higher biomass accumulation, root and leaf development
and nutrient uptake by radish when cultivated in zeoponic as compared to normal soil.
Rodriguez—Fuentes et al. [177] reported that root architecture, plant growth and yield
of different vegetables, spices and strawberries, were significantly improved by zeoponic
substrates without further fertilization. Researchers confirmed that the native clinoptilolite
in zeoponic acts as a good source of N and K as the clinoptilolite cations are exchanged for
NH4

+ and K+ ions [102]. Additionally, apatite and dolomite dissolution supplies Ca2+ into
soil solution. This Ca2+ rich solution removes the NH4

+ and K+ ions from zeolite exchange
complex and makes them more available to plants [176]. Sometimes, nitrifying bacteria are
supplemented to zeoponic substrates prior to plant growth to augment the nitrification
process [178]. Since most zeolites are advantageous in the growth and development of
crops, however, erionite (one type of zeolite) was found to be detrimental to the proper
growth of plants [179]. Therefore, the selection of an appropriate form of zeolites should
be taken into consideration.

3.8. Used as a Pesticide

Zeolites that contain silica gel and alumina silicate crystals have been successfully
tested against some stored grain pests such as lesser grain borers (Rhyzopertha dominica),
rice weevils (Sitophilus oryzae), and saw—toothed grain beetles (Oryzaephilus surina-
mensis) [180]. Natural zeolites application at the rate of 50 g kg−1 of maize grain were
also found to be effective against maize weevil (Sitophilus zeamais) in accordance with
Haryadi et al. [181]. Clinoptilolite was successfully investigated on organic oilseed rape
fields against the pollen beetle (Meligethes sp.). Daniel et al. [182] observed that under
dry and sunny weather condition, pollen beetles were significantly reduced by 50 to 80%
with zeolite application while in rainy weather zeolite did not perform against pollen
beetles. Zeolites loaded organophosphorus compound was used with success against
the Aedes aegyptii [183]. Clinoptilolite is gaining importance as possible sorbents because
it acts as a slow—release carrier and retard water contamination [184]. Clinoptilolite
riched metalaxyl application on turfgrass against Phythium sp. resulted that the active
ingredient of fungicide was prevented from groundwater contamination by clinoptilolite
zeolite [185]. Actually, the adsorption of pesticide molecules is happened due to polar
chemical bonds with the external surface of the microporous zeolitic minerals [108]. Addi-
tionally, the dusting of natural zeolites has been successfully tested to control the aphid
population in fruit orchard [186]. Moreover, in herbicide application, pest control and
in nano—sensing for pest detection, the nano—porous zeolites have been implicated as
nano—capsules [187–189]. Stadler et al. [190] examined the insecticidal effect of nanostruc-
tured zeolites on two stored—grain insect species, S. oryzae and R. dominica, and found
80–100% mortality rate within 14 days after application to wheat grain. In this regard,
natural zeolites may provide a cheap and reliable alternative to commercial insecticides in
pest management. The insecticidal efficacy of natural zeolite on different stored grain pests
is summarized in Table 4. Additional research is needed to investigate the mode of action,
non—target toxicity, and the potential use in integrated pest control strategies.
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Table 4. Efficacy of Natural Zeolites on Stored—Product Pests.

Tested Crop Type of the NZ Affecting Insects Reference

Rice

Minazel plus

Oryzaephilus mercator Eroglu et al. [191]

Wheat
Rhyzopertha dominica

Kljajic et al. [192]Sitophilus oryzae
Tribolium castaneum

Maize
Sitophilus zeamais Haryadi et al. [181]
Sitophilus oryzae

Chickpea Lasioderma serricorne Perez et al. [193]

Oilseed (Rapeseed) Klinofeed (dust) Meligethes sp. Daniel et al. [182]

3.9. Mycotoxin Control

The use of aluminosilicates such as zeolites has emerged as a mycotoxin—binding
agent in the feed and food industry to effectively adsorb mycotoxin [194]. Clinoptilolite
has the capacity to adsorb aflatoxins by chelating of the β—dicarbonylmoiety in afla-
toxin with uncoordinated metal ions [195]. There are some well—established criteria to
evaluate the function of any binding additive, such as low inclusion rate, stability over
a wide range of pH, huge capacity, and affinity to absorb various concentrations of my-
cotoxins [194]. The supplementation of mycotoxin binders in contaminated foods has
been suggested as the most advantageous dietary approach to lower the mycotoxins effi-
cacy [196]. Hydrated sodium calcium alumino—silicates—zeolite powder (HSCAS) has
been identified as “aflatoxin—selective clay”, but it does not adsorb other mycotoxins such
as cyclopiazonic acid which may coexist with aflatoxin [197] while responses seem to be
dose—dependent [198]. Parlat et al. [199] observed that clinoptilolite could successfully
minimize the effects of aflatoxin in quail. Natural zeolites with high clinoptilolite content
(over 80%) effectively adsorbed aflatoxin B1, aflatoxin B2, and aflatoxin G2 [200]. On the
contrary, surface modified zeolites with NH4

+ showed very well adsorption of ochratoxin
A, T—2 toxin, zearalenone and aflatoxin B1 [201]. According to Adamovic et al. [202], the
application of zeolites at 2 g kg−1 of silage accelerates the fermentation and reduction of
T—2 toxin, mould and zearalenone. Zeolites application as mycotoxin binder is impressive
against aflatoxicosis, however, their effectiveness against trichothecenes, zearalenone and
ochratoxin is restricted. At the same time, these compounds show high inclusion rates for
vitamins and minerals, which are considered as one of the major disadvantages [203].

4. Limitation of Zeolites

Rather than the huge applicability of zeolites in agriculture, it should be considered
that the zeolites are not without disadvantages. The fine—grained synthetic zeolites are
highly dispersive in nature which creates worrisome problems during their use. After
mining the usable form of natural zeolites is obtained via isolation procedures like crushing
and pellet generation while the application of the synthetic form of zeolites are limited
into hard, wear—resistant granular forms. The practical use of granular zeolites is not yet
discovered [204]. The distribution of the zeolites sources is very limited such asthezeolitic
soil is confined to only 1% of the total geographic area of India and more than 50% of
natural zeolites are produced in China among all over the world [40] that may increase the
price and the gap between demand and supply. Therefore, the uninterrupted availability
of zeolites for farming purposes in worldwide is another major constraint.

5. Future Scope

The significant application of zeolites in agricultural activities has been well estab-
lished by various researchers. However, systematic and comprehensive efforts are further
needed for future research, including (a) precision mapping of the available zeolite de-
posits in each country, (b) determination of the physical stability of zeolites in various
agro-climatic conditions, (c) economically viable organo-zeolitic manure or fertilizer devel-
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opment, (d) evaluation of the risk of leaching of a toxic surfactant that is loosely attached
to the zeolite surface, (e) assessment of the long-term impact of zeolite application on rhi-
zospheric microflora and fauna, (f) understanding of the mechanisms of zeolite-mediated
heavy metal stabilisation in contaminated soil and (h) development of zeolite-rich herbi-
cides to minimise the residual risk hazard.

6. Conclusions

In the situation of rapid urbanisation and over-increasing population where resources
are limited, there is no choice for us but to depend on agricultural productivity. In this
context, various researchers suggest that farming with zeolites may be an option to im-
prove soil’s physical environments in terms of decreasing bulk density, increasing total
porosity and increasing water-holding capacity. Furthermore, the existence of open net-
works in the zeolite structure leads to the formation of new routes for water movement,
subsequently improving the infiltration rate and saturated hydraulic conductivity. Zeolites
also show a strong affinity to various essential nutrient ions by modifying their surface
chemistries using cationic surfactants, multifunctional adsorbents that have the capacity
to trap anions and non-polar organics. Thus, the application of zeolite-loaded fertilizer
improves the nutrient retention in soil and releases nutrients slowly throughout the crop
life; otherwise, rapid mineralisation would take place, leading to nutrient loss. Zeolites
are very much effective in remediation of heavy metal toxicity and wastewater treatment,
and they could help to improve soil’s biological properties. Zeolite application in space
missions as zeoponic substrates opens a new dimension of zeolites. The aforesaid posi-
tive impacts ultimately enhance crop growth, productivity and even quality attributes of
various agronomic and horticultural crops. The higher input use efficiency significantly
reduces greenhouse gas emissions and energy involvement and facilitates better carbon
sequestration. However, the impact of zeolite application varies with the agro-climatic
location, the nature of zeolites, their availability and application strategies, and soil textural
classes. Further studies are needed to identify zeolite resources and the long-term impact
on the soil environment and to develop new, cost-effective zeolite-based nutrient resources
for sound agricultural practices.
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Abstract: Inappropriate drainage and agricultural development on tropical peatland may lead to an
increase in methane (CH4) emission, thus expediting the rate of global warming and climate change.
It was hypothesized that water table fluctuation affects CH4 emission in pineapple cultivation on
tropical peat soils. The objectives of this study were to: (i) quantify CH4 emission from a tropical
peat soil cultivated with pineapple and (ii) determine the effects of water table depth on CH4

emission from a peat soil under simulated water table fluctuation. Soil CH4 emissions from an
open field pineapple cultivation system and field lysimeters were determined using the closed
chamber method. High-density polyethylene field lysimeters were set up to simulate the natural
condition of cultivated drained peat soils under different water table fluctuations. The soil CH4

flux was measured at five time intervals to obtain a 24 h CH4 emission in the dry and wet seasons
during low- and high-water tables. Soil CH4 emissions from open field pineapple cultivation were
significantly lower compared with field lysimeters under simulated water table fluctuation. Soil
CH4 emissions throughout the dry and wet seasons irrespective of water table fluctuation were not
affected by soil temperature but emissions were influenced by the balance between methanogenic and
methanotrophic microorganisms controlling CH4 production and consumption, CH4 transportation
through molecular diffusion via peat pore spaces, and non-microbial CH4 production in peat soils.
Findings from the study suggest that water table fluctuation at the soil–water interface relatively
controls the soil CH4 emission from lysimeters under simulated low- and high-water table fluctuation.
The findings of this study provide an understanding of the effects of water table fluctuation on CH4

emission in a tropical peatland cultivated with pineapple.

Keywords: drained peat; greenhouse gas; global warming; organic soil; pineapple; water table
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1. Introduction

Drained peatlands worldwide emit approximately 2 Gt of carbon dioxide (CO2)
through microbial peat oxidation or peat fires representing 5% of all anthropogenic green-
house gas (GHG) emissions [1]. Carbon dioxide emitted from peatlands has been implicated
in the ongoing global warming debate [2]. Unlike CO2, which is cycled and released into
the atmosphere, methane (CH4) is emitted mostly from agricultural activities [3]. Methane
contributes to significant anthropogenic GHG and the concentration of CH4 is on the
increase [4,5]. The pathways of CH4 emissions are through aerobic and anaerobic microbial
respiration, root respiration, peat oxidation, nitrification, and denitrification although
the determinant factors which affect CH4 emissions are land-use type [6], peat type [7],
photosynthetic activities [8], and water table fluctuation [9]. Carbon (C) is transformed
and stored in different pools within the C cycle through, for example, burning of fossil
fuels or decomposition of soil organic matter in the form of C gases into the atmosphere,
whereas photosynthesis locks atmospheric C in plant tissues and deposition of organic-rich
sediments on the ocean floor locks C in geologic rocks and sediments.

The increasing interest in reducing CH4 emissions to meet global temperature targets
is because of the short atmospheric life span of CH4 which is approximately 10 years,
but CH4 has relatively high global warming potential [10]. Current and future regional
and global CH4 budgets and mitigation strategies require better quantitative and process-
based understanding of CH4 sources, pathways, and removals under climate and land-use
change [11]. According to Leifeld [12], peatland rewetting is a cost-effective measure to
curb GHG emissions, however, increasing water table depth increases CH4 emissions [13].
Lowering peatland water tables increases peat decomposition rates because of enhanced
microbial degradation of organic matter [14]. It must be stressed that the understand-
ing of soil C flux based on studies conducted in boreal and temperate peats is not fully
applicable to tropical peatland because of differences in environmental factors, peat soil
properties, peat temperature, peatland-use practices, vegetation composition and structure,
and microbial diversity and population.

Tropical peatlands are commonly developed for agriculture. Huang et al. [15] reported
that agricultural productivity in low latitudes (tropical and semi-tropical) are likely to
decline due to climate change which affects world food security and farm incomes because
most developing countries, including Malaysia, are located in lower latitude regions.
Falling farm incomes will increase poverty and reduce households’ ability to invest for
a better future [16]. According to Melling et al. [17], peat soil reclamation for agriculture
involves drainage which is characterized by lowering water table and soil compaction
to aerate crop root zones. Drainage of tropical peatland may cause loss of soil C reserve.
Drainage via lowering of water table could change peatlands from being a C sink to a C
source because drainage reverses the C flux into net CO2 emissions [18]. The decomposition
of organic materials and microbial activities releases CO2, CH4, organic acids, and organic
particulates. The rate of C loss is related to the increased intensity of dry and wet periods.
The resultant extreme water table fluctuation could affect the amount and nature of aerobic
and anaerobic peat material, which subsequently affect the decomposition of peat material,
microbial activity, and the crop growth. A study had revealed that the CH4 emissions
from drained tropical peatland for pineapple (Ananas comosus (L.) Merr.) cultivation
was lower than those emitted from bare peatland and bare peatland fumigated with
chloroform [19]. In this study, our approach is to estimate CH4 emissions from tropical
peatland cultivated with pineapple under fluctuating water table. Pineapple could absorb
CO2 for photosynthesis to produce carbohydrates in plant tissues. The emissions of CH4
could be reduced through maintaining ground water level because the ground water
level below the surface alters the CH4 dynamic by weakening the potential for CH4
production and increasing the potential for CH4 oxidation in the upper peat layers [17,20].
Considering the potential importance of tropical peatlands in the global CH4 budgets [21],
it is essential to understand the effects of water table fluctuation on CH4 emissions from
tropical peatlands cultivated with, for example, pineapples.
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There is lack of standard procedures to measure CH4 emissions in tropical peatlands
as reported by Ahmed and Liza [19]. Couwenberg [18] and Burrows et al. [22] suggested
that GHG emissions should be measured on the soil surface using a closed chamber
method [23,24]. Greenhouse gas monitoring which is conducted using the closed chamber
method is limited in space (few cm2) and time (few minutes). To date, there is limited
information on CH4 emissions from peatlands which are cultivated with pineapples that
are relatively tolerant to peatlands’ acidity. According to a study conducted by Raziah and
Alam [25], the contribution of pineapples cultivated on tropical peatlands to CH4 emissions
is important because 90% of pineapples are grown on peatlands of Malaysia. In this study,
it was hypothesized that peatland water table fluctuation will affect the emission of CH4 in
pineapple cultivation on tropical peatlands. This assumption is premised on the fact that
peatland water table fluctuation could minimize the CH4 emissions through suppression
of the anaerobic decomposition of organic matter (reduction of CO2 by H2) after which it
is affected by the balance of CH4 production and oxidation. Also, regulating water table
level could control the peatland water temperature because increasing soil temperature
leads to an increase in CH4 emission.

The research questions that were addressed in this study were: (i) does water table
depth affect CH4 emission from tropical peatlands cultivated with pineapples? and (ii) what
is the amount of CH4 emitted from tropical peatland which are cultivated with pineapple
in relation to simulated water table fluctuation? The quantification of CH4 emission
was carried out in the dry season (July and August 2015) and wet season (September
and December 2015) to take into account the effects of temperature. Warm peatlands
transformed soil organic C from a C sink to a C source [26] with well-drained soils releasing
CO2 to the atmosphere [27]. However, the decomposition of organic matter and peatland
temperature in relation to water table fluctuation and CH4 emission from a tropical peatland
cultivated with pineapples have scarcely been explored. Thus, this study was carried out
to: (i) determine the effects of water table depth and CH4 loss from a tropical peatland
cultivated with pineapples; (ii) quantify CH4 loss in a tropical peatland under simulated
water table fluctuation; and (iii) determine the effects of water table fluctuation on soil
temperature during CH4 emission.

The implication of regulating water table level as an approach to minimizing CH4
emission from a tropical peat soil cultivated with pineapples is an attempt to hinder CH4
emission or consumption. It is well known that the pathways of CH4 emission are diffusion,
ebullition, and plant-mediated transport. This study focuses on the loss of CH4 from a
tropical peatland cultivated with pineapples because different vegetation growing on
the same peatland results in differences in CH4 emission or consumption. According to
Hu et al. [28], under forest vegetation, soil served as a net sink of CH4, whereas maize
field (Zea mays L.) was essentially CH4 neutral, and a paddy field was a net source of CH4
diffused to the atmosphere. The findings suggested that the water table fluctuation has
significant effects on CH4 emission apart from the different crop-mediated transport. Most
of the crop mediated transport are focused on the aerenchyma and not on the crassulacean
acid metabolism plants such as pineapple. Aerenchyma is a type of plant that has porous
root tissue, particularly well developed in wetland plants, which enables diffusive flux of
gases from above-ground tissues to root tips [29]. Owing to this, most of the CH4 emission
studies on drained peatlands are limited to rice, soybean, and sago [23,30] with little
exploration focus on the pineapple [19]. Our approach was not only limited to determining
the effects of water table fluctuation on CH4 emitted from a tropical peatland cultivated
with pineapples, but it was also focused on the measurements of soil CH4 emission. This
study also provides information on the mechanism of CH4 emission from different water
table depth and the amount of CH4 emission from dry and wet seasons. This study
partly shows that appropriately reclaimed land use on tropical peatlands favours low CH4
emission, and benefits pineapple planters, economy, society, and the environment.
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2. Materials and Methods

2.1. Site Description for Soil Methane Emission from Field Cultivated with Pineapples

The study was carried out to quantify C losses in the form of CO2 (data on CO2
emissions have been published in 2017) and CH4 in a tropical peatland subjected to water
table fluctuation. The study was carried out under field conditions and simulated lysimeter
at the Malaysian Agricultural Research and Development Institute (MARDI), Sesang,
Saratok, Sarawak, Malaysia (Figure 1). The study area of 387 hectares (ha) was located on
the logged-over forest with a flat topography of 5 to 6 m above the mean sea level. Based
on the Von Post scale of H7 to H9 [31], the peatland is classified as well decomposed dark
brown to dark coloured sapric peat with a strong smell and the thickness of 0.5 to 3.0 m.
The average temperature of the area ranges from 22.1 to 31.7 ◦C while the relative humidity
of the area ranges from 61% to 98% humidity with annual mean rainfall of 3749 mm. From
November to January (wet season), the monthly rainfall is greater than 400 mm, whereas
the mean rainfall during the dry season particularly in July is 189 mm [19]. The area of the
peatland cultivated with Moris pineapple was 0.21 hectares (Figure 2). The Moris pineapple
were planted in two rows with a planting distance of 30 cm × 60 cm × 90 cm, and the
pineapples were managed according to the standard agronomic practices for pineapple
management on tropical peat soils. Soil CH4 flux measurements were carried out using the
closed chamber method [32] on a 10 m × 10 m plot with five replications. The study was
carried in the dry (July and August 2015) and wet (September and December 2015) seasons.

 

Figure 1. Location of study site in Sesang, Saratok, Sarawak, Malaysia.
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Figure 2. Study site of peatland cultivated with Ananas comosus.

2.2. Establishment of Lysimeters for Methane Estimation under Simulated Water Table Fluctuation

Ten cylindrical field lysimeters made from high-density polyethylene (HDPE), 0.56 m
in diameter and 0.97 m in height, were set up to simulate the natural condition of drained
tropical peats (Figure 3). The size of the lysimeters used in this study was designed
to ensure satisfactory growth and development of the pineapple. The lysimeters were
equipped with a water spillage opening which was attached to clear tubes mounted on
the outside of the vessel to regulate and monitor water level. Each lysimeter was filled
with peat soil up to 0.90 m depth (Figure 3). Water loss from the soil was replenished by
showering each lysimeter with rainwater. The amounts of the rainwater added were based
on the volume of the fabricated lysimeter and the mean annual rainfall at Saratok, Sarawak,
Malaysia. The lysimeters with the peat soil were left in the open field for five months
(January to June 2015) to equilibrate. During the modification of the lysimeter, clear tubing
and water spillage openings were attached to one side of the lysimeter to regulate and
monitor the water level. Before the lysimeter was filled with peat soil, a polyvinyl chloride
(PVC) pipe was installed vertically onto the soil to enable the bailer to reach the bottom
of the lysimeter (Figure 3). The water table in the lysimeter was controlled by draining
excess water through the water spillage opening or watering the peat soil with rainwater
to the desired water table depth to simulate the effects of drainage and rainfall. During
rainy days, the lysimeter was covered with a plastic cover to maintain a consistent water
level. The depth of the water table in the lysimeter was controlled at 0 m and 0.9 m from
the soil surface to represent the driest (low water table) and wettest (high water table)
months, respectively.
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Figure 3. Fabricated field lysimeter made from high density polyethylene.

2.3. Estimation of Soil Methane Emission during Water Table Fluctuation

Soil CH4 emissions from the field and lysimeters were measured using the closed
chamber method [32]. The CH4 emissions from peatland were quantified using gas chro-
matography (Agilent 7890A) equipped with a thermal conductivity detector (TCD). The
chambers were placed vertically on the soil surface between pineapple plants. The CH4
emissions measurements were carried out on the daily basis of dry and wet months, before
total draining of the plot, at 2–4 h intervals over 2–3 days duration to reflect the total of CH4
losses through the soil surface. The size of the closed chamber was 20 cm × 20 cm × 20 cm
and made up of acrylic (Figure 4). The top of the chamber was fitted with two sampling
ports plugged with a rubber septum for gas sampling and thermometer installation, re-
spectively (Figure 4). A battery-operated fan was also attached to the chamber to allow
equilibrium gas pressure in and outside the closed chamber (Figure 4). The chamber was
covered with a reflective aluminium foil to minimize the effect of temperature differences
within and outside the chamber. The headspace samples of 20 mL were extracted from
the chamber at 1, 2, 3, 4, 5 and 6 min using a polypropylene syringe equipped with a
three-way stopcock. The extracted CH4 gas was transferred to a 10 mL vacuum vial bottle
by a double-ended hypodermic needle to be quantified using gas chromatography (Agilent
7890A, Agilent Technologies Inc., Wilmington, DE, USA) equipped with a flame ionization
detector (FID). The values obtained were averaged and converted into units of t ha−1yr−1.

The CH4 flux was calculated from the increase in the chamber concentration over time
using the chamber volume and soil area covered, using the following equation:

Flux = [d(CH4)/dt] × PV/ART

where d(CH4)/(dt) is the evolution rate of CH4 within the chamber headspace at a given
time after putting the chamber into the soil, P is the atmospheric pressure, V is the volume
headspace gas within the chamber, A is the area of the soil closed by the chamber, R is the
gas constant, and T is the air temperature [24,32].

The CH4 flux was measured in the early morning I (06:00 to 06:35), afternoon (12:00 to
12:35), evening (18:00 to 18:35), midnight (00:00 to 00:35) and early morning II (06:00 a.m.
to 06:35 a.m.) to obtain a 24 h of CH4 emissions. The 24 h measurement was carried out to
meet the gas flux measurement requirement based on the procedure described by Ahmed
and Liza [19]. The flux measurements were carried out in July and August 2015 for the
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dry season and in September and December 2015 to represent the concentrations of CH4
emitted in the wet season. Soil temperature at 6 cm depth were measured at the same
time of the CH4 flux measurement using a digital thermometer. Rainfall distribution data
was collected from a portable weather station (WatchDog 2900ET, Spectrum Technologies
Inc., Plainfield, IL, USA) installed at the experimental site. Although CH4 fluxes were
only monitored for two cycles for each weather season and results obtained might not be
conclusive enough to confirm the findings on the effect of water table fluctuation on CH4
emission, it must be emphasized that time allocated for soil CH4 emission determination
per sample was the limitation of this present study. This is because increasing the number
of gas flux monitoring cycles are costly and time consuming. For example, a minimum
retention time of 6 min is required for a gas sample analysed using gas chromatography,
and the total samples for each CH4 flux monitoring cycle were 450 per month.

Figure 4. A closed chamber system to estimate soil methane emission from tropical peatland.

2.4. Statistical Analysis

Fluctuation of water table in relation to CH4 emission was tested using analysis of
variance (ANOVA) and means of the water table fluctuations in triplicates were compared
using Duncan’s new multiple range test (DNMRT) at p ≤ 0.05. The relationships between CH4
flux and soil temperature were analyzed using Pearson correlation analysis. The statistical
software used for this analysis was the Statistical Analysis System (SAS) Version 9.3.

3. Results

3.1. Soil Methane Emissions from Peat Soils Grown with Pineapple under Open Field Cultivation
System in the Dry and Wet Seasons

Soil CH4 emissions from tropical peat soils cultivated with pineapples in the dry and
wet seasons are presented in Figures 5 and 6, respectively. During the dry season (July and
August 2015), the soil CH4 emission showed no specific trend with the time of sampling
but CH4 emissions were higher at midnight (Figure 5). In July 2015, the CH4 emissions was
generally similar, whereas soil CH4 emissions were lower in the early morning I, afternoon,
evening, and early morning II than at midnight in August 2015. Compared with the wet
season, soil CH4 emissions were lower in the afternoon and at midnight during the gas
flux monitoring in September and December 2015, respectively (Figure 6).

Averaged soil CH4 emissions over 24 h from a drained peat soil cultivated with
pineapples throughout the dry (July and August 2015) and wet (September and December
2015) seasons are presented in Figure 7. Soil CH4 emissions were higher in September
2015 but emissions were lower in July, August and December 2015. However, soil CH4
emissions in July, August and December 2015 were similar.
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Figure 5. Soil CH4 emissions (at different times of the day) from a tropical peatland cultivated with pineapples in the dry
season (July and August 2015). Error bars represent standard error and soil mean fluxes with different letters and noted by
prime are significantly different using Duncan’s new multiple range test (DNMRT) at p ≤ 0.05.

Figure 6. Soil CH4 emissions (at different times of the day) from a tropical peatland cultivated
with pineapples in the wet season (September and December 2015). Error bars represent standard
error and soil mean fluxes with different letters and noted by prime are significantly different using
DNMRT at p ≤ 0.05.
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Figure 7. Averaged soil CH4 emissions over 24 h from a tropical peat soils cultivated with pineapple throughout the dry
(July and August 2015) and wet (September and December 2015) seasons. Error bars represent standard error and soil mean
fluxes with different letters are significantly different using DNMRT at p ≤ 0.05.

Throughout the CH4 flux monitoring, soil temperature was statistically similar during
the dry and wet seasons irrespective of sampling time (Table 1). Also, there was no
significant correlation between CH4 emission and soil temperature (Table 1).

Table 1. Relationship between soil CH4 emission and soil temperature from a peat soil cultivated with pineapples throughout
the dry and wet seasons in 2015.

Variable

Soil Temperature (◦C)

Dry Season Wet Season

July 2015 August 2015 September 2015 December 2015

Early morning I (6:00 a.m. to 6:35 a.m.) 30.7 a 28.3 a 29.0 a 31.0 a

Afternoon (12:00 p.m. to 12:35 p.m.) 25.3 a 27.0 a 25.7 a 25.0 a

Evening (6:00 p.m. to 6:35 p.m.) 28.3 a 29.3 a 29.3 a 29.3 a

Midnight (12:00 a.m. to 12:35 a.m.) 25.3 a 28.3 a 28.3 a 27.0 a

Early morning II (6:00 a.m. to 6:35 a.m.) 26.7 a 28.5 a 28.5 a 26.7 a

Soil CH4 emission r = −0.1191
p = 0.6725

r = 0.2209
p = 0.4286

r = −0.1386
p = 0.6224

r = −0.0529
p = 0.8513

Mean values with same letters within the same column are not significantly difference between means using DNMRT at p ≤ 0.05. Top
value indicates Pearson’s correlation coefficient (r), whereas the bottom values indicate probability level at 0.05 (n = 600).

3.2. Soil Methane Emissions from Peat Soils Cultivated with Pineapples in Lysimeters under
Simulated Water Table Fluctuation in the Dry and Wet Seasons

Soil CH4 emission varied with time of sampling throughout the wet and dry seasons
under low and high water table fluctuations (Figure 8a,b). At low water table during the dry
season (Figure 8a), soil CH4 emissions decreased from early morning I to early morning II
in July 2015, whereas CH4 emissions were higher in the afternoon but lower at midnight
in August 2015. However, at low water table during the wet season (Figure 8a), soil CH4
emissions were higher in the evening but lower in the early morning II in September 2015,
whereas in December 2015, CH4 emission decreased from early morning I to evening,
followed by an increase at midnight, after which the CH4 emission decreased until early
morning II. Compared with lysimeters subjected to a high water table (Figure 8b), soil CH4
emissions in the dry season were higher at midnight and early morning II in July and
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August, respectively. However, at high water table during the wet season (Figure 8b), soil
CH4 emission was higher at noon in September 2015, whereas CH4 emissions decreased
from early morning I to evening, after which the CH4 emission increased until early
morning II.

(a) 

(b) 

Figure 8. Soil CH4 emissions (at different times of the day) from a peat soil grown with pineapples
in lysimeters under simulated water table fluctuation (a) low water table and (b) high water table
throughout the dry (July and August 2015) and wet (September and December 2015) seasons. Error
bars represent standard error and soil mean fluxes with different letters and noted by prime, asterisk,
and double prime are significantly different using DNMRT at p ≤ 0.05.

Averaged soil CH4 emissions over 24 h under different water table depth varied in the
dry and wet seasons (Figure 9). At low water table (0.9 m from the soil surface), averaged
soil CH4 emissions were higher in the wet season (December 2015) but lower throughout
the monitoring period in July, August and September 2015. Conversely, at high water table
(0 m from the soil surface), averaged soil CH4 emissions were higher in the dry season
(July 2015) but emissions were lower in August and September 2015. However, throughout
the dry and wet seasons, averaged soil CH4 emissions were significantly higher under the
low water table compared with that of the high water table (Figure 10).
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Figure 9. Averaged soil CH4 emissions over 24 h from a peat soil cultivated with pineapples in
lysimeters under low and high water tables throughout the dry (July and August 2015) and wet
(September and December 2015) seasons. Error bars represent standard error and soil mean fluxes
with different letters and noted by prime are significantly different using DNMRT at p ≤ 0.05.

Figure 10. Averaged soil CH4 emissions over 24 h from a peat soil grown with pineapple in lysimeters
under low and high water table. Error bars represent standard error and soil mean fluxes with
different letters are significantly different using DNMRT at p ≤ 0.05.

Throughout the dry and wet seasons, soil temperature was statistically similar irre-
spective of water table and sampling time (Table 2). Moreover, there was no significant
correlation between soil temperature and CH4 emission (Table 2). This observation is con-
sistent with the results obtained from the soil CH4 measurement from open field pineapple
cultivation (Table 1).

Compared with the peat soils grown with pineapple under open field cultivation
system, averaged soil CH4 emissions from pineapples in lysimeters subjected to water
table fluctuation were significantly higher throughout the dry and wet seasons in 2015
(Figure 11).
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Table 2. Relationship between soil CH4 emission and soil temperature from lysimeters cultivated with pineapples under
simulated water table fluctuation throughout the dry and wet seasons in 2015.

Variable

Soil Temperature (◦C)

Dry Season Wet Season

July 2015 August 2015 September 2015 December 2015

Low Water
Table

High Water
Table

Low Water
Table

High Water
Table

Low Water
Table

High Water
Table

Low Water
Table

High Water
Table

Early morning I (6:00 a.m. to
6:35 a.m.) 32.7 a 32.3 a,b 27.5 a,b 28.3 a 28.3 a 27.7 a 29.2 a 30.3 a

Afternoon (12:00 p.m. to
12:35 p.m.) 24.3 a 25.0 a 27.2 b 29.0 a 29.0 a 28.7 a 27.8 a 28.0 a

Evening (6:00 p.m. to 6:35 p.m.) 32.7 a 36.0 a 29.3 a,b 29.3 a 28.3 a 30.0 a 26.3 a 30.7 a

Midnight (12:00 a.m. to
12:35 a.m.) 28.0 a 24.7 b 28.3 a,b 28.2 a 29.3 a 28.7 a 29.7 a 28.7 a

Early morning II (6:00 a.m. to
6:35 a.m.) 32.0 a 28.3 a,b 29.7 a 27.7 a 28.2 a 28.0 a 27.0 a 30.0 a

Soil CH4 emission r = 0.2904
p = 0.2938

r = −0.0609
p = 0.8292

r = 0.4051
p = 0.1342

r = −0.0299
p = 0.9156

r = −0.0183
p = 0.9484

r = −0.0014
p = 0.9959

r = −0.1583
p = 0.5731

r = −0.4843
p = 0.0674

Mean values with same letters within the same column are not significantly difference between means using DNMRT at p ≤ 0.05. Top
value indicates Pearson’s correlation coefficient (r), whereas the bottom values indicate probability level at 0.05 (n = 1200).

Figure 11. Averaged soil CH4 emissions from peat soils grown with pineapples under open field
cultivation system and lysimeters subjected to water table fluctuation in the dry and wet seasons.
Error bars represent standard error and soil mean fluxes with different letters and noted by prime are
significantly different using DNMRT at p ≤ 0.05.

4. Discussion

4.1. Soil Methane Emissions from Peat Soils Grown with Pineapple under Open Field Cultivation
System in the Dry and Wet Seasons

Differences in soil CH4 emission across time (early morning, afternoon, evening and
midnight) from pineapple cultivated peat soils could be attributed to the microbial structure
in the peat soil that controls the balance between CH4 production and CO2 conversion
and vice versa by methanogenic bacteria and methanotrophs under anaerobic and aerobic
conditions [33], respectively, throughout the dry and wet seasons. Peat soils become net
source of CH4 when CH4 production by methanogenic bacteria surpasses consumption by
methanotrophic bacteria [34]. Moreover, soil CH4 fluxes are regulated by oxygen supply
and availability of labile carbon, where methanogenesis is predominant under anaerobic
conditions. Also, soil CH4 emissions might have been affected by the transportation of CH4
by molecular diffusion through the aerobic layer of the peat soils, and through ebullition in
the form of bubbles at the peat water table interface [35–37].

Although the averaged soil CH4 emissions were not affected by the flux monitoring
period throughout the dry (July and August 2015) and wet (December 2015) seasons, the
higher CH4 emission particularly in September 2015 during the wet season was because of
the higher rainfall received at the experimental site amounting to 72 mm compared with the
lower rainfall received in July (29 mm), August (52 mm) and September (69 mm) 2015 [38].
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This result suggests that higher CH4 is emitted under anaerobic and waterlogged condi-
tions. The waterlogged condition of the peat soil in September 2015 might have favoured
the thriving of methanogenesis bacteria under anoxic conditions, thus causing higher
soil CH4 emission. This result also corroborates previous work by Furukawa et al. [20]
and Inubushi et al. [30], who reported that the increase in soil CH4 emission is due to
high rainfall.

Although soil CH4 emission was affected by the time of sampling, the insignificant
correlation between soil CH4 emission and soil temperature regardless of seasons (dry
and wet period) suggest that CH4 emission was not affected by soil temperature due to
the moderate soil temperature fluctuation during CH4 flux measurement. The peat soil
temperature ranged between 25 to 31 ◦C during the CH4 sampling (Table 1).

4.2. Soil Methane Emissions from Peat Soils Cultivated with Pineapples in Lysimeters under
Simulated Water Table Fluctuation in the Dry and Wet Seasons

Similar to the pineapple cultivated under an open field system, differences in soil
CH4 emission across time from field lysimeters subjected to water table fluctuation (low
and high water table) relates to the microbial structure in the peat soils, particularly the
methanogenic and methanotrophic microorganisms because these organisms control CH4
production and consumption. Also, soil CH4 release might have been influenced by the
collapse of peat pores (during the soil excavation and setting up of the lysimeters) that
affected CH4 transportation through molecular diffusion, and subsequent soil subsidence
in the lysimeters due to water table fluctuation.

In this present study, there was a discrepancy on the averaged soil CH4 emissions
from lysimeters under low and high water tables in the dry and wet seasons (Figure 9).
The findings reported higher soil CH4 emissions both under low and high water table in
the wet (December 2015) and dry (July 2015) seasons, respectively. Moreover, averaged soil
CH4 emission under a low water table were higher compared with that of high water table.
These observations were not in agreement with the general belief that soil CH4 emission
increases with a higher water table. There are no specific reasons that explain the anomaly
from the findings obtained. However, the inconsistency of soil CH4 emissions from peat
the soils suggest that the factor controlling CH4 emission from the lysimeters could be
attributed to the fluctuation of the water table at the soil–water interface. The water table
level and its fluctuation at the soil–water interface may have altered the intensity and
duration of CH4 production and oxidation processes throughout the dry and wet seasons.

The results on the insignificant correlation between soil temperature and CH4 emis-
sion from lysimeters under simulated water table fluctuation irrespective of seasons was
consistent with that reported for CH4 measurement under an open field pineapple cultiva-
tion system. These observations are further supported by the fact that CH4 emission was
not affected by soil temperature because of the moderate soil temperature fluctuation (24.7
to 32.7 ◦C) during CH4 flux measurement. This finding was in agreement with the study
by [39,40] who reported that temperature changes had minimal effects on CH4 emission
from cultivated peatlands.

It is also possible that soil CH4 from lysimeters and under open field pineapple cultiva-
tion was released from non-microbial production of CH4 sources particularly humic acids
and lignin [41]. The emission of non-microbial CH4 may have occurred under moderate
temperature fluctuations of the tropics because of the high amount of organic matter, hu-
mic acids, fulvic acids, lignin, humin and carbohydrate in peat soils [42–44]. In this study,
the lower soil CH4 emission from peat soils grown with pineapple under an open field
cultivation system compared with that of CH4 emission from the lysimeters throughout the
dry and wet seasons (Figure 11) could be attributed to pineapple fertilization. Compound
NPK fertilizers containing ammonium were applied to pineapple at 3, 6 and 9 months
after planting in June, September and December 2015, respectively. The compound fertil-
izers might have increased nitrate content in the peat soils because nitrification increases
with peat oxidation. The lower CH4 emission due to pineapple fertilization relates to
the availability of electron acceptors namely nitrate which inhibits CH4 production [45].
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Nitrate is water soluble and leaches to the water table interface leading to decreased CH4
production in anaerobic condition. Also, water table fluctuation (50 to 70 cm from the soil
surface) and lateral water movement in the peat soil (open field cultivation system) might
have affected the balance between CH4 production and consumption by methanogenic
bacteria and methanotrophs. Water table depth affects the soil CH4 emissions because it
determines the depth of the oxic or anoxic boundary and redox level within the soil. By
contrast, water table fluctuation at the soil–water interface, transportation of CH4 through
molecular diffusion through the aerobic peat layer and ebullition at the peat water table
interface relatively explains the higher CH4 emission from lysimeters under simulated
water table fluctuation.

5. Conclusions

Soil CH4 emission throughout the dry and wet seasons under open field pineapple
cultivation and from lysimeters subjected to water table fluctuation were not affected by
soil temperature but emissions were influenced by the balance between methanogenic
and methanotrophic microorganisms controlling CH4 production and consumption, CH4
transportation via molecular diffusion through peat pore spaces, and non-microbial CH4
production sources in peat soils namely humic acids and lignin. Although it is generally
believed that a high water table increases soil CH4 emission, findings from the study
suggest that water table fluctuation at the soil-water interface relatively controls the soil
CH4 emission from lysimeters under simulated low and high water table fluctuations. The
outcome of this present study demonstrated that soil CH4 emission throughout the dry
and wet seasons under an open field cultivation system was affected by the availability of
nitrate electron acceptors from pineapple fertilization, which restrict CH4 production, thus
leading to lower soil CH4 emission compared with that of CH4 emissions from lysimeters.
However, the limited number of CH4 flux monitoring throughout the dry and wet seasons
(July, August, September and December 2015) may not be conclusive enough to confirm
the findings from the study. Thus, a long-term CH4 flux monitoring period is required to
confirm the findings obtained because rainfall distribution, microbial population, chamber
humidity and headspace temperature may influence CH4 emission and the outcome of the
study. The findings of this study provide an understanding on the effects of water table
fluctuation on CH4 emissions in a tropical peatland under pineapple cultivation.
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Abstract: The development of the agricultural sector is considered the backbone of sustainable
development in Egypt. While the developing countries of the world face many challenges regarding
food security due to rapid population growth and limited agricultural resources, this study aimed to
assess the soils of Sidi Barrani and Salloum using multivariate analysis to determine the land capability
and crop suitability for potential alternative crop uses, based on using principal component analysis
(PCA), agglomerative hierarchical cluster analysis (AHC) and the Almagra model of MicroLEIS.
In total, 24 soil profiles were dug, to represent the geomorphic units of the study area, and the
soil physicochemical parameters were analyzed in laboratory. The land capability assessment was
classified into five significant classes (C1 to C5) based on AHC and PCA analyses. The class C1
represents the highest capable class while C5 is assigned to lowest class. The results indicated that
about 7% of the total area was classified as highly capable land (C1), which is area characterized by
high concentrations of macronutrients (N, P, K) and low soil salinity value. However, about 52% of
the total area was assigned to moderately high class (C2), and 29% was allocated in moderate class
(C3), whilst the remaining area (12%) was classified as the low (C4) and not capable (C5) classes,
due to soil limitations such as shallow soil depth, high salinity, and increased erosion susceptibility.
Moreover, the results of the Almagra soil suitability model for ten crops were described into four
suitability classes, while about 37% of the study area was allocated in the highly suitable class (S2)
for wheat, olive, alfalfa, sugar beet and fig. Furthermore, 13% of the area was categorized as highly
suitable soil (S2) for citrus and peach. On the other hand, about 50% of the total area was assigned
to the marginal class (S4) for most of the selected crops. Hence, the use of multivariate analysis,
mapping land capability and modeling the soil suitability for diverse crops help the decision makers
with regard to potential agricultural development.

Keywords: PCA; land capability; crop suitability; GIS; NWCE; Egypt
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1. Introduction

The world’s population will increase to reach approximately 9.7 billion by 2050 [1,2]. The huge
population increase will impact agricultural resources as it causes global food security pressure on
the lack of agricultural lands [3,4]. Two types of challenges put pressure on governments, namely the
increasing population on the one hand, and the decrease in productive land on the other hand [5].
There are two ways that governments can counteract overpopulation: the first is to encourage farmers
to increase crop yields by using land fertilizers, pesticides, etc., which affect environmental quality,
and the second is to rely on imports to fill the food gap [3,5]. Therefore, it is required to increase
the efforts to improve living standards to provide safe food to feed citizens [6,7]. The expansion of
new agricultural lands is the goal of developing countries such as Egypt where, the annual growing
population rate is 84%, while the strategic crops production such as wheat is insufficient, therefore,
the government relies on importation from abroad [8–13]. Moreover, agricultural expansion in arable
lands aims to achieve sustainable agricultural development, which depends on the integration of
land and water resources and the surrounding environmental factors [14,15]. Agriculture lands in
Egypt are confined to the Nile Valley and the Delta that represents approximately 4% of the total area
of Egypt [16]. The agricultural sector contributes to 14.5% of the gross domestic product (GDP) of
Egypt, whilst representing about 30% of the provision of foreign currency as a result of the profits
of exporting agricultural products abroad, and it also contributes to reducing unemployment by
41% [17]. The concept of land assessment belongs to the rate of land performance and its capacity
for crop production where the capacity of land depends on the climate and location/geography,
the inherent soil characteristics (physical, chemical) and also includes the soil potential for agricultural
production [18,19]. The importance of land evaluation helps in selecting the suitable crops based on
the soil characteristics and assists the decision makers [15,20]. The excess of salt concentration in soil
may damage soil structure by decreasing soil aeration and its permeability, and consequently adversely
affects the agricultural production. However, appropriate soil management leads to decreased salt
concentration, a decline in sodium percentage, and improved drainage conditions [21,22]. There are
several agriculture management practices for saline–sodic and calcareous soils in arid and semi-arid
regions, such as improving the soil’s physiochemical characteristics by adding organic matter, reducing
soil salinity by fresh water leaching, and reducing sodium saturation and the alkaline pH using gypsum
and sulfur applications [14]. The soil limitation factors for crop suitability differ from one place to
another in Egypt, while the dominant limiting factors in the north of the Nile Delta are the soil salinity,
poor drainage and compaction [23–28]. Meanwhile, the hardpan layers, shallow depth of the soil
profile, and the rock outcrops as well as the steep slope are the most common limiting factors in the
desert lands [15,29,30].

The northwestern coast region is vulnerable to land degradation and desertification processes
which lead to reduced soil fertility and cause environmental impacts, as the lower areas in the
north suffer from rising salinization and alkalinization, meanwhile the valleys are susceptible to
runoff and soil erosion, where surface runoff reached 200 mm/year, and the soil erosion of soil has
reached 60 t h−1 y−1 [30]. Over the past five decades, several models for soil capability classification
have been proposed to classify the soils according to their chemical and physical properties [18].
De la Rosa et al. [31] suggested micro land evaluation system (MicroLEIS) to test the soil suitability:
this system integrates soil characteristics, topography, vegetation cover, land use and climate conditions.
Other methods were developed to classify the soil capability for crop production according to their soil
profile description and soil characteristics such as slope, texture, salinity and other factors such as the
drainage conditions, where each class takes an average value between 0 and 100, where 100 reflects the
best conditions and vice versa [32]. The assessment of land capability depends on an evaluation of
the soil quality and expresses a capacity of the soil to function in an ecosystem in order to sustain the
soil productivity of a crop in parallel with reducing the soil degradation processes, in addition to its
ability to perform a number of basic functions such as supporting crop production [24,30], whereas the
soil is a complex mixture of organic, inorganic materials and it is influenced by the surrounding
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factors such as climate, topography and human activities. The integration of soil characteristics,
climatic data, remotely sensed data, water analysis and socio-economic data with GIS modeling
assist to develop spatial decision support system (SDSS) for soil management [12,33,34]. Due to the
obscure nature of the soil system, it is not easy to evaluate the soil by integrating their properties
together. Therefore, multivariate analysis is an appropriate tool for evaluating soil capability zones
due to its efficiency in modeling and systematically using vague and imprecise situations [7,13,35].
Principal component analysis (PCA) is considered the most popular model to analyze the physical,
chemical, socio–economic and other factors in a multistage analysis to develop an indicator that
represents the evaluation of land capability. The PCA and fuzzy clustering means (FCM) methods
were used for land suitability evaluation for oil palm and soil quality based on soil characteristics and
climate data [36,37]. FCM is an unsupervised clustering method for the data components that enables
investigating the accumulation of multiple elements. Clustering can extract the homogenous regions
based on different phenomena. Moreover, given the gradually changing nature of soil behaviors,
it seems that the fuzzy clustering method can interpret the spatial variation of studied phenomena
better than the other methods [38]. The PCA was used to decrease the variables to increase the accuracy
of FCM land quality evaluation. Coinciding with the availability of computers, satellite data and GIS
in the past two decades have led to improved methods of land assessment, where satellite images
provided important information on the status of plants, topography and climate [39,40]. In addition,
agglomerative hierarchical clustering (AHC) was used to define the distances between points where
the similar points are forming one cluster, then finally all clusters are presented in a dendrogram
form [41]. The Northern coast of Egypt depends on seasonal rains during the winters, and the
citizens’ lack of awareness of suitable crops and water irrigation quantity suit those conditions [30].
Therefore, the purpose of this study is to use multivariate analysis to assess the soil of the study area to
determine the most appropriate land use.

2. Materials and Methods

2.1. Study Area

The investigated area was allocated in Matrouh governorat, northwestern Egypt, close to the
Libyan border. The area includes the Sidi Barrani and Salloum districts (Figure 1). It is located between
25◦10′ to 26◦55′ East and 31◦00′ to 31◦37′ North. The area covers approximately 918,000 hectares.
The study area is characterized by an arid and semi-arid climate, where the average temperature
reaches 18 ◦C in the whole year; except in June, July and August, the temperature ranges between 25
and 30 ◦C. The annual rainfall fluctuates between 100 and 200 mm/year.

The elevation ranged between 0 and 250 m above sea level in the south, whereas the low elevation
values were observed in the parts close to the Mediterranean Sea and the high values were noticed in
the plateau that occupies the southern parts. The north of the study area is characterized by a gentle
slope, while the south is characterized by a moderate to steep slope (Figure 2). The micro-relief varies
from almost flat to undulating with scattered escarpments, and a flat coastal zone about 1–3 km wide.
Some principle wadis dissect the escarpment, especially southwest of Sidi Barrani. Wadi is an Arabic
term which traditionally refers to a valley that is located in low land and receives a high amount of
rainfall compared with the surrounding land forms [42].

The vegetation cover of the study area is changing during the winter and spring seasons as the
rainfall is active, whereas the natural vegetation spreads throughout the study area, especially in the
wadis and streams. The natural vegetation spreads on the fine sand stacks that keep rain water during
the winter season and leads to natural vegetation growth during the autumn and summer seasons [30].
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Figure 1. Location of the study area in northwestern Egypt and the soil profiles with a red dot.

 
Figure 2. Digital elevation model (DEM) in meters and slope (%) of the study area.

2.2. Remote Sensing and Spatial Analysis

Remote sensing data were used to link the soil capability with land use and geomorphological
units of the study areas, whereas the Sentinel 2 image was acquired 1 July 2020 with spatial resolution
10 m for the red, blue and green bands and 20 m for the near infrared band. On the other hand,
the digital elevation model (DEM) with 30 m resolution was used to describe the variation in the
surface characteristics and its relation with geomorphological units and soil capability.
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The slope percentage in the study area reached 30% in the adjacent escarpments of the plateau
while low slope values were observed in the wadis (Figure 2). Sentinel 2 image data, DEM and the
field survey were integrated to enhance the visibility of the geomorphological map that was produced
by [22] using the method described by [43]. This relied on topographic information such as the slope,
aspect, and stream networks of the study area that were extracted using DEM. Consequently, a number
of 15 geomorphological units were identified to represent the diverse geomorphological features.
All geomorphological units were verified based on a field survey using GPS. Then, the produced
geomorphological map was used a base map, where each geomorphic unit was homogeneous in its
natural characteristics. Generally, the biophysical characteristics were spatially analyzed [44].

2.3. Field Survey and Soil Laboratory Analysis

The field survey relies on the identified geomorphic units of the study area, whereas twenty-four
soil profiles were dug to a depth of 150 cm or less according to the presence of hardpan layers, in order
to represent geomorphic units (Figure 1). The soil profile samples were determined based on a sample
area method that was suggested by [45] where the sample area should be distributed on the lines that
pass the geomorphological units without bias. Therefore, some units have more than one profile and
another unit has only one profile.

In addition, the units that have large areas have more representative soil profiles compared
with the small unit. The descriptions of soil profiles were done in the field using [19]. Soil samples
were collected from different layers of soil profiles. Then, the soil physiochemical parameters were
analyzed. Table 1 showed the mean soil characteristics of the soil profiles. The following chemical
soil properties were determined: salinity (electric conductivity) [46] and soil acidity (pH) in saturated
paste [47], cation exchange capacity (CEC, [48]), soil organic matter content by the acid-dichromate
potassium and titration method [49]. In addition, the particle size distribution and macronutrients
were measured according to [40]. Soil nitrogen (N) was determined using the Kjeldahl method [50].
The soil phosphorus was determined using the spectrophotometer device according to [51] (P) and
potassium (K) was determined using a flame photometer. The available soil potassium contents were
measured using flame photometry [50]. The exchangeable sodium percentage (ESP) was determined
using methods of [52,53]. The soil classification of each soil profile was done according to [54].

2.4. Statistical Analysis

PCA is a statistical procedure that uses orthogonal transformation to convert a set of observations
of possibly correlated variables (entities each of which takes on various numerical values) into a set of
values of linearly uncorrelated variables called principal components (PCs). PCs having eigenvalues
greater than one were retained whereas PCs less than 1 were subtracted away. Soil properties were
summarized using PCA.

Before performing the principal component analysis (PCA), a linear relationship between the
soil variables were checked using the Pearson correlation coefficient. This analysis requests sampling
adequacy, therefore, the Kaiser–Meyer–Olkin (KMO) was done to measure the sampling adequacy for
the overall data set. If the KMO value is greater than 0.50, the PCA would be suitable. In addition,
the Bartlett’s test was performed, and if the p value of Bartlett’s test value is less than 0.05, this indicates
that the PCA may be suitable for the work [55,56]. Generally, all the statistical analyses were performed
using SPSS software version 25.

Based on the PCA results, the soil profiles which were considered as objects for soil capability
evaluation were classified into dissimilar clusters using the AHC methods according to each location
characterized by a group of soil variables (chemical, physical, biological). Through this analysis,
dissimilar groups of soil variables were arranged together graphically in a structure called a dendrogram
of dissimilarity.
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2.5. Land Evaluation

The assessment of soil capability depends on determining the relationship of soil proprieties
and agriculture suitability. In this context, the multivariate analysis aims to classify soil capability
based on the harmony of the soil properties in each class. Therefore, determining the capability of
soil was based on the integration between PCA and AHC methods, as the PCA shows a visual
representation of the dominant patterns in order to identify the similarities and differences among soil
properties [57]. The assessment output was grouped into five broad classes: C1—a highly capable
land, C2—moderately high class, C3—moderate class, C4—low and C5—marginal.

The Almagra model of MicroLEIS [58,59] is a qualitative approach characterized by being built
on using soil factors and the favorable conditions for each crop. The soil factors considered in the
model are: profile depth (p), texture (t), carbonate (c), salinity (s), drainage (d), and sodium saturation
(a). The model was used to assess the soil suitability for ten traditional crops, annuals, e.g., wheat,
sunflower, soybean, maize, sugar beet, potato; semiannual, e.g., alfalfa and perennials, e.g., citrus,
olive and peach. Almagra defines the soil suitability qualitatively through five classes: S1—optimum,
S2—high, S3—moderate, S4—marginal and S5—not suitable. Almagra was calibrated previously in
several studies within the Mediterranean, semi-arid, and arid regions [14,60,61]. Figure 3 illustrates the
flowchart methodology of soil evaluation based on the integration of soil information remote sensing
data and GIS using multivariate analysis as following.

 

Figure 3. Flowchart of the land evaluation of the study area.
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3. Results

3.1. Geomorphological Map and Soil Characteristics

Fifteen geomorphological units were recognized and modified using the integration of DEM,
sentenal2 images and ground truth data. Figure 4 and Table 2 show the fifteen geomorphic units that
describe the variations of the study area. The landscape of the study area was characterized by an
almost flat to undulating surface, while the ridges that were located at the north were intersected by
short and long wadis.

 

Figure 4. Geomorphological map of the study area. Source: modified after Mohamed et al. [30].

Table 2. The areas of geomorphological units.

Geomorphologic Units Area, ha Area, %

Wadis 7201.39 0.93
Decantation basin 28,015.05 3.62

Escarpment 6905.64 0.89
Foot slopes 13,015.67 1.68

High sand plain 86,488.80 11.18
Hummuks 57,821.26 7.47

Low sand plain 71,629.91 9.26
Moderatly sand plain 101,777.62 13.16

Overflow basin 31,048.51 4.015
Pediplain 108,714.35 14.05
Plateau 209,502.84 27.09

Ridg 1091.26 0.14
Rock outcrops 36,830.13 4.76

Sabkha 8095.55 1.04
Sand beaches 5095.41 0.65

Total 773,233.46 100

The following lines describe the dominant geomorphic units of the study area
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Wadis—this unit is widespread in the northwestern coast of Egypt and represents one of the most
diagnosed geomorphological units. It is located in gentle slopes and receives high amounts of runoff
compared with the surrounding upland. Wadis of the study area include different lithological material,
and their sedimentary structures vary widely from gravel to mud. Generally, the soils of wadis are
considered the most suitable for agriculture development in the northwestern coast. The dominants
soil textures of the Wadis were sand clay loam, sandy loam and sand. The soil depth ranges between
110 and 150 cm based on their position in the valley and slope. The low values of soil salinity were
observed where it varied between 1.5 and 3.0 dS/m. The soil pH fluctuated between 8.3 and 8.6.
The organic matter (OM) content is very low where it ranges between 0.14 and 0.64%. The carbonate
content (CaCO3) is high (25–40%). The CEC depends upon the clay and organic matter contents,
while it ranged from 5.6 to 20 cmolc kg−1. Meanwhile, the soil classification of wadis was determined
to be Typic Haplocalcids.

Basins—basin units are described as low lands where rainfall and drained water accumulate into
the outlet. Therefore, basins include the accumulative surface runoff, and nearby streams that run
downslope towards the shared outlet. This unit is divided into decantation basins and overflow basins:

I-Decantation basins are characterized by deep and moderate soil depth, which ranges between
100 and 120 cm. The soil texture fluctuates between sandy loam and loamy sand. The soil salinity is
slightly moderate to high, varying between 3 and 16 dS/m. The OM is low as it ranges between 0.2 and
0.3%. The soil pH is categorized as moderately alkaline and ranges between 7.8 and 7.9. The carbonate
content is slightly moderate to high when it ranges between 4.5 and 25%. The CEC ranged between 9.0
and 10.1 meq/100 g, and the soils are classified as Typic Torripsamments.

II-Overflow basin—this unit is the upper areas of basins. The soil texture ranges between sand
and loamy sand. Soil salinity fluctuates from low to moderate, where it reached to 3 dS/m. The OM is
very low where it is less than 0.3%. The CaCO3 content varies from moderate to high where it reached
20%. CEC was low (5 cmol/kg). Soils are classified as Typic Torrifluvents.

Foot slopes are mainly located in the marginal land as plateau areas, were the surface is covered
by weathered fragments. The soil depth is shallow as a result of the presence of hardpan layers that are
observed at depths ranged between 35 and 55cm. Coarse sand and sandy loam are the dominant soil
textures, CaCO3 content is slightly moderate, ranging between 5.95 and 8%. The electric conductivity
(EC) is slightly low as it ranges between 2.6 and 5.9 dS/m, and the pH is slightly alkaline (7.6 to 7.7).
The OM content is relatively low (0.23 and 0.54). The CEC varied between 5.6 and 6.6 cmol kg−1,
while the soil was classified as Lithic Torriorthents.

Sand plains occupy an area of about 33.6% of the total area, classified into I—high, II—moderate

and III—low sand plains. Soil textures were varied between sandy, loamy sand and sandy loam.
Soil profile depth ranged between 80 and 150 cm. The EC value fluctuated from low to high
(2.1 to 16.5 dS/m). The Soil pH was moderately alkaline except for some parts of the unit, and it ranged
between 7.9 and 8.3. The OM content is very low to low where it ranged between 0.18 and 0.53%.
The CaCO3 content is varied in a wide range from moderate to high (7.8–57.51%). The CEC was low
where it ranged between 4.2 and 12.1 cmol kg−1, unlike the soils classified as Typic Torripsamments and
Typic Torrifluvents.

Hummuks areas are characterized by the undulating surface and it has an accumulation of
sand dunes due to the active wind, the units of which occupy an area of about 7% of the total area.
The dominated soil textures varied between sandy and loamy sand. The soil depths were moderately
deep and deep (115–150 cm). The EC was low as it ranged between 1.9 and 3.9 dS/m. Soil pH is mostly
moderate alkaline (8.13–8.4). The OM content is very low (0.19 and 0.40%). The CaCO3 content is high
(45–69%). The CEC was low where it ranged between 4.2 and 9 cmol kg−1, while the soil was classified
as Typic Torripsamments.

Pediplain unit occupies 14% of the total area, gently undulating and almost featureless in their
surface, which was formed by the erosion processes over a long time. This unit has a shallow soil depth
(20–60 cm). Soil is slightly saline where the EC values ranged between 2.09 and 9.5 dS/m. Soil pH is
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moderately alkaline (7.8–8.2). The OM content was very low (0.2–0.38%). The CaCO3 content ranged
between 8.4 and 10.8%. The CEC was low where it ranged between 5.6 and 9.9 cmol kg−1, whereas the
soils were classified as Lithic Torripsamments.

Rock outcrops—this unit was a gently undulating surface with rock fragments with a diameter
of a few centimeters to a few meters. Soil depths were shallow and ranged between 30 and 45 cm.
The EC ranged between 2.57 and 4.8 dS/m, and the soil pH fluctuated between 7.95 and 8.59. The OM
content was low where it ranged between 0.34 and 0.48%. The CaCO3 content ranged between 9.80 and
55.35%. The CEC ranged between 5.6 and 11.3 cmol kg−1, while the soils of this unit were classified as
Lithic Torripsamments.

Sabkha—this unit was located in the low land at the north of the study area, and the soil texture
of this unit was loamy sand. The soil salinity was varied between high and very high (42–96 dS/m).
The OM was low (0.4 to 0.5%). The CaCO3 content was high and it ranged between 23 and 48%.
The CEC was varied from 10.7 to 13.9 cmol kg−1, and the soil was classified as Typic Haplosalids.

Sand beaches—this unit is a strip of sand close to the Mediterranean Sea, and the soil texture of
this unit was loamy sand. The soil salinity reached 10 dS/m. The OM was low as it reached 0.64%.
The CaCO3 content was high and it reached 32.5%. The CEC was 23.5 cmol/kg. The soil was classified
as Typic Torripsamments.

The study area has others geomorphological units that were not considered for the assessment of
the soil capability and crop suitability such as Ridgs (narrow strip of the hardpan layer of calcium
carbonate that resisted erosion) and the plateau as it has a very shallow soil depth.

3.2. Multivariate Statistical Analysis

The Pearson correlation analysis illustrates the correlations between the soil variables and among
them as shown in Table 3. There is a positive significant correlation between the pH and CaCO3 where
(r = 0.72). Moreover, there was a positive significant correlation between the ESP and CEC (r = 0.88)
and with available K (r = 0.46). While there was a logical positive correlation between the organic
matter and CEC (r = 0.44), available N (r = 0.89), available P (r = 0.80) and available K (r = 0.78).
Moreover, there was a correlation between the CEC and the available P (r = 0.54) and the available K
(r = 0.62).

Table 3. Correlation matrix (Pearson).

Variables Depth pH ESP OM EC CaCO3 CEC Rock fr. AN AP AK Er.

pH 0.28
ESP 0.03 0.08
OM −0.23 0.01 0.41
EC 0.25 0.05 0.12 0.15

CaCO3 0.38 0.72 −0.10 −0.25 −0.09
CEC 0.13 0.15 0.88 0.44 0.12 −0.13

Rock fr.% 0.62 0.30 0.05 −0.17 −0.08 0.55 0.10
Av. N −0.25 0.00 0.31 0.89 0.23 −0.25 0.39 −0.19
Av. P −0.21 0.12 0.40 0.80 0.18 −0.27 0.54 −0.24 0.84
Av. K −0.11 0.10 0.46 0.78 0.22 −0.19 0.62 −0.14 0.76 0.94

Er. 0.19 −0.11 −0.16 0.07 −0.29 −0.13 0.11 0.10 0.05 0.06 0.07

ESP, exchangeable sodium percentage; OM, organic matter (%); EC; electric conductivity (dSm−1); CEC, cation
exchange capacity (cmolc kg−1); Rock fr., rock fragments; AN, available nitrogen; AP, available phosphorous;
AK, available potassium; Er., erodibility (ton/ha/year). Note: values in bold are different from 0 with a significance
level alpha = 0.05.

Table 4 shows the factor loadings and component score coefficient outputs that illustrate the higher
factor loads using the varimax method. The most representative physical and chemical indicator for
PC1, as it is closely correlated with the ESP, OM, CEC, N, P and K, while the second factor (PC2) was
correlated with soil depth, pH, CaCO3, and rock fragment, whereas the third (PC3) was correlated with
K, the fourth factor (PC4) contributes with the first in ESP and the fifth (PC5) was correlated with EC.
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Table 4. Summarization of the principal component analysis (PCA) analysis.

PCs parameters PC1 PC2 PC3 PC4 PC5
Eigenvalue 4.43 2.45 1.35 1.23 1.06

Variability, % 36.9 20.42 11.27 10.28 8.85
Cumulative, % 36.9 57.32 68.59 78.86 87.72

Factor loadings Component Score Coefficient

PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4 PC5
Depth cm −0.25 0.70 0.20 0.25 0.48 −0.06 0.29 0.15 −0.19 0.45

pH −0.01 0.73 −0.28 −0.41 −0.19 0.00 0.30 −0.22 0.33 −0.18
ESP,% 0.61 0.34 0.02 0.55 −0.41 0.14 0.14 0.02 −0.45 −0.38
OM, % 0.88 0.00 0.02 −0.24 0.07 0.20 0.00 0.01 0.19 0.07

EC, dS/m 0.24 0.14 −0.56 0.34 0.65 0.06 0.06 −0.41 −0.28 0.61
CaCO3, % −0.38 0.74 −0.21 −0.39 −0.16 −0.09 0.3 −0.15 0.31 −0.15

CEC, cmolc kg−1 0.69 0.41 0.22 0.44 −0.25 0.16 0.17 0.17 −0.35 −0.24
Rock fr.,% −0.28 0.74 0.26 0.02 0.10 −0.06 0.30 0.20 −0.01 0.09

AN, mg kg−1 0.87 −0.03 −0.05 −0.29 0.18 0.20 −0.01 −0.04 0.23 0.16
AP, mg kg−1 0.93 0.04 −0.01 −0.23 0.06 0.21 0.02 −0.01 0.18 0.05
AK, mg kg−1 0.91 0.15 0.02 −0.14 0.07 0.21 0.06 0.02 0.11 0.07

Er., ton/ha/year 0.03 −0.01 0.87 −0.20 0.26 0.01 0.00 0.64 0.18 0.24

ESP, exchangeable sodium percentage; OM, organic matter; EC; electric conductivity; CEC, cation exchange capacity;
AN, available nitrogen; AP, available phosphorous; AK, available potassium.

Figure 5 shows the correlations between the different variables based on the angle changes between
the vectors, where the degree of the angle expresses the correlations between the variables and each
other. The results showed the linkage between some variables by the low angle that means there is a
high correlation in the positive direction such as CaCO3 with OM, while the variables were linked
together by angle around 90◦, and in this case there was no correlation between the variables; on the
other hand, there were some variables linked by angle close to 180◦, which indicates a correlation in
the negative direction. Bartlett’s sphericity and KMO test (Table 5) show suitable p values as (p < 0.05)
of the acceptable level. Furthermore, Bartlett’s sphericity test showed that the p value was lower than
0.001. According to the Bartlett’s sphericity and KMO test, the PCA was applicable to the current data.

 
Figure 5. The scree plot of eigenvalue (A) and principal component analysis bi-plot (B) for soil properties.
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Table 5. Bartlett’s sphericity and the Kaiser–Meyer–Olkin (KMO) test.

Kaiser–Meyer–Olkin measure of sampling adequacy: 0.52

Bartlett’s sphericity test:

Chi-square (Observed value) 206.90
Chi-square (Critical value) 85.96
Degree of freedom (DF) 66.00
p-value <0.0001
Alpha 0.05

3.3. Land Capability Based on PCA

The PCA results were used to evaluate the soil capability taking in consideration the variation of
topography and climate conditions, therefore the geomorphological units of the study area were used as
a base map for the land capability evaluation as each geomorphic unit has specific characteristics such as
elevation, slope, aspect and geomorphic features. PCA was performed using the soil physicochemical
properties of 24 soil profiles. PCA was applied for the soil characteristics based on the eigenvalues,
proportions of variance and cumulative factors by the PCs. Table 4 showed the soil indicator groups.
Furthermore, the PCs that had eigenvalues > 1 were retained whereas the PCs < 1 were neglected.
Therefore, the first five groups were selected as their eigenvalues were bigger than 1. Table 4 and
Figure 5 show these five PCs, which explain the cumulative variance of 87.72% of the studied variables,
as the first component explains about 36.9%, the second 20.52%, third 11.27%, fourth 10.28% and the
fifth 8.89% of the total variance. Figure 6 illustrates the hierarchical dendrograms for the classification
of the soil properties, where each of the five clusters was represented by soil profiles that contain a set
of similar soil properties.

 

Figure 6. Dendrogram for agglomerative hierarchical clustering.
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The land capability map of the study area was produced based on the results of the PCA as the
map reflects the five groups previously obtained as shown in Figure 7. Table 6 illustrates the main
statistical analysis of the soil properties for soil callability classes (C1 to C5) where;

Highly capable class (C1) represents 7% of the total area, a class characterized by deep soil profiles
(<115 cm), a high concentration of macronutrients (N, P, K) and low salinity values. On the other hand,
the high contents of calcium carbonates (21.45%) were considered as a limiting factor and the soil of
this class is vulnerable to erosion where the erodibility factor reached 0.15 ton/ha/year.

Moderately high class (C2) occupies 52% of the total area, the soils of this class were characterized
by a deep soil profile and low soil salinity. The limiting factors were the low contents of macronutrients
and high contents of calcium carbonates (≈54%).

Moderate class (C3) occupies 29% of the total area. The soil chemical analysis of this class showed
low values of salinity, CEC and OM, while the limiting factors of this unit were high contents of calcium
carbonates and the shallow soil depth (56 cm).

Low class (C4) represents 11% of the total study area. This unit has a certain number of limitations,
such as the soil depth and very low contents of macronutrients. In addition, the soils of this class are
vulnerable to soil erosion where, the erodibility factor reached 0.11 ton/ha/year.

Marginal class (C5) occupies a small area (0.9%) and is characterized by the deep soil and high pH
values, while the high content of salts (69 dS/m) represents the major limiting factor for soil capability.

 

Figure 7. Land capability units and the pie chart represent the percentage area.

3.4. Soil Suitability

Soil profiles were evaluated based on their suitability for crop production taking into consideration
the crop requirements, whilst each crop has a specific requirement for soil properties to achieve the
maximum yield production. Therefore, the application of the Almagra model is based on the use of soil
characteristics such as profile depth (p), texture (t), carbonate (c), salinity (s), drainage (d), and sodium
saturation (a).

The assessment results showed that the soil suitability for the studied crops was varied from S2 to
S5 with different limiting factors in each class based on the geomorphological unit. The suitability
assessment was examined for ten horticultural and field crops (i.e., wheat, maize, olive, alfalfa, potato,
sugar beet, peach, citrus, soybean and fig), Figure 8.

173



Agronomy 2020, 10, 1318

T
a

b
le

6
.

Th
e

m
ai

n
st

at
is

ti
ca

lc
ha

ra
ct

er
is

ti
cs

of
th

e
so

il
pr

op
er

ti
es

in
fiv

e
cl

us
te

rs
.

C
la

ss
e
s

D
e
p

th
,
cm

p
H

E
S

P,
%

O
M

,
%

E
C

,
d

S
m
−1

C
a
C

O
3
,
%

C
E

C
,
cm

o
lc

k
g
−1

R
o

ck
F

ra
g

m
e
n

t,
%

A
N

,
m

g
k

g
−1

A
P,

m
g

k
g
−1

A
K

,
m

g
k

g
−1

E
ro

d
ib

il
it

y,
to

n
/h

a
/Y

e
a
r

L
im

it
in

g
F

a
ct

o
rs

1
11

8.
3
±2

.
8.

2
±0

.4
2

5.
7
±2

.2
5

0.
6
±0

.0
6

6.
3
±3

.5
9

21
.4

5
±1

3.
84

23
.4
±2

.9
5.

9
±1

.6
5

11
.9

8
±0

.8
5

9.
75
±0

.9
6

27
.4

4
±2

.2
3

0.
15
±0

.1
C

,E
r

2
12

9
±1

9.
49

8.
3
±0

.1
9

2.
1
±1

.5
7

0.
2
±0

.0
5

2.
6
±0

.9
6

54
.3
±1

1.
22

7.
6
±3

.9
5

6.
96
±0

.4
2

5.
4
±1

.4
5

3.
4
±0

.7
7

9.
2
±2

.3
3

0.
08
±0

.0
6

C
,F

er
3

56
.7
±2

5.
98

8.
13
±0

.2
4

1.
9
±1

.0
1

0.
44
±0

.1
7

5.
7
±4

.6
4

28
.9
±2

0.
62

8.
2
±2

.9
4

4.
8
±0

.8
3

10
.2
±2

.0
7

7.
1
±1

.1
2

17
.9

6
±3

.3
6

0.
08
±0

.0
6

D
,C

a
4

90
±3

0
7.

8
±0

.2
5

1.
4
±0

.4
6

0.
25
±0

.0
5

5.
5
±6

.2
5

12
.2
±6

.3
2

8.
±2

.2
8

5.
48
±1

.2
1

6.
9
±1

.4
2

4.
2
±0

.7
11

.8
6
±2

.2
2

0.
11
±0

.0
9

D
,E

r,
Fe

r
5

13
2.

5
±2

4.
75

8.
2
±0

.0
3

3.
3
±1

.0
4

0.
45
±0

.0
5

69
.8
±3

7.
7

36
±1

7.
84

12
.3
±2

.2
0

6.
25
±2

.9
11

.4
±1

.4
6

7.
3
±0

.7
8

20
.3

5
±1

.5
8

0.
02
±0

.2
S,

C

ES
P,

ex
ch

an
ge

ab
le

so
di

um
pe

rc
en

ta
ge

;O
M

,o
rg

an
ic

m
at

te
r;

EC
,e

le
ct

ri
c

co
nd

uc
ti

vi
ty

;C
EC

,c
at

io
n

ex
ch

an
ge

ca
pa

ci
ty

;A
N

,a
va

ila
bl

e
ni

tr
og

en
;A

P,
av

ai
la

bl
e

ph
os

ph
or

ou
s;

A
K

,a
va

ila
bl

e
po

ta
ss

iu
m

.L
im

it
in

g
fa

ct
or

s:
C

,c
al

ci
um

ca
rb

on
at

e;
Er

,e
ro

di
bi

lit
y;

Fe
r,

fe
rt

ili
ty

;D
,d

ep
th

;S
,s

al
in

it
y.

174



Agronomy 2020, 10, 1318

Figure 8. Crop suitability map for some field and horticultural crops. The main limiting factors;
s, salinity; t, texture; a, sodium saturation; d, drainage; c, carbonate content; p, profile depth.

The geomorphic units such as the plateau, escarpment and ridge were not considered in the
suitability evaluation, which represents 28% of the total study area. The results indicate that 37% of the
total area was highly suitable for olive, fig, wheat, alfalfa, sugar beet, soybean crops. Furthermore, 18% of
the area was highly suitable (S2) for citrus and peach. An area of about 37% of the arable cultivated
area was moderately suitable (S3) for the following crops: wheat, olive, alfalfa, sugar beet and fig,
but the limiting factors differed in each crop, while 50% of the total area was classified as S4 for most
crops. On the other hand, the results showed that about 56% of the study area has marginal suitability
(S4) for both peach and citrus crops.
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Generally, the area has good potential for cultivating field crops in order to achieve sustainable
agricultural development, but water for irrigation is highly needed.

4. Discussion

4.1. Geomorphology and Soils

Using Sentinel 2 images leads to increased clarification details of landscape where the high and
low lands, basin and wadis boundaries were identified [30,62,63]. The soils that are located in southern
parts of the study area were classified as Lithic Torripsamments, whereas the soil profiles’ depth is very
shallow and this is considered as a main obstacle to soil capability and crop suitability [64,65]. On the
contrary, the soil types Typic Torripsaments, Typic Torrifluvents and Typic Haplocalcids were allocated
in the wadi, decantation basins and sand plain geomorphic units with deep soil profile and low soil
salinity [66]. Generally, the organic matter content in the study area is very low due to the lack of
agricultural activity and monsoon rains, which is consistant with [67].

4.2. Multivariate Statistical for Land Evaluation

There is no doubt that due to the similarity of soil properties, grouping them into similar clusters
is not easy, as it depends on understanding whether each soil characteristic is increasing or decreasing.
For example, the increase in salt concentration leads to negative impacts on crop productivity, contrary
to the increases in soil nutrient concentration and organic matter which aid to improve soil fertility.
Hence, it is necessary to classify soil properties and link the classes with soil capability and crop
suitability. Consequently, the multivariate statistical analysis is suitable to classify multiple variables of
soils [68]. The results reflected that there are positive correlations between soil characteristics such as
pH and CaCO3 (r = 0.72) or ESP and CEC (r = 0.88). These results are logical, as the soil pH is affected
by increasing the percentage of calcium carbonate of soils [69]. The obtained factor loading illustrates
the acceptable grouping of soil properties and confirm the ability of PCA for group soil properties
in different clusters [70]. The first PCs showed an accumulation of 36.9% of the soil characteristics
where the ESP, OM, CEC, N, P and K were allocated in these PCs due to the association of the natural
conditions and soil formation processes in the study area [71,72]. The second PCs showed a grouping
of 20% of the data of the soil depth, pH, CaCO3, and rock fragments; this cluster deals with the natural
environment of the areas that have a shallow soil depth have also a high percentage of rock fragment.
In addition, this cluster has a high concentration of pH and CaCO3%.

The highly capable class (C1) represents the soils that have good physical and chemical
characteristics, in addition to a low erosion vulnerability, Furthermore, the soils of this class were
located in the areas with active agricultural management [73]. The soils of the moderately high
class (C2) occupy most of the study area and are characterized by low soil fertility due to the lack of
agricultural usage. As the study area was located in arid climate conditions with neglected rainfall
in the whole year except in the winter season, cultivation is limited by the winter season and the
availability of irrigation water. During this cultivation season, farmers may use fertilizers in order to
enhance crop growth, also activating microorganisms. Therefore, the lack of farming usage during the
whole year may cause low soil fertility [74]. The main limiting factors of the moderate class (C3) and
low class (C4) were the soil depth, high percentage of calcium carbonates, and hardpan layers [75,76],
yet C4 has more limitations compared to C3. The soils of the marginal class (C5) occupied the low land
(sabkhas) whereas the high salt content was due to the sea water percolation and high evaporation [77].
Therefore, the soils of C5 cannot be used for agriculture consistently, as the agriculture management
process is difficult.

4.3. Crop Suitability

The assessment of soil suitability for crops was performed using the soil characteristics and
crop requirements [78]. About 38% of the study area was classified as S2 for the following crops:
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wheat, alfalfa, sugar beet and soybean, which were located in the geomorphic units of wadis, decantation
basin, high sand plain, moderate sand plain, and low sand plain. The soil characteristics meet the
requirements of those crops, and this is consistent with [79–83]. On the other hand, the rest of the
study area are varied in its suitability for wheat crop, between S3 and S5 [63,82]. The highly suitable
class (S2) for the maize and potato crops was assigned only to the moderate sand plain unit, while the
rest of the study area ranged between S3 and S5 based on the variation of soil limitations and climatic
conditions [63,83]. The degree of the soil suitability of the olive and figs crops were classified as S2
in soils of wadis, decantation basin, high sand plain, moderate sand plain, low sand plain, and the
overflow basin.

The limiting factors were the soil depth, soil texture, and climate [81]. About 13% of the soils of
the study area were classified as S2 for peach and citrus crops, 25% as S3 and the rest of the area was
classified as S4 and S5, due to the many limitations that reduce the suitability for both peaches and
citrus crops such as soil profile depth and soil texture [84]. Generally, the results indicated that the
optimum soil suitability class (S1) was not observed for any crop, as always there is one or more soil
characteristics considered as a limiting factor, which is in agreement with [66]. Moreover, the northwest
coast is one of the desert areas in Egypt suffering from land degradation which leads to decreased
agricultural production. The assessment of soil capability, crop suitability, remote sensing analysis and
GIS helps the decision making for sustainable agriculture development [85–90].

5. Conclusions

Multivariate analysis classification techniques can deal with various soil variables. The principal
component analysis (PCA) and agglomerative hierarchical cluster analysis aid to classify soil capability
based on the correlations and interactions between soil proprieties. The PCA classified the soil
capability into five classes, which differed according to the number of soil limitations. The main
limiting factors for soil capability in the southern parts of the study area was the shallow soil depth
where hardpan layers were observed in the subsurface, while the high salinity and alkalinity represent
the major limitations in the low elevated land that located in north of the study area. Whilst the area is
vulnerable to the wind and water erosion processes, the crop suitability varied between high and not
suitable classes for wheat, maize, fig, potato, and citrus. However, the soils that were located in the
wadis, sandy plains and basins geomorphic units were of a highly suitable class for most of the field
and horticultural crops.

The use of multivariate analysis, soil capability and crop suitability based on soil physiochemical
properties assist in understanding the soil function and to assess the soils under different conditions.
Likewise, remote sensing data contribute to map the geomorphic unites that were used as a base
map for soil assessment. GIS techniques were considered as a main tool to spatialize the variations
of soil capability and crop suitability in order to achieve the optimal land use planning in such new
reclaimed areas.
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