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Preface to ”Soil Carbon, Nitrogen Sequestration and
Greenhouse Gas Mitigation under Global Change”

Global-change-induced extreme climate events are becoming more common than ever. Soil

carbon and nitrogen pools correlate significantly with the changes in atmospheric greenhouse gas

levels. A large increase in atmospheric greenhouse gases, namely carbon dioxide, nitrous oxide, and

methane, can accelerate atmospheric heating, which is generally followed by global warming. The

mitigation of greenhouse gas emissions via various strategies, such as the sequestration of carbon

and nitrogen in soil, plant, or ecosystems; the efficient management of agricultural and forestry

ecosystems; the mitigation of ecosystem carbon and nitrogen leaching; the mitigation of greenhouse

gas emissions from all kinds of sources; etc. will therefore be crucial in the mitigation of global climate

change.

By gathering the latest case studies and methodologies, including but not limited to the

measurement and mitigation strategies of carbon and nitrogen pools, and greenhouse gas emissions,

this reprint will substantially improve our understanding of the potential, ability, and capacity of

ecosystems in mitigating greenhouse gas emissions and, hence, global climate change.

This reprint can be used by colleagues working on global climate change, ecology, agriculture,

forestry, and policy making associated with global change. The articles included in this reprint were

contributed by colleagues from China, Egypt, Italy, Jordan, Mexico, Pakistan, Saudi Arabia, Turkey,

and more. I appreciate their substantial contributions to this reprint and the cooperation of my

colleagues at Jiangxi Agricultural University.

Ling Zhang

Editor
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Carbon Pool in Mexican Wetland Soils: Importance of the
Environmental Service
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Abstract: Mexican wetlands are not included in Earth system models around the world, despite
being an important carbon store in the wetland soils in the tropics. In this review, five different types
of wetlands were observed (marshes, swamps, flooded grasslands, flooded palms and mangroves)
in which their carbon pool/carbon sequestrations in Mexican zones were studied. In addition,
it was shown that swamps (forested freshwater wetlands) sequestered more carbon in the soil
(86.17 ± 35.9 Kg C m−2) than other types of wetlands (p = 0.011); however, these ecosystems
are not taken into consideration by the Mexican laws on protection compared with mangroves
(34.1 ± 5.2 Kg C m−2). The carbon pool detected for mangrove was statistically similar (p > 0.05) to
data of carbon observed in marshes (34.1 ± 5.2 Kg C m−2) and flooded grassland
(28.57 ± 1.04 Kg C m−2) ecosystems. The value of carbon in flooded palms (8.0 ± 4.2 Kg C m−2) was
lower compared to the other wetland types, but no significant differences were found compared with
flooded grasslands (p = 0.99). Thus, the carbon deposits detected in the different wetland types should
be taken into account by policy makers and agents of change when making laws for environmental
protection, as systematic data on carbon dynamics in tropical wetlands is needed in order to allow
their incorporation into global carbon budgets.

Keywords: wetlands; environmental services; carbon soil sequestration; carbon budgets

1. Introduction

Atmospheric concentrations of greenhouse gases (GHGs) are at levels unprecedented
in at least 800,000 years. Concentrations of carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O) have all shown large increases since 1750 (40%, 150% and 20%, respec-
tively) [1]. Thus, wetlands are an option to help to mitigate the impact of climate change as
they can regulate, capture and store GHGs [2,3] due to their dense vegetation, microbial
activity and soil conditions.

Wetlands are transitional zones between terrestrial and aquatic ecosystems, areas of
water saturated with soil that covers about 5 to 8% of the land surface of Earth [2]. They
include floodplains with forest or herbaceous vegetation. Wetlands play an important role
in the global carbon cycle; they have the best capacity of any ecosystem to retain carbon in
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the soil, as these ecosystems have a high capacity to limit the availability of oxygen to soil
microbes and the decomposition of organic matter [4,5].

Decomposition of organic matter within wetlands involves aerobic and anaerobic
processes. Organic matter decomposition (shrub residues, detritus, etc.) is often incomplete
under anaerobic conditions due to the lack of oxygen [5]. The carbon accumulation formed
over time is vulnerable when the wetland soil is affected by five factors, which includes pol-
lution, biological resource use, natural system modification, agriculture and aquaculture [6].
These changes may have important repercussions on global warming. However, despite
the fact that approximately 30% of the world’s wetlands are found in the tropics [2,7], only
a few studies [7,8] regarding carbon sequestration in wetlands have been conducted and
taken into account for the global carbon budget in the tropical regional zone of Mexico.

Of the total storage of carbon in the earth’s soils (1400–2300PgC (Pg = 1015 g of carbon)),
20–30% is stored in wetlands [2]. Some studies around the world on carbon sequestration
have shown the importance of natural soil wetlands; for example, North American wetlands
contain about 220 PgC, most of which is in peat [8]. Wetlands in the conterminous United
States store a total of 11.52 PgC [9]. Another study suggests that the world’s wetlands serve
as a net sink of 0.83 PgC/year, estimated from 21 wetland simulations that included Russia,
Canada, Costa Rica, Botswana and the USA data on carbon sequestration wetland soils [10].
However, information of Mexican carbon pools was not considered in American data. The
knowledge regarding carbon sequestration and storage in all the wetland soils is critical for
successful pathways to global decarbonization and carbon budgets.

In 2022, the Convention on Wetlands of International Importance, known as theRAM-
SAR Convention or RAMSAR treaty, celebrates 51 years of efforts to conserve these crucial
ecosystems. The treaty includes 2435 designated wetlands of international importance
(Ramsar sites), which involves 254,685,425 hectares of wetland soils around the world
(172 contracting parties). Mexico is in second place with wetland Ramsar sites (142) after
the United Kingdom (175), covering 8.7 million ha. Many of the priority wetland sites in
Mexico are associated with coastal sites on the Gulf of Mexico and the Pacific Ocean [11].

According to this, it is essential to know the Mexican wetlands. Thus, the main
objective of this study is to describe the natural wetlands of Mexico, their uses, and soil
carbon pool or carbon sequestration function.

2. Materials and Methods

The authors undertook a comprehensive search of the literature on carbon sequestered
in Mexican wetland soils (mangroves, flooded palms, swamps, flooded grassland, marshes)
based on the most important databases located in Mexican universities, publications
of the Mexican carbon program (http://pmcarbono.org/pmc/publicaciones/sintesisn.
php (accessed on 5 June 2022)), and the ISI Web of Knowledge (www.isiknowledge.com
(accessed on 8 April 2022)) database. The keywords used were: (carbon-pool, -stock, -sinks,
-sequestration, soil, wetlands, mangroves, flooded palms, swamps, flooded grassland,
marshes using the booleans operators and/or (exclusively in Spanish and English). A
total of 482 studies (from the year 2000 to 2022) were identified regarding carbon sinks for
Mexican wetland soils; only 32 studies were selected based on studies in situ on carbon
pools or carbon sequestration in Mexican wetlands because most were theoretical topics
or reviews, of which 56 sites were analyzed because in some papers different types of
wetlands were studied. The remaining percentage of studies was used for the introduction
section, the justification of the study and the discussion of the data.

To provide context, it is important to mention that, in most cases, the method formea-
suring the carbon sequestered in wetland soils consists of sampling points of soil profiles
used to analyze carbon and bulk density. Organic carbon is obtained by analyzing the
percentage of organic matter (OM) content and calculated as a portion of OM by using the
conversion coefficient of 0.58 (Van Bemmelen factor) [3,7,10] or the factor of 0.50 proposed
by Mitsch and Gosselink [2].
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Statistical analyses to determine differences in carbon pools among wetland soils
were performed with IBM SPSS Statistic version 22 for Windows (Armonk, NY, USA: IBM
Corp.). A Kolmogorov–Smirnov test was used to check normality; data fitted no normal
distributions; thus, the Kruskal–Wallis test at the 5% significant level was used to find
differences in the carbon pools between different wetland types.

3. Results and Discussion
3.1. Importance of Natural Wetlands to Ecosystem Services

Natural wetlands are important areas in terms of natural resources and biodiversity.
The publication of the Millennium Ecosystem Assessment [12] described a categorization
for wetland ecosystem services with four types: (1) Provisioning ecosystem services in-
clude products obtained from ecosystems, such as food, water, timber, fiber, or genetic
resources. (2) Regulating ecosystem services include air quality and climate regulation,
water purification, disease/pest regulation, pollination, and natural hazard regulation.
(3) Cultural ecosystem services include benefits that people obtain from ecosystems related
to spiritual enrichment, recreation, ecotourism, aesthetics, formal and informal education,
inspiration, and cultural heritage, and (4) supporting ecosystem services include basic
ecosystem processes of nutrient cycling and primary productivity that may, in turn, lead to
the other three services listed above.

Considering the ecosystem services described above, wetlands are known as “the kidneys
of the landscape” and “ecological supermarkets”, and they provide a potential sink of car-
bon [2]. Despite the fact that a large percentage of wetlands occur in tropical latitudes, carbon
sequestration from coastal tropical Mexican wetlands has not been extensively reported.

3.2. Wetland Types

Natural wetlands include marine, coastal or continental wetland types. The water that
flows into the wetland could be freshwater, brackish or saline. According to the vegetation,
the wetlands can have herbaceous vegetation or forest plants. However, some specific
classifications are described:

Forested wetlands: these are wetlands dominated by trees in temporal or permanent
flooded conditions. Wetlands dominated by halophytic trees growing in brackish to saline
tidal waters are called Mangroves. Typical mangrove trees are Avicennia germinans, Lagun-
cularia racemosa and Rhizophora mangle L. Wetland trees growing in freshwater conditions
are called freshwater swamps. In this study, only the concept “swamp” was used. Typical
freshwater swamp trees are Pachira aquatica, Haematoxylum campechianum, Ficus insipida,
Taxodium distichum and Nyssa aquatic [2,13].

Herbaceous wetlands: these are wetlands dominated by emergent herbaceous vegeta-
tion adapted to saturated soil conditions. In wetlands with freshwater conditions, common
species are Typha spp., Thalia geniculate L., Scirpus spp. and Pontederia sagittata. While
common species of herbaceous wetlands growing in brackish or saline water are: Spartina
alterniflora, Salicornia quinqueflora and Galaxias maculates [3,13]. In this study, these types of
wetlands are considered as marshes (wetlands dominated by herbaceous plants, such as
grasses, reeds and sedges [2,3]).

On the other hand, other types of herbaceous wetlands are the flooded grasslands:
these wetlands are characterized by an abundance of grass (or sedges), as well as periodic
flooding with fresh or brackish water or a high-water level during some months of the year,
sufficient to influence the vegetation. Typical grasses include species of the Poaceae family
or sedges with species of the Cyperaceae family [14].

3.3. The Carbon Cycle and Dominant Organisms in Wetland Soils

Carbon capture and sequestration is a physical process that involves the capture of
atmospheric carbon dioxide (CO2) and its storage. In wetlands, the major components
of the carbon cycle are illustrated in Figure 1. Various reactions utilizing carbon take
place within wetlands. The key processes are respiration and photosynthesis in aerobic
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conditions, fermentation, methanogenesis, methane oxidation and sulfate, iron, and nitrate
reduction in the anaerobic areas [15].
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Figure 1. Schematic diagram showing the major components of the carbon budget in a wetland and
its carbon exchanges with the atmosphere (adapted from [2,7,10]).

Photosynthesis (6CO2 + 12H2O + light→ C6H12O6 + 6O2 + 6H2O) and aerobic respi-
ration (C6H12O6 + 6O2→ 6CO2 + 6H2O + 12e− + energy) dominate the aerobic areas (aerial
and aerobic water and soil), with H2O as the major electron donor in photosynthesis and
oxygen as the terminal electron acceptor in respiration [2].

The fermentation of organic matter or glycolysis for the substrate involved occurs when
organic matter is the terminal electron acceptor in the anaerobic respiration of microorganisms.
This forms various low-molecular-weight acids and alcohols, as well as carbon dioxide, e.g.,
lactic acid (C6H12O6→ 2CH3CH2OCOOH) and ethanol (C6H12O6→ 2CH3CH2OH + 2CO2).
Fermentation represents one of the major ways in which high-molecular-weight carbohydrates
are broken down to low-molecular-weight organic compounds, usually as dissolved organic
carbon, which is, in turn, available to other microbes [2,16].

The methanogenesis occurs when certain methanogenic bacteria members of the Ar-
chaea domain use CO2 as an electron acceptor for the production of gaseous methane
(CO2 + 8H+ → CH4 + 2H2O). Depending on the wetlands and type of archaea, hy-
drogenotrophic methanogenesis or acetoclastic processes occur. In non-fertilized soils,
it has been observed that acetoclastic methanogenesis represents 51–67% of the produced
methane [16]. On the other hand, methane oxidation is carried out by obligate methan-
otrophic bacteria, which are from a larger group of eubacteria; they convert methane gas in
sequence to methanol (CH3OH), formaldehyde (HCHO), and finally CO2 (CH4→ CH3OH
→ HCHO→ HCOOH→ CO2)

Sulfate reduction: this metabolism is carried out by sulfate-reducing bacteria (SRB)
when the redox potential (Eh) decreases to −120 mV. SRB use mainly sulfate as their
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terminal electron acceptor in the anaerobic oxidation of organic substrates and reduce
it to hydrogen sulfide (H2S) (2(CH2O) + SO4

−2 2HCO3− + H2S). Sulfate reducers are
capable of using formate, lactate and H2; therefore, they compete with methanogens for
substrates [2,16]. In coastal sediments, distinct depth distributions have been observed,
where SO4

2− reducers are abundant in the first few centimeters, but as SO4
2− is depleted,

methanogens become more abundant at greater depths [17].
Iron reduction: this is a process carried out when the Eh descends to –47 mV. Several

groups of facultative and anaerobic bacteria participate in it. Manganese-reduction and
iron-reduction are relevant processes in those wetlands with high mineral supplies [16].

Denitrification: it is a respiration process in which the electron acceptor is nitrate, and
it starts when oxygen concentration is <10 µM. The resulting denitrification products are
molecular nitrogen (N2) and nitrogen oxide (NOx). Anaerobic Gram-negative bacteria
performs this process; among them, the genera Pseudomonas spp., Clostridium spp., Bacillus
spp. and Alcaligenes spp. have been reported [18].

Hydrology and radial O2 leakage have differences in the oxidation state of metals.
Therefore, site mineralogy interacts with hydrology to shape the wetland microbial com-
munity. For example, wetland roots are often coated with iron (Fe) (III) and Manganese
(Mn) (IV) oxides. Plants supply electron donors in the form of root exudates and oxidize
metals through O2 leakage, supporting metal-reducing bacteria [19].

Soils of organic matter typically contain between 45% and 50% carbon. Organic
soils formed from plant debris decompose slowly in very wet settings due to low oxygen
conditions, also referred to as anaerobic. Organic soils are very black, porous, and light in
weight and are often referred to as “peat” or “musk” [20]. Another process in wetlands
is respiration, described as the biological conversion of carbohydrates to carbon dioxide,
and fermentation is the conversion of carbohydrates to chemical compounds such as
lactic acid, or ethanol and carbon dioxide. In a wetland, organic carbon is converted into
compounds including carbon dioxide and methane and/or stored in plants, dead plant
matter, microorganisms, or peat [15,16].

Microbial degradation of above-ground plant litter is likely to begin before the material
enters the soil, and the role of fungi in wetlands needs more investigation. Some dominant
organisms in wetland soils described in a mini review [19] include fungi (Chaetothyriales,
Cantharellales), bacteria (Bacteroides, Planctomycetes, Chloroflexi, Acidobacteria, Actinobacte-
ria), fermenters (Chloroflexi, Proteobacteria, Verrucomicrobia), iron reducers (Geobacter sp.,
Desulfovibrio sp., Anaeromyxobacter, Shewanella), sulfate reducers (Desulfarculales, Desul-
fovibrionales, Syntrophobacterales, Firmicutes, Desulfobulbaceae), methanogens (Methanoregu-
laceae, Methanosarcinaceae, Methanosaetaceae) and methanotrophs (Methylobacter, Methylocys-
tis, Methylobacter).

3.4. Carbon Sequestration in Mexican Wetland Soils

Considering that the importance of wetlands in carbon sequestration as an environ-
mental service to mitigate global warming was described by the Millennium Ecosystem
Assessment [12], it is important to highlight that this regulating ecosystem service is scarcely
perceived or recognized by the population.

Generally, provisioning and the cultural ecosystem services are the most identified be-
cause they are more visible or palpable [21], so the dissemination of this type of knowledge
is important, and this study highlights such function, in which it is important to note that
even though there are some global carbon balances, counts or earth system models, these
do not include Mexican or tropical data [2,9,12,22]. However, in the last 20 years, measure-
ments of the carbon storage function have been made in Mexico, including mangroves,
swamps, marshes, flooded palms and flooded grasslands (Table 1).

Carbon sequestration in Mexican marshes oscillated between 16 and 110 Kg C m−2

(Table 1), while data of carbon pool reported for marshes of Old Woman Creek from Ohio
were between 9 and 14 Kg C m−2. In Palo Verde, a national park in Costa Rica, only 6
to 7 Kg C m−2 were reported [23]. The carbon pool observed in the riverine marsh of
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Botswana, Africa, oscillated within 0.8–1.3 Kg C m−2 [24], underlining the importance of
Mexican tropical wetlands in carbon storage, in addition to highlighting the importance of
these data for the generation of regulations or public policies for their protection since these
types of wetlands do not have extensive legal protection as in the case of the mangroves.

The flooded grasslands are sites with minimal attention regarding the function of the
carbon pool. In Mexican regions, three studies were found between the states of Veracruz,
Chiapas and Tabasco (Table 1, Figure 2), with carbon sequestered in the soil within 28 and
31 Kg C m−2. In the same regions, one of the studies mentioned above [25] claims that soil
carbon concentration decreases in areas converted from swamps of forested wetlands to
flooded grasslands due to decreases in carbon inputs, physical disturbances, and shorter
hydroperiods, which enhance higher greenhouse emissions, so the changing land use
negatively affects the ecosystem services as a carbon pool.
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Regarding mangroves, in Mexico, they are the wetland type with the best policies and
law enforcement for protection and conservation [3]. However, despite this importance,
mangroves are being deforested. Throughout the twentieth century, 30–50% of global
mangrove cover has been destroyed. Using previously published global models of carbon
stocks and Mexico-specific carbon sequestration data and calculating gross deforestation,
it was found that the current rate of deforestation will result in a social cost of USD
392.0 (±7.4) million over the next 25 years [26].

Thus, it is essential to follow up on the policies established in the country and avoid
permits for land-use change in these ecosystems, considering that the values of carbon
sequestered in mangrove soils oscillate between 7 and 93 Kg C m2 in almost all the coastal
zone of the country (Table 1, Figure 2). The values reported are similar to data in inventories
of soil carbon for natural and replanted mangrove forests from tropical and subtropical
areas, including Indonesia, Thailand, China and Australia (28–56 Kg C m−2) [27].
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Regarding swamps, these ecosystems have been recognized as treasures of the country,
and some books have described the importance, history, science and policies of these
wetland sites [2,3,28]. In Mexico, for example, some studies have reported their importance
as a carbon pool, mainly in the coastal areas of Veracruz and Chiapas with values between
35 and 73 Kg C m−2, while in other tropical zones such as Costa Rica or temperate areas such
as Ohio, the values reported for similar wetland types are lower (10–21 Kg C m−2) [10,23].

Flooded palms are a type of wetland that is less common; however, in Mexico, three
sites with carbon pool data were identified in Veracruz and Quintana Roo (Table 1, Figure 2),
with values of 1.5 to 16 Kg C m−2. These ecosystems are important as the fruits of the palms
are widely used for the preparation of traditional recipes, and the stem of the palms is used
for house construction [29,30]. At EARTH University, Humedal La Reserva, of Costa Rica,
in the middle of the rainforest reserve on the university campus, there is a swamp palm
dominated by Raphia taedigera with a carbon pool of 15.28 Kg C m−2 reported in the soil,
similar to the maximum value detected for Mexican flooded palms.

Table 1. Carbon sequestration in Mexican wetland soils.

Forested Wetland Type Site (Municipality or Area, State) Carbon Stock
(Kg C m−2)

Location in the
Map (Figure 2) Reference

Marshes Tecolutla and Vega de Alatorre,
Veracruz 25.9 D Marín-Muñiz [31]

Marshes Alto Lucero and Tecolutla, Veracruz 31.0 D Campos [32]

Marshes Veracruz, Tabasco/Campeche, Chiapas 110 D, G, E, F Sjögersten et al. [33]

Marshes Yucatán Peninsula 17.8 H Adame et al. [34]

Marshes Cuitzeo, Michoacán 16.8 K Paredes-García et al. [35]

Marshes La Encrucida, Biosphere Reserve,
Chiapas 33.7 F Adame et al. [36]

Marshes Yucatán Peninsula 21.2 H Morales-Ojeda et al. [37]

Marshes Río Blanco, Veracruz 68 D Hernández et al. [38]

Flooded grassland Jamapa y Yagual, Veracruz 28 D Hernández et al. [38]

Flooded grassland Veracruz, Tabasco/Campeche, Chiapas 27.1 D, E, G, F Sjögersten et al. [33]

Flooded grassland Estero Dulce and Boquilla de Oro,
Veracruz 30.6 D Hernández et al. [25]

Mangrove Yucatán Peninsula 28.0 H Morales-Ojeda et al. [37]

Mangrove Veracruz, Tabasco/Campeche, Chiapas 93 D Sjögersten et al. [33]

Mangrove Oaxaca and Guerrero 66.3 M, L Herrera et al. [39]

Mangrove Huimanguillo and Cárdenas, Tabasco 64.7 E Moreno et al. [40]

Mangrove Laguna de Términos, Campeche 25.2 G Moreno-May et al. [41]

Mangrove Carmen city, Campeche 11.7 G Ceron-breton et al. [42]

Mangrove Yucatán Peninsula 66.4 H Adame et al. [34]

Mangrove La Encrucida, Biosphere Reserve,
Chiapas 78.5 F Adame et al. [36]

Mangrove Pantanos de Centla, Tabasco and
Campeche 45.8 E, G Kauffman et al. [43]

Mangrove Vega de Alatorre, Veracruz 22 D Hernández et al. [38]

Mangrove La Encrucida, Biosphere Reserve,
Chiapas 28.4 F Adame and Fry. [44]

Mangroves Alvarado, Veracruz 16 D Moreno-Casasola et al. [45]

Mangrove Tuxpan, Veracruz 14.7 D Santiago [46]

Mangrove Agua Brava Lagooon, Nayarit 4.2 C Herrera-Silveira et al. [39]

Mangrove Bahía Tóbari, Sonora 7.9 B Bautista-Olivas et al. [47]

Mangrove Cuyutlán, Colima 10.2 J Herrera-Silveira et al. [39]
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Table 1. Cont.

Forested Wetland Type Site (Municipality or Area, State) Carbon Stock
(Kg C m−2)

Location in the
Map (Figure 2) Reference

Mangrove Nayarit 12 C Valdés et al. [48]

Mangrove La Paz Bay, Baja California 17.5 A Ochoa-Gómez et al. [49]

Mangrove Central coastal plain of Veracruz 37.5 D Hernández and Junca-Gómez [50]

Mangrove Paraíso Tabasco 20 E Arias [51]

Mangrove Península Yucatán 28.7 H Gutiérrez-Mendoza and
Herrera-Silveira[52]

Mangrove Celestun, Yucatán 61.6 H Herrera-Silveira et al. [53]

Mangrove Nayarit 10 C Valdés et al. [48]

Mangrove Magdalena and Malandra bay. Baja
California 22.5 A Ezcurra et al. [54]

Mangrove Sian Ka’an, Quintana Roo 45 I Herrera-Silveira et al. [39]

Mangrove Puerto Morelos, Yucatán 36 H Herrera-Silveira et al. [39]

Mangrove Aguiabampo, Sonora 3.5 B Barreras-Apodaca et al. [55]

Mangrove El Rabón, Nayarit 30 C Castillo-Cruz and Rosa-Meza [56]

Mangrove La Encrucijada, Chiapas 17.9 F Barreras-Apodaca et al. [55]

Mangrove Isla Arena, Campeche 30.5 G Pech-Poot et al. [57]

Mangrove Celestún, Yucatán 22.4 H Pech-Poot et al. [57]

Mangrove Cancún, Quintana Roo 26.4 I Pech-Poot et al. [57]

Mangrove La Encrucijada, Chiapas 6.3 F Velázquez-Pérez et al.[58]

Mangrove La Encrucijada, Chiapas 140 Sjögersten et al. [33]

Swamp La Encrucida, Biosphere Reserve,
Chiapas 72.2 F Adame et al. [36]

Swamp Jamapa, Veracruz 39 D Hernández et al. [44]

Swamp Alvarado, Veracruz 60 D Moreno-Casasola et al. [45]

Swamp Campeche y Tabasco 300 E, G Sjögersten et al. [33]

Swamp Tecolutla, Actopan, and Alto Lucero,
Veracruz 45 D Marín-Muñiz et al. [59]

Swamp Alto Lucero and Tecolutla, Veracruz 52 D Campos et al. [32]

Swamp Tecolutla and Vega de Alatorre,
Veracruz 35 D Marín-Muñiz et al. [31]

Flooded Palm Sian Ka’an, Quintana Roo 6.5 I Alamilla, [60]

Flooded Palm Alvarado, Veracruz 16 D Moreno-Casasola et al. [45]

Flooded Palm Jamapa, Veracruz 1.5 D Sánchez [61]

3.5. Mean Carbon Sequestration or Carbon Pool in Mexican Wetland Soils

The use of natural ecosystems to accumulate carbon in the soil is one of the most cost-
effective tools for reducing the net effect of greenhouse gas emissions and abating climate
change [62]. Mexican wetlands have been studied mainly in the last 10 years regarding their
high productivity in organic matter in the soil; the values reported were averaged according to
the wetland type (Figure 3), finding statistical differences of (p = 0.011). The best wetland type
for carbon sequestration in the soil was the swamp with 86.17 ± 35.9 Kg C m−2; this value
was significantly higher than flooded grassland (28.57± 1.04 Kg C m−2; p = 0.017), mangroves
(34.1± 5.2 Kg C m−2; p = 0.010), flooded palms (8.0± 4.2 Kg C m−2; p = 0.017) or the marshes
(40.55± 11.5 Kg C m−2; p = 0.049). These values are very important for climate models of the
carbon balance. Marín-Muñiz et al. [63] argued that wetlands should be considered as a sink of
carbon in the 100-year time horizon. Thus, the importance of conserving and protecting these
ecosystems is worth mentioning.
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On the other hand, the carbon pool in mangrove soils revealed significant differences
(p < 0.05) with respect to the carbon pool of flooded palm and swamp zones. Flooded palm
soils sequestered a similar amount of carbon to flooded grassland (p = 0.100) but were
different compared to the other wetland types. The carbon in marshes was statistically
similar to the carbon pool in flooded palms (0.990) and mangrove soils (p = 0.447). The
importance of the vegetation regarding the quantity of carbon sequestration in the soil has
been documented in some studies [31,64]; similarly, other factors such as water level and
flooded conditions are also important in the carbon pool in the wetlands [8,31].

Comparing the carbon pool of Mexican wetland soils with other reported values
reported of wetlands in other countries or for the Mexican terrestrial ecosystems, it was
observed that swamps, marshes, mangroves, and flooded grasslands can store almost 13,
7, 6, and 5 times more carbon in the soil than Mexican terrestrial ecosystems (Table 2),
respectively. Only the carbon stored in flooded palm wetlands was similar to the carbon of
Mexican terrestrial ecosystems. A similar situation was observed for values of carbon pools
in wetlands in the USA and Canada. Comparing the carbon pool function in European
and African wetlands with the values observed in Mexican wetlands, both were similar for
mangroves, marshes and flooded grasslands. Regarding the carbon pool reported in Africa,
this was lesser than that detected in Mexican wetlands (Table 2).

Given the importance of carbon storage in Mexican wetlands, it is necessary to con-
tinue promoting the importance of their protection and conservation, their environmental
services, and the economic value of these ecosystems. Some authors [29,30,65] in Mexico
have established community participation works to rescue traditional uses of wetland
resources and festivals on the importance of wetlands as awareness and appreciation
strategies. In addition to the climate change threats to wetlands of North and Central
America [66,67], it is time to pay attention to conserving the existing wetlands as natural
treasures for the well-being of humans.

9



Life 2022, 12, 1032

Table 2. The carbon pool in the different wetland types of Mexico versus the carbon pool in other
ecosystems and wetlands in other countries.

Ecosystem Carbon Pool (Kg Cm−2) Reference

Mexican terrestrial ecosystem 6.26 Vega-López [68].
Everette USA 7.81 Crooks et al. [69].
Clayoquot Sound marsh soils
Canada 8.06 Chastain and Kohfeld[70].

African Salt Marshes 10.9 Raw et al. [71].
Okavango Delta, riverine
marsh, Botswana, África 1.5 Bernal and Mitsch[24].

Wetlands of Europe 15–30 Abdul et al. [72].
Swamps 86.17

This study
Flooded grassland 28.57
Mangroves 34.1
Flooded palms 8.0
Marshes 40.55

4. Conclusions

Tropical wetlands are carbon-rich ecosystems. The Mexican carbon pool in the soil was
reviewed according to the different wetland types, including swamps, mangroves, flooded
grasslands, flooded palms and marshes. In Mexico, the mangrove has been the ecosystem with
the most studies on carbon sequestration. This is probably due to the fact that they are the
type of wetland that is protected under certain laws. New studies regarding different wetland
ecosystems were found in which it was observed that swamps stored more carbon in the soil
compared to other wetland types; however, the flooded grasslands and marshes presented a
similar carbon pool to mangroves, so new public policies on protection and conservation of
this type of wetland are needed. In the case of flooded palms, the average carbon pool of only
three sites was 8 Kg C m−2; however, in addition to their importance and function as a carbon
pool, such wetlands provide a social benefit due to the fruits of the palms in these ecosystems.
Thus, this study claims that Mexican wetlands can be natural and cost-effective tools to store
carbon in order to mitigate the effect of greenhouse gas emissions.
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Abstract: Compost produced by straw and livestock and poultry manure under the action of micro-
organisms is one of the main forms of organic alternative fertilizers at present. The present study
explored the effects of compost substitution on soil greenhouse gas emissions, soil microbial commu-
nity changes, and wheat yield to determine the best substitution ratio for reducing greenhouse gas
emissions and soil microbial community changes and increasing wheat yield. Using the single-factor
randomized block trial design, four treatments were employed, the characteristics of greenhouse gas
emission, yield and yield components, and the changes of soil microbial community under different
compost substitution ratio in the whole wheat growing season were determined by static box-gas
chromatography. During the wheat season, both CO2 and N2O emissions were reduced, whereas
CH4 emission was increased. That all treatments reduced the Global Warming Potential (GWP) and
Greenhouse gas emission intensity (GHGI) in wheat season compared with T0. Compost substitution
can alleviate the global warming potential to some extent. Under the condition of compost substitu-
tion, the wheat yield under T2 and T3 increased significantly compared with that under the control;
however, the spike number and 1000-grain weight did not differ significantly among the treatments.
When compost replacement was 30%, the yield was the highest. Under different ratios of compost
substitution, the microbial communities mainly comprised Proteobacteria, Actinobacteria, Firmicutes,
Patescibacteria, Chloroflexi, Acidobacteria, Bacteroidetes, Gemmatimonadetes, and Verrucomicrobia.
The soil microbial community structure differed mainly due to the difference in the compost substitu-
tion ratio and was clustered into different groups. In conclusion, to achieve high wheat yield and
low greenhouse gas emissions, compost replacement of 30% is the most reasonable means for soil
improvement and fertilization.

Keywords: composting; wheat; yield; greenhouse gas; soil micro-organism

1. Introduction

In China, obtaining high crop yield requires the application of a large amount of
chemical fertilizers, leading to an increase in the production cost. Moreover, the long-term
application of chemical fertilizers leads to soil acidification and consolidation, and the
utilization rate of nitrogen fertilizer is low. Increasing use of chemical fertilizers has deteri-
orated soil fertility and quality of agricultural products, which has not only affected the
comprehensive production capacity of soil but also seriously affected the ecological envi-
ronment [1]. High-temperature composting of crop straw is one of the effective methods to
replace chemical fertilizers [2–4]. Straw composting can increase the content of soil organic
matter, improve soil physiology and microbial characteristics, promote microbial fixation
of nutrients, reduce nutrient loss [5,6], and reduce CH4 emissions [7]. However, at the same
time, it can lead to an increase in N2O emissions [8,9], and promote the recycling of natural
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resources. Therefore, transformation from inorganic agriculture to ecological and green agri-
culture is necessary [10]. Use of compost can promote resource utilization of agricultural
waste, reduce the use of chemical fertilizers, and improve crop yield and quality, indicating
that it has a high practical application value. The combined application of organic and
chemical fertilizers is the most efficient approach for improving soil quality, increasing
crop yield, and reducing greenhouse gas emissions. The use of chemical fertilizer alone in
farmland can lead to an increase in greenhouse gas emissions [11]. Wang et al. [12] reported
that the combined application of bio-organic and chemical fertilizers could increase the
number of tillers of wheat by 12.4–18.9% and significantly increase the number of effective
spikes, grains per spike, and 1000-grain weight of wheat. Other studies have reported
that composting can promote plant growth and development and increase crop yield [13].
According to Chaoui et al. [14], composting can increase the number of micro-organisms in
soil and improve the availability of soil nutrients. The effect of straw returning on N2O
emission is uncertain in China and abroad; straw returning has been reported to not only
promote N2O emission [15], but also inhibit N2O emission [16]. Additionally, a few studies
reported that using straw compost instead of some part of chemical fertilizer can increase
crop yield. The present study investigated the effect of replacing some part of chemical
fertilizer with straw compost in terms of differences in growth indices and yield and quality
of wheat with different straw compost substitution ratios. The findings may be useful
in promoting resource utilization of agricultural waste and reducing the use of chemical
fertilizers, thereby providing a theoretical basis for wheat high-yield cultivation techniques.

2. Materials and Methods
2.1. Experimental Field and Design

This experiment was conducted in the Anhui University of Science and Technology
(E117◦33′39”, W32◦52′49”) from December 2020 to June 2021, during the field experiment
average temperature of 17–8 ◦C, during the field experiment rainfall of 145 mm. The former
stubble of the experiment was rice; the soil was yellow cinnamon soil. The organic matter
content in the 0–20-cm soil layer is 20.8 g/kg, with the alkali-hydrolysable nitrogen content
of 110.9 mg/kg, available phosphorus content of 25.8 mg/kg, and available potassium
content of 115.2 mg/kg.

2.2. Test Materials
2.2.1. Production of Compost

The compost used in the experiment comprised cow manure and rice straw harvested
after ripening according to the mass ratio of 2:1, and the raw materials were pre-treated
before composting. Large chunks of cow dung were simply crushed, and the straw was
crushed into small pieces (smaller than 1 cm), which were stacked and set aside. We mixed
layers by layers and sprayed water while mixing; the pile was turned repeatedly with
a lawn grabber until it was evenly mixed. The overall moisture content was adjusted
to 55–65%. The C/N ratio was 25:30, and the oxygen content was 8–18%. The pH was
maintained at 6.5–8.0. A small pile with a bottom width of 1.5 m, a height of 1–1.2 m, and a
length of 2–3 m was fermented at a high temperature for 50–60 days, and a compost with
weak ammonia and manure odor was obtained; the color of rice straw and cow manure
changed to granular black–brown after maturity. The nitrogen, P2O5, K2O, and organic
matter contents of the compost were 1.03%, 0.87%, 1.35%, and 47.8%, respectively, and the
pH was 6.67.

2.2.2. Experimental Wheat

The experimental wheat variety ‘Huaimai 44’ was selected. The seedling stage of this
variety is semi-creeping; the leaves are short and green in color. After attaining maturity,
the plants become compact, their sword leaf is erect, and the ripening phase is better. The
plants exhibit a strong tillering ability, a large number of panicles, earlier yellowing, and
strong ability of cold and lodging resistance.
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2.3. Single Factor Experimental Design

The types of straw compost used as a substitute for chemical fertilizer treatment
(T) were as follows: 1. conventional fertilizer control (T0 treatment; compound fertilizer
(N18%-P2O5-18%-K2O18%): 600 kg/hm2, urea: 300 kg/hm2); 2. composting to replace
10% chemical fertilizer (T1 treatment; compound fertilizer (N18%-P2O5-18%-K2O18%):
540 kg/hm2, urea: 270 kg/hm2, straw compost: 3 t/hm2); 3. composting to replace
20% chemical fertilizer (T2 treatment; compound fertilizer (N18%-P2O5-18%-K2O18%):
480 kg/hm2, urea: 240 kg/hm2, compost: 6 t/hm2); and 4. composting to replace 30% chem-
ical fertilizer (T3 treatment; compound fertilizer (N18%-P2O5-18%-K2O18%): 420 kg/hm2,
urea: 210 kg/hm2, compost: 9 t/hm2). Each treatment was performed in triplicate. On 5
December 2020, the seeds were sown with an equal row spacing of 15 cm. The sowing rate
of 14 m2 was 52.50 g/row and that of 15 m2 was 56.25 g/row. Except for different fertiliza-
tion treatments, the other field-management measures adopted the unified management
mode of local high-yield wheat field in each district. Wheat was harvested on 9 June 2021.

2.4. Observation Indicators and Methods
2.4.1. Collection and Determination of Greenhouse Gases

The closed static chamber method was used to measure the emission fluxes of CH4,
CO2, and N2O in wheat field. The sampling device consists of three parts made of opaque
organic plastic, namely top box, middle box, and base. In the inner surface of the box
(50 cm × 50 cm × 50 cm), a small fan is placed that ensures the uniform distribution of gas.
The outer surface consists of a sponge aluminum foil, which is used for reflection and heat
insulation, and a thermometer, which is inserted in the upper part of the box and measures
the temperature of the box. The upper surface of the base (50 cm × 50 cm × 25 cm) has
grooves. During gas production, the grooves are sealed with water, and the box is covered
to prevent air leakage between the box and base. The sample was collected through a
syringe from the sampling port. The base was buried between the crop rows, exposing
only grooves, and it did not move throughout the wheat growing season.

Gas samples were collected during the jointing stage (13 March 2021), booting stage
(10 April 2021), flowering stage (24 April 2021), filling stage (9 May 2021), and mature stage
(6 May 2021). The sampling time was fixed from 8:00 am to 11:00 am. Water injection in
the base tank was closed during gas production; the small fan box at the top of the top box
was opened and placed on the base, and the samples were collected every 5 min. Air was
extracted from the gas inlet by using a 60 mL syringe at the time intervals of 5, 10, and
15 min, and 60 mL gas was injected into the vacuum air bag for preservation. A total of
3 gas samples were collected. Simultaneously, the temperatures of air and the box were
observed and recorded.

The collected samples were analyzed using the Agilent7890B (Agilent, Waldbronn,
Germany) gas chromatograph in the laboratory. The analysis column was Porpak.Q packed
column. The temperature of the column box was 40 ◦C, and the carrier gas was high
purity N2. N2O electron capture detector (ECD) was used. The working temperature was
300 ◦C, and the lowest detection limit was 32 µg·kg−1. CO2 and CH4 were determined
using hydrogen detector (FID). The working temperature was 300 ◦C. The lowest detection
limit of CO2 and CH4 was 4 and 0.2 mg·kg−1, respectively. The standard gas of the
national standard metrology center was used to calibrate the gas chromatograph, and the
external standard working curve was obtained for all 60 samples. The unobserved daily
emission fluxes were calculated using the interpolation method; further, the measured
values were summed up with the calculated values, and the respective emissions of CO2,
CH4, and N2O were obtained. The greenhouse gas emission fluxes were calculated using
the following formula:

F =
dc
dt
× M

V0
× P

P0
× T0

T
×H (1)

where F is the greenhouse gas emission flux (mg/(m2·h)); dc/dt is the slope of the regression
curve of the gas volume fraction with time during sampling; M is the molar mass of the gas
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(g/mol); V0 is the molar volume of the gas under the standard gas (22.41 L/mol); P and P0
are the air pressure at the sampling point (Pa) and the air pressure at the standard state
(101,325 Pa), respectively; T and T0 are the absolute temperatures at the time of sampling
(K) and in the standard state (273.15 K), respectively; and H is the height of the sampling
box (m).

The cumulative greenhouse gas emissions during the wheat growth period were
obtained by multiplying the average greenhouse gas emission flux during the two adjacent
sampling periods with the time interval between two sampling periods.

2.4.2. Calculation of Comprehensive Warming Potential and Greenhouse Gas
Emission Intensity

Using comprehensive warming potential (GWP), other greenhouse gas emissions can
be converted into equivalent CO2, and their climates can be compared [17]. In this study,
the GWP was used to express the potential effects of different greenhouse gases on global
warming. On the 100-year warming scale, the warming potential of CH4 and N2O is 28
and 265 times of that of CO2. The GWP can be calculated from the cumulative emission of
each gas and its corresponding temperature increasing coefficient.

GWP = CO2 + 25 × CH4 + 298 × N2O (2)

GHGI was used to evaluate the comprehensive greenhouse effect of each treatment.
The algorithm of GHGI is:

GHHI = GWP/Y (3)

where GHGI is the greenhouse gas emission intensity of the treatment, and Y is the crop
yield of each treatment (kg·hm−2).

2.4.3. Determination of Yield

Representative 1 m, 2-row samples were selected from each plot during the wheat
maturity stage. The average spike number was investigated, and the spike number per
unit area was calculated. Overall, 20 plants were selected from each plot for indoor seed
testing, and the average grain number per spike and 1000-grain weight were investigated.

2.4.4. Soil sample Collection and Treatment

Soil samples were collected in June 2021 (after wheat harvest). After removing the
surface floating soil, according to the ‘Z’-shaped sampling route, 0–20 cm soil cores were
randomly selected using a sampler (diameter 2.5 cm). Then, the samples were mixed evenly
to remove impurities such as gravel and plant residual roots. The fresh soil samples were
divided into two parts: one part was air-dried for the determination of soil physical and
chemical properties, and the other part was preserved at −80 ◦C for the extraction of soil
genomic DNA.

2.4.5. Extraction and Sequencing of Soil DNA

In total, 0.5 g of soil stored in a refrigerator at −80 ◦C was taken, and total DNA
of the soil was extracted using the PowerSoil® DNA extraction kit (MoBio Laboratories,
Inc., Carlsbad, CA, USA), according to the manufacturer’s instructions. DNA content was
quantified using a NanoDrop spectrophotometer (ND-2000, Thermo Scientific, Waltham,
MA, USA), diluted to 10 ng·µ L−1, and stored in a refrigerator at−20 ◦C util use. Each DNA
sample had 9 PCR repeats and included 2 negative controls without DNA template. The
PCR reaction system and reaction procedure were based on the method described by Zhao
et al. [18]. The PCR product was purified through gel cutting, and the concentration was
determined using PicoGreen® (Promega, Madison, WI, USA). After equimolar mixing, the
product was sent to Guangdong MAGIGENE Technology limited company for sequencing.
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2.4.6. Statistical Analysis

The test data were processed and analyzed using MS Excel 2010 and DPS7.05 software,
and the significance was tested using the LSD method. The relationship between soil
physical and chemical properties and greenhouse gases and their functional bacteria was
analyzed using the ‘psych’ package in R, and the principal coordinate analysis (pCoA) and
redundancy analysis (RDA) of community structure differences and environmental factors
on community structure were completed using ‘vegan’ in R. The ‘pheatmap’ and ‘ggplot2’
packages in Excel and R were used for drawing.

3. Results
3.1. Effects of Different Compost Substitution Ratios on Soil N2O, CH4, and CO2 Emissions

Figure 1 shows the dynamic changes in N2O, CH4, and CO2 emission fluxes during
the wheat growth period under different compost substitution ratios. As shown in Figure 1,
under different compost substitution ratios, the flux emission of each treatment displayed
a unimodal pattern, and the emission flux demonstrated first an increasing trend and then
a decreasing trend with the seasonal change; the maximum emission flux was obtained at
the jointing stage after sowing. The emission of N2O after T1 treatment was higher than
that after T0 treatment, and the amount of N2O uptake after T2 treatment was higher than
that after T3 treatment.

Life 2022, 12, x FOR PEER REVIEW 5 of 12 
 

 

Carlsbad, CA, USA), according to the manufacturer’s instructions. DNA content was 

quantified using a NanoDrop spectrophotometer (ND-2000, Thermo Scientific, Waltham, 

MA, USA), diluted to 10 ng·μ L−1, and stored in a refrigerator at −20 °C util use. Each DNA 

sample had 9 PCR repeats and included 2 negative controls without DNA template. The 

PCR reaction system and reaction procedure were based on the method described by Zhao 

et al. [18]. The PCR product was purified through gel cutting, and the concentration was 

determined using PicoGreen® (Promega, Madison, WI, USA). After equimolar mixing, the 

product was sent to Guangdong MAGIGENE Technology limited company for sequenc-

ing. 

2.4.6. Statistical Analysis 

The test data were processed and analyzed using MS Excel 2010 and DPS7.05 soft-

ware, and the significance was tested using the LSD method. The relationship between 

soil physical and chemical properties and greenhouse gases and their functional bacteria 

was analyzed using the ‘psych’ package in R, and the principal coordinate analysis 

(pCoA) and redundancy analysis (RDA) of community structure differences and environ-

mental factors on community structure were completed using ‘vegan’ in R. The 

‘pheatmap’ and ‘ggplot2’ packages in Excel and R were used for drawing. 

3. Results 

3.1. Effects of Different Compost Substitution Ratios on Soil N2O, CH4, and CO2 Emissions 

Figure 1 shows the dynamic changes in N2O, CH4, and CO2 emission fluxes during 

the wheat growth period under different compost substitution ratios. As shown in Figure 

1, under different compost substitution ratios, the flux emission of each treatment dis-

played a unimodal pattern, and the emission flux demonstrated first an increasing trend 

and then a decreasing trend with the seasonal change; the maximum emission flux was 

obtained at the jointing stage after sowing. The emission of N2O after T1 treatment was 

higher than that after T0 treatment, and the amount of N2O uptake after T2 treatment was 

higher than that after T3 treatment. 

  

(A) (B) 

Life 2022, 12, x FOR PEER REVIEW 6 of 12 
 

 

 

 

(C)  

Figure 1. Dynamics of (A) N2O flux, (B) CH4 flux, (C) CO2 flux under different treatments. 

The flux of CH4 was both positive and negative, and it fluctuated rapidly. As shown 

in Table 1, during the wheat growth period, the cumulative emission of CH4 in each treat-

ment was negative, suggesting absorption. The amount of absorption under T0 treatment 

was higher than that under T2 treatment, and there was a positive value. The emission 

under T3 treatment was higher than that under T1 treatment. Outcomes under each treat-

ment differed significantly from those under T0 (p < 0.05). 

Table 1. Accumulation of greenhouse gas emissions, comprehensive greenhouse gas warming po-

tential, and greenhouse gas emission intensity under different compost substitution ratios. 

Treatment 

N2O Cumulative 

Emission 

(kg N∙hm−2) 

CH4 Cumulative 

Emission 

(kgC∙hm−2) 

CO2 Cumulative 

Emission 

(kg C∙hm−2) 

GWP 

(kgCO2-eq∙hm−2) 

GHGI 

(g CO2-eq∙kg−1) 

T0 0.32 ± 0.01 b −28.21 ± 0.71 d 55,731.98 ± 1393.30 a 55,121.75 a 6.93 a 

T1 0.74 ± 0.02 a 3.74 ± 0.09 b 48,128.64 ± 1203.22 b 48,442.61 b 6.56 a 

T2 −1.26 ± 0.03 c −0.22 ± 0.01 c 22,451.49 ± 561.29 d 22,070.57 d 2.63 c 

T3 −1.07 ± 0.03 c 9.39 ± 0.23 a 38,729.71 ± 968.24 c 38,645.56 c 4.01 b 

Note: Values followed by different lowercase letters in a column indicate significant difference 

among treatments at the 0.05 level. 

The emission flux of CO2 from each treatment clearly changed during the growth 

period of wheat, showing a single peak. The emission flux of CO2 increased gradually 

after low performance at the booting stage, reached the peak at the filling stage, and then 
decreased. According to Table 1, the cumulative CO2 emission of each treatment was in 

the order T0 > T1 > T3 > T2 during the wheat growth period. The cumulative emission of 

55,731.98 kgC·hm−2 under T1, T2, and T3 decreased significantly by 13.6%, 59.7%, and 

30.5%, respectively, compared with that under T0 treatment (p < 0.05). Outcomes under 

each treatment differed significantly from those under T0 (p < 0.05). 

3.2. GWP and GHGI under Different Compost Substitution Ratios 

The estimated results of GWP and GHGI under different compost substitution ratios 

during the wheat growth period are presented in Table 1. T0 treatment made the greatest 

contribution to the comprehensive warming potential of farmland. The comprehensive 

warming potential of TI, T2, and T3 decreased by 13.8%, 149.8%, and 42.6%, respectively, 

compared with that of T0. With significant variations in the yield under each treatment, 
both GHGI and GWP exhibited a different trend. Under different compost substitution 

ratios, the GHGI under different treatments was in the order T1 > T3 > T2 > T0. The GHGI 

Figure 1. Dynamics of (A) N2O flux, (B) CH4 flux, (C) CO2 flux under different treatments.

The flux of CH4 was both positive and negative, and it fluctuated rapidly. As shown in
Table 1, during the wheat growth period, the cumulative emission of CH4 in each treatment
was negative, suggesting absorption. The amount of absorption under T0 treatment was
higher than that under T2 treatment, and there was a positive value. The emission under
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T3 treatment was higher than that under T1 treatment. Outcomes under each treatment
differed significantly from those under T0 (p < 0.05).

Table 1. Accumulation of greenhouse gas emissions, comprehensive greenhouse gas warming
potential, and greenhouse gas emission intensity under different compost substitution ratios.

Treatment
N2O Cumulative

Emission
(kg N·hm−2)

CH4 Cumulative
Emission

(kgC·hm−2)

CO2 Cumulative
Emission

(kg C·hm−2)

GWP
(kgCO2-eq·hm−2)

GHGI
(g CO2-eq·kg−1)

T0 0.32 ± 0.01 b −28.21 ± 0.71 d 55,731.98 ± 1393.30 a 55,121.75 a 6.93 a
T1 0.74 ± 0.02 a 3.74 ± 0.09 b 48,128.64 ± 1203.22 b 48,442.61 b 6.56 a
T2 −1.26 ± 0.03 c −0.22 ± 0.01 c 22,451.49 ± 561.29 d 22,070.57 d 2.63 c
T3 −1.07 ± 0.03 c 9.39 ± 0.23 a 38,729.71 ± 968.24 c 38,645.56 c 4.01 b

Note: Values followed by different lowercase letters in a column indicate significant difference among treatments
at the 0.05 level.

The emission flux of CO2 from each treatment clearly changed during the growth
period of wheat, showing a single peak. The emission flux of CO2 increased gradually
after low performance at the booting stage, reached the peak at the filling stage, and then
decreased. According to Table 1, the cumulative CO2 emission of each treatment was in
the order T0 > T1 > T3 > T2 during the wheat growth period. The cumulative emission
of 55,731.98 kgC·hm−2 under T1, T2, and T3 decreased significantly by 13.6%, 59.7%, and
30.5%, respectively, compared with that under T0 treatment (p < 0.05). Outcomes under
each treatment differed significantly from those under T0 (p < 0.05).

3.2. GWP and GHGI under Different Compost Substitution Ratios

The estimated results of GWP and GHGI under different compost substitution ratios
during the wheat growth period are presented in Table 1. T0 treatment made the greatest
contribution to the comprehensive warming potential of farmland. The comprehensive
warming potential of TI, T2, and T3 decreased by 13.8%, 149.8%, and 42.6%, respectively,
compared with that of T0. With significant variations in the yield under each treatment,
both GHGI and GWP exhibited a different trend. Under different compost substitution
ratios, the GHGI under different treatments was in the order T1 > T3 > T2 > T0. The GHGI
under T1 was the highest (42.53 g·CO2-eq kg−1), although T1 exhibited the lowest yield
among all treatments.

3.3. Effects of Different Compost Substitution Ratios on Wheat Yield and Yield Components

The effects of different compost substitution ratios on wheat yield, quality, and yield
components are shown in Table 2. The number of grains per spike in T2 was significantly
higher than those in T0, T1, and T3; however, the difference in the number of grains
per spike between T0 and T3 was nonsignificant. The number of panicles in T1 was
significantly lower than those in T0, T2, and T3. In terms of the 1000-grain weight, T0,
T1, and T2 exhibited no significant difference; however, 1000-grain weight after T3 was
significantly higher than that after other treatments. Overall, 30% substitution of compost
significantly increased the wheat yield, and the yield after T3 (9647.01 kg·hm−2) increased
by 21.3% compared with that under T0. The yield under T0 and T2 was significantly higher
than that under T1; however, it did not differ significantly between T0 and T2.

Table 2. Effects of different compost substitution ratios on wheat yield and yield components.

Treatments Spike Number (Ear/each) Kernels Per Spike
(Per Spike) 1000-Grainweight (g) Yield (kg/hm2)

T0 620.00 ± 2.65 a 32.38 ± 1.00 c 39.61 ± 4.03 b 7950.35 ± 33.93 b
T1 566.00 ± 4.93 b 35.90 ± 0.29 b 36.32 ± 1.61 b 7380.70 ± 64.32 c
T2 624.67 ± 16.34 a 38.92 ± 0.67 a 34.41 ± 2.55 b 8363.91 ± 218.83 b
T3 630.67 ± 11.84 a 31.18 ± 0.74 c 49.07 ± 0.59 a 9647.01 ± 181.06 a

Note: Values followed by different lowercase letters in a column indicate significant difference among treatments
at the 0.05 level.
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3.4. Effect of Microbial Community Composition under Different Compost Substitution Ratios

Figure 2A shows the relative abundance of microbial community structure under
different compost substitution ratios. The microbial community under different treatments
comprised mainly Proteobacteria, Actinobacteria, Firmicutes, Patescibacteria, Chloroflexi,
Acidobacteria, Bacteroidetes, Gemmatimonadetes, and Verrucomicrobia. With an increase
in the compost substitution ratio, the relative abundance of Actinomycetes under T0
increased significantly compared with those under T1, T2, and T3 (p < 0.05), but it decreased
when the substitution ratio increased to 30%. The relative abundance of Proteus was
significantly lower under T2 than those under T0, T1, and T3 (p < 0.01). The relative
abundance of thick-walled bacteria was significantly higher under T2 than those under
T0, T1, and T3 (p < 0.01). The relative abundance of Patescibacteria was significantly
lower under T3 than those under T0, T1, and T2 (p < 0.01). The relative abundance of
Campylobacter was significantly higher under T0 and T3 than that under T1 and T2
(p < 0.01). Likewise, the relative abundance of acid bacilli was significantly lower under T1
and T2 than that under T0 and T3 (p < 0.01).
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Figure 2. The relative abundance (A), the relative abundance of dominant functional bacteria (>1%)
(B), the PCoA (C), and fragrance index (D) of the differences in community structure under different
compost substitution ratios.

Figure 2B shows the relative abundance of microbial communities under different
compost substitution ratios at the genus level, including 13 dominant functional bacteria
(relative abundance more than 1%) and various α-, β-, and γ-type amoeba (Proteobacteria).
The relative abundance of Bacillus was significantly higher under T2 than those in T0, T1,
and T3. For Sphingomonas, the relative abundance was significantly higher under T1 and
T3 than that under T0 and T2. The relative abundance of Gemmatimonas was significantly
lower under T0 and T2 than that under T1 and T3. The relative abundance of Nocardioides
was significantly higher under T1 than that under T0, T2, and T3 (p < 0.01).

Figure 2C presents the OTU data based on 97% similarity, and the weighted (Weighted
Unifrac) algorithm was used to stack the results of pCoA of microbial community structure
under different compost substitution ratios. Among them, the variance contribution rates
of the first and second principal components were 51.8% and 29.4%, respectively, and the
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cumulative variance contribution rate was 81.2%. On the first axis, T1 and T2 could be well
separated on the first axis, and the amount of variance explained was 51.8%.

Figure 2D shows the results of Shannon index diversity analysis of the microbial
community structure. The higher the Shannon index, the richer is the microbial community
diversity, and vice-a-versa. The Shannon index under T2 was significantly lower than that
under other three treatments (p < 0.05); however, no significant difference was observed in
terms of diversity among the other three treatments.

3.5. Redundancy Analysis of the Microbial Community Structure, Environmental Factors, and Soil
Nutrient Content

The correlation between the microbial community structure, environmental factors,
and soil nutrient content was further examined, and the results are shown in Figure 3. A
total of 80% of the relationship between microbial community structure, environmental
factors, and soil nutrient content could be explained by the two axes, reflecting the effects of
environmental factors and soil nutrient content on the soil microbial community structure.
Further analysis indicated that the amount of variance explained by RDA1 and RDA2
was 67.1% and 12.9%, respectively, and the responses of soil microbial communities to
environmental factors and soil nutrients were different under different compost treatments.
Among them, T0, T1, and T3 positively correlated with AN, N2O, SOM, and CO2, whereas
T2 positively correlated with TN and CH4.
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4. Discussion

Many studies have reported that the application of compost can improve the physical
and chemical properties of soil [19–22], increase the content of soil nutrients [19,20,23,24],
and increase the diversity and abundance of soil micro-organisms [14,25–27]. More-
over, compost application is beneficial to the transformation and release of soil nutri-
ents [14]. Greenhouse gas emissions from farmland are affected by many factors such
as climatic conditions, soil characteristics, fertilizer types, and agricultural management
measures [27–30].

N2O is emitted from soil by the production of ammonium salts during the process of
oxidation involving nitrifying bacteria [31]. Some studies have suggested that compost
substitution can change the soil characteristics [32], and stimulate the soil microbial activity
to increase soil microbial biomass, thereby promoting denitrification to increase N2O
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emission [33–35]. A study by Guo et al. [36] indicated that compost substitution can
significantly reduce soil N2O emission, consistent with the findings of the present study.

The emission flux of N2O is relatively high at the jointing stage, which may be related
to fertilization. Fertilization can provide a large amount of available nitrogen to soil
micro-organisms and accelerate the processes of microbial nitrification and denitrification,
thus promoting N2O emission [37]. Under the compost substitution ratio of 20%, the
cumulative N2O emission was the lowest, which may be attributed to the low Shannon
index and poor microbial community diversity. Studies have reported that micro-organisms,
particularly Proteus, thick-walled bacteria, and Actinomycetes, are involved in straw
decomposition [38]. Nitrogen-fixing micro-organisms mainly include various α-, β-, and
γ-type Proteobacteria [39]. Among these groups, Firmicutes can participate in straw
decomposition and are the most abundant bacteria that play a leading role in nitrogen
utilization and compete with nitrifying bacteria for nitrogen sources; thus, they promote
the fixation of plant available nitrogen, reduce the substrate for N2O production [40,41],
and inhibit N2O emissions.

Previous studies have reported the involvement of micro-organisms in various carbon
cycle metabolic processes such as the conversion of inorganic carbon to organic carbon,
production of methane and methane oxidation, and decomposition of organic matter [42].
Some studies have reported that the amount of CH4 emitted from dryland soil is relatively
low, which is mostly shown as absorption. This may be due to soil dryness, good aeration
conditions, and abundant oxygen in the soil, which make CH4 easy to be oxidized [43].
It may also be due to the rapid decomposition of organic matter and slow accumulation
of organic carbon in dryland soil, thus affecting the production and emission of CH4 [44].
In the present study, the cumulative emission of CH4 increased under different compost
substitution ratios, and the soil emission of CH4 was increased by the compost substitution
treatment. This may be attributed to the fact that the relative abundance of Bacillus,
Actinobacteria, and Sphingomonas increased after compost substitution, which reduced
the decomposition of soil organic matter and promoted its rapid accumulation, thereby
increasing the production and emission of CH4. The absorption under T0 was higher than
that under T1, T2, and T3, which may be due to the presence of fewer Proteus in the soil
without composting and increased fixation of organic matter in the soil [39], leading to a
decrease in the methanogen matrix and CH4 emission.

In this study, CO2 emissions reduced under different compost substitution ratios, and
the relative abundance of Bacillus increased after compost substitution. This resulted in soil
carbon sequestration, leading to a decrease in the decomposition of organic matter by micro-
organisms and the transformation of mineral nutrients. Different compost substitution
ratios lead to differences in the amount of soil organic carbon fixed. The stability of soil
organic carbon increases gradually, and the deep organic carbon is not easy to be used by
biology. Therefore, soil respiration is relatively weak, and CO2 emissions decrease.

In this study, all treatments reduced the comprehensive warming potential of green-
house gases in the wheat season, and the comprehensive warming potential under T3 treat-
ment was relatively low, which may be due to the lack of carbon-fixing micro-organisms
in T3, rendering the soil to fix a limited amount of organic carbon. The comprehensive
warming potential under T2 decreased by 60% compared with that under T0, which in-
dicated that soil organic carbon was fixed due to compost substitution. The GHGI under
T2 was the weakest among all compost substitution treatments, indicating that compost
substitution could not only reduce the GHGI but also enhance the carbon sequestration of
soil micro-organisms and improve soil productivity.

Additionally, compost substitution increased wheat yield, which is consistent with
the findings of a study by Wang Jiabao [12]. The yield increased the most under compost
replacement of 30%. The compost replacement of 30% increased the abundance of micro-
organisms causing soil carbon sequestration and improved soil productivity, in addition
to significantly increasing the effective panicles and 1000-grain weight of wheat. Thus,
compost substitution is an ideal cultivation measure for soil improvement and fertilization.
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5. Conclusions

Throughout the wheat season, compost substitution significantly reduced CO2 and
N2O emissions, and the accumulation of CO2 under all treatments was lower than that
under T0. 20% of compost substitution was the smallest and the largest without composting.
N2O accumulation was also the lowest under compost replacement of 20%; whereas
for CH4, it was emission. In terms of GWP and GHGI, compost substitution of 30%
could reduce GHGI and significantly increase wheat yield by 21.3% on a 100-year scale.
Therefore, compost replacement of 30% could relatively reduce greenhouse gas emissions
and significantly increase wheat production, indicating that compost replacement of 30%
could be beneficial to both the economy and environment.
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Abstract: Soil organic carbon (SOC) mineralization plays an important role in global climate change.
Temperature affects SOC mineralization, and its effect can be limited by the substrate available.
However, knowledge of the effects of temperature and substrate quality on SOC mineralization in the
Mollisols of Northeast China is still lacking. In this study, based on a spatial transplant experiment,
we conducted a 73-day incubation to examine the effects of temperature on SOC mineralization and
its temperature sensitivity under different carbon levels. We found that the SOC content, incubation
temperature and their interaction had significant effects on SOC mineralization. A higher SOC
content and higher incubation temperature resulted in higher SOC mineralization. The temperature
sensitivity of SOC mineralization was affected by the substrate quality. The temperature sensitivity
of SOC mineralization, showed a downward trend during the incubation period, and the range of
variation in the Q10 declined with the increment in the SOC content. The study suggested that there
was a higher SOC mineralization in high levels of substrate carbon when the temperature increased.
Further, SOC mineralization under higher SOC contents was more sensitive to temperature changes.
Our study provides vital information for SOC turnover and the CO2 sequestration capacity under
global warming in the Mollisols of Northeast China and other black soil regions of the world.

Keywords: substrate quality; carbon dioxide; Kinetic theory; Mollisols; temperature sensitivity

1. Introduction

Soil organic carbon (SOC) is one of the most important carbon pools in terrestrial
ecosystems, accounting for 60~80% of the global terrestrial carbon [1]. SOC decomposition
in soils affects atmospheric CO2 concentrations [2] and subsequently influences global
climate change [3]. The study of SOC decomposition has been the focus of attention
worldwide. Additionally, terrestrial ecosystems and their carbon dynamics significantly
impact the global carbon budget [4]. Most studies have suggested that the changes in
soil carbon content are associated with different types of land use [5,6] and different
soil moisture and temperature conditions [7,8]. Better understanding of the dynamics
of terrestrial SOC in different ecosystems is essential to determine SOC decomposition
and turnover. The quantitative dynamics of SOC are important for predicting ecological
processes and assessing soil fertility.

SOC mineralization, which mediates critical ecosystem processes important for the
decomposition and turnover of organic matter, is an important monitor of the soil carbon
cycle and can provide an estimate of soil carbon decomposition [9]. Carbon mineralization
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can be affected by many factors, such as soil organic matter (SOM) quality and quan-
tity, oxygen (O2), water availability, soil biota and soil temperature [10]. One of the most
important drivers affecting SOC mineralization is soil temperature, which might be con-
sidered a driver of organic matter turnover in soils [1]. The temperature dependence of
SOC mineralization, which is the key source of soil heterotrophic respiration, has been the
subject of intense scientific debate [8]. Liu et al. [11] suggested that elevated temperature
resulted in an exponential reduction in dissolved organic carbon (DOC). Xiao et al. [12]
found that rising temperatures tended to result in a higher portion of stable C in soils.
The observed contradictory views indicate that the effects of soil temperature on SOC are
complex. The determination of SOC mineralization under different soil temperatures may
provide more insights into the causal processes of global warming.

Kinetic theory indicates that the temperature sensitivity of SOM decomposition should
increase with substrate recalcitrance [13]. Carney et al. [14] have suggested that carbon
inputs stimulate microbial activity and result in higher SOC turnover. Giardina and
Ryan [15] found that SOC mineralization in mineral soils was controlled more by substrate
quality than temperature. A study on Mollisols demonstrated that when incubated at 25 ◦C,
soils with a higher SOC content had higher CO2 production, but when incubated at 15 ◦C,
no link between the SOC content and CO2 production was detected [16]. Substrate quality
and availability affect the decomposition of SOM [17], and soil temperature influences SOC
mineralization by its effects on microbial metabolic activity. The combination of the above
two drivers has a interactive effect on SOC turnover rates compared with either factor
alone [18]. Thus, the warming effect may be limited by the amount of substrate available
and water for decomposition [19]. A better understanding of SOC mineralization is needed
to assess the effects of soil temperature and substrate inputs on soil carbon storage.

Northeast China is one of the major regions of Mollisols worldwide. Mollisols, which
have a large C pool, are characterized by high SOC and nutrient contents [20]. High
amounts of CO2 can be released from the carbon in black soil. Differences in the SOC density
and structure among different soil types result in the characteristics of SOC mineralization
and its temperature sensitivity [21]. Therefore, increased recognition of regional SOC
mineralization and its temperature sensitivity are important for understanding the C cycle
as well as for improving C management strategies in the Mollisols of Northeast China [6,7].

Based on a spatial transplant experiment, we conducted an incubation experiment to
examine how substrate C contents affect SOC mineralization under different temperatures
and investigate its temperature sensitivity (Q10). We hypothesized that higher SOC content
would induce larger CO2 production than those low levels of SOC content with the incre-
ment of temperature. In order to test the hypothesis, our objectives were to (1) examine how
temperature affects SOC mineralization; (2) evaluate the effect of different SOC contents
on SOC stability; and (3) determine the temperature sensitivity of SOC mineralization
under substrates with different C contents. This study is necessary for determining SOC
stocks and the CO2 sequestration potential in response to global warming in Mollisols of
Northeast China and other black soil regions of the world.

2. Materials and Methods
2.1. Study Region

In October 2004, five sampling sites in Northeast China were selected for this study
based on the SOC content. These sites were located in Lishu County and Dehui city in Jilin
Province and in Hailun city, Bei’an city, and Nenjiang County in Heilongjiang Province
in China. These regions have a typical temperate continental monsoon climate. The soil
is classified as typical black soil, i.e., a Mollisol according to USDA soil taxonomy. Soil
inorganic C could be ignored due to the lack of carbonates in these soils. Maize (Zea mays)
is a common cultivated crop in these regions.
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2.2. Experimental Design

We collected soil samples from a size of 1.4 m (length) × 1.2 m (width) × 1.0 m (depth)
by wooden boxes from Lishu County, Dehui city, Hailun city, Bei’an city and Nenjiang
County. These samples were transported to the Hailun Agroecology Experiment Station of
the Chinese Academy of Sciences. The mean annual temperature is 1.5 ◦C in this region,
and the mean annual precipitation ranges from 500 mm to 600 mm. With the use of a
spatial transplant method (The crops were planted in a unified mode and management
that eliminated the complexity of different climate conditions and land management ways),
same standard (1.4 m × 1.2 m × 1.0 m) plots were established. The plots were separated
by a 20-cm-thick brick wall, which was covered with cement and pasted with tarpaulin
inside to minimize the risk of sampling nonindependent areas. In the study, treatments
were divided into SOC10, SOC19, SOC29, SOC34, and SOC63 according to the C contents
in the soils from the above sampling regions. Each treatment consisted of three replicates.
Site descriptions are shown in Table 1.

Table 1. Sampling site descriptions.

Site Coordinates Mean Annual
Temperature (◦C)

Mean Annual
Precipitation (mm) Crop

Lishu N 43◦20′, E 124◦28′ 5.4 556.2 Maize
Dehui N 44◦12′, E 125◦33′ 4.5 457.6 Maize
Hailun N 47◦27′, E 126◦56′ 1.5 549.3 Maize
Bei’an N 48◦09′, E 126◦44′ 1.1 523.4 Maize

Nenjiang N 49◦08′, E 125◦37′ −0.2 532.1 Maize

2.3. Soil Sampling and Preparation

The selected samples from different regions were used to determine the effect of carbon
levels on SOC mineralization. Clearly, under the premise of satisfying different C contents,
the other physical-chemical properties of the soil samples were not consistent. In fact,
the situation in the field was complex and changed. The samples, obtained from different
regions, can better reflect the actual soil conditions in the field. A single-variable experiment
is necessary to explore the complicated effects of the soil C level on SOC mineralization in
the future.

After maize harvest in October 2016, twenty 10 cm× 5 cm× 20 cm (length×width× depth)
samples were randomly collected to a depth of 0–20 cm at each sampling site. The twenty
subsamples were thoroughly mixed to generate one composite sample, and fine roots and
other residues were removed from the samples. The composite sample was the total amount
of the twenty samples. Soon after collection, the samples were transported to the Key
Laboratory of Ecological Restoration and Resource Utilization for Cold Region in Harbin,
Heilongjiang Province. All samples were air-dried and sieved through a 1 mm mesh for the
incubation experiment, the measurement of soil physical and chemical properties. The rest
of the samples were sieved through a 0.25 mm mesh to determine SOC, total nitrogen (TN),
total phosphorus (TP) and total potassium (TK). Soil pH was determined with an automatic
acid-base titrator using a 1:2.5 soil:water suspension. The SOC content was measured
by the Walkley Black method [22]. TN was determined by the kjeldahl method. TP was
determined via the H2SO4-HClO4 digestion method. TK was analyzed according to NaOH
melting with flame photometry. Available nitrogen (AN) was measured by alkali hydrolysis
diffusion method. Available phosphorus (AP) was determined using the NaHCO3 leaching
molybdenum antimony colorimetric technique, and available potassium (AK) was tested
by NH4OAc extraction with flame photometry [23]. Soil properties are presented in Table 2.
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Table 2. Soil properties of selected sites.

Site SOC
(g kg−1)

TN
(g kg−1)

TP
(g kg−1)

TK
(g kg−1)

AN
(mg kg−1)

AP
(mg kg−1)

AK
(mg kg−1) pH C/N

Lishu 9.63 ± 2.44 a 0.79 ± 0.03 a 0.64 ± 0.02 a 12.58 ± 1.69 97.39 ± 9.88 a 64.10 ± 8.98 a 145.11 ± 10.99 6.63± 0.12 a 12.21 ± 0.89
Dehui 18.56± 2.67 b 1.68 ± 0.04 b 0.84 ± 0.01 a 12.97 ± 1.27 120.73± 14.87 a 26.29 ± 7.31 b 151.24 ± 9.54 5.95± 0.06 b 11.05 ± 1.19
Hailun 29.35± 3.56 c 2.55 ± 0.11 c 1.60 ± 0.03 b 13.84 ± 2.76 218.00± 25.98 b 57.81 ± 4.77 c 156.77 ± 15.33 6.10± 0.02 b 11.48 ± 2.18
Bei’an 34.11± 2.98 c 2.86 ± 0.08 c 1.93± 0.07 bc 14.37 ± 2.38 338.74± 19.87 c 58.34 ± 3.99 c 167.88 ± 14.86 5.42± 0.11 c 11.87 ± 0.99

Nenjiang 63.17± 4.76 d 4.87 ± 0.13 d 2.43 ± 0.05 c 15.56 ± 3.04 366.72± 26.56 c 57.15 ± 4.68 c 163.44 ± 16.21 6.34± 0.05 a 12.99 ± 1.21

Note: Different lowercase letters indicate significant differences among sampled sites. Unmarked means that there
are no significant differences between treatments. C/N = SOC: TN. Values are means ± standard error (n = 9).

2.4. Laboratory Incubation Experiment

We incubated soils in the laboratory using a factorial design of substrate (5 levels:
SOC10, SOC19, SOC29, SOC34, and SOC63) and temperature (4 levels: 5 ◦C, 15 ◦C, 25 ◦C,
and 35 ◦C) with three replicates. Air-dried soils (100 g) were placed in a 1000 mL jar
and preincubated at 60% water-holding capacity (WHC) at 25 ◦C in the dark for 7 days.
The WHC was determined by the method described by Alef and Nannipieri (1995) [24].
After preincubation, the samples were incubated at selected temperatures (5, 15, 25 or
35 ◦C) in the dark for 73 days. It is worth noting that the changes in the indices in the study
tended to be stable after 73 days of incubation. During the incubation, samples were sealed
in the incubator, and soil moisture was adjusted to 60% of WHC with deionized water.

2.5. CO2 Production

In this study, the accumulation of CO2 production was used to represent SOC miner-
alization in the soils. A beaker containing 25 mL 1.0 mol L−1 NaOH solution was placed
in each jar to capture evolved CO2. The NaOH solution was exchanged on days 1, 3, 5,
7, 14, 21, 28, 35, 42, 49, 56, 63, and 73 of the incubation. Then, the CO2 was titrated with
0.5 mol L−1 HCl in excessive amounts of BaCl2 [25]. We calculated the cumulative CO2
production, which characterized SOC mineralization, during two successive sampling in-
tervals. The cumulative CO2 production was expressed as mg CO2 kg−1 soil, representing
the amount of CO2 released from the soil.

2.6. Evaluations and Calculations

In our study, the SOC mineralization rate and the temperature sensitivity of SOC
mineralization were expressed as Rs and Q10 [26], respectively. The following equations
were used.

Rs = a·ebT (1)

Q10 = e10b (2)

where Rs is the SOC mineralization rate (mg SOC kg−1 soil d−1), T represents the incuba-
tion temperature, a is the SOC mineralization rate at a temperature of 0 ◦C, and b is the
temperature coefficient, which is related to the Q10 (increase in the rate of respiration over
a 10 ◦C increase in temperature).

2.7. Data Analysis

The Kolmogorov-Smirnov test and Levene’s test were used to determine the normality
and equality of the data, respectively. One-way analysis of variance (ANOVA) and least
significant difference (LSD) multiple comparisons (p < 0.05) were used to assess the soil
physical-chemical properties, soil cumulative CO2 production and Q10. Two-way ANOVA
was performed to evaluate the effects of SOC level and soil temperature on cumulative
CO2 production. The relationship between cumulative CO2 production and selected soils
was evaluated with Pearson correlation analysis. The effects of the interaction of SOC
contents and incubation temperatures on cumulative CO2 production were determined by
a univariate general linear model with Duncan’s test. Curve estimation with an exponential
model was used to evaluate parameter b in Equation (1). All statistical analyses were
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performed using SPSS statistical software ver. 20 (SPSS Inc., Chicago, IL, USA). Graphs
were generated using SigmaPlot 12.5.

3. Results
3.1. Changes in Cumulative CO2 Production under Different SOC Contents at 5, 15, 25 and 35 ◦C

The cumulative CO2 production from soils with different SOC contents under different
incubation temperatures can be seen as Figure 1, and the cumulative CO2 production
ranged from 567.10 to 1003.91 mg CO2 kg−1 soil at the end of the incubation. During the
incubation period, we found the cumulative CO2 production increased with the increase
in the SOC content. After 7 days of incubation, the cumulative CO2 production under
different SOC treatments began to show obvious differences as follows: SOC63 > SOC34 >
SOC29 > SOC19 > SOC10. The cumulative CO2 production stabilized across the treatments
at different temperatures after 49 days of incubation. We also found that cumulative
CO2 production increased as the incubation temperature increased, with significantly
higher cumulative CO2 production at higher temperatures with increasing SOC content
(Supplementary Tables S1–S9).

Figure 1. Changes in cumulative CO2 production throughout the incubation at different soil temper-
atures (5 ◦C, 15 ◦C, 25 ◦C and 35 ◦C). Data scatters are means ± standard error (n = 9).

3.2. Characteristics of the Q10 Value under Different SOC Contents

We averaged the Q10 values from the different incubation temperatures to reflect the
temperature sensitivity of SOC mineralization in the study, and we found that the Q10 value
showed a descending trend with the extension of the incubation time (Figure 2). During
the incubation, the Q10 value varied in response to different SOC contents, ranging from
1.07 to 1.53, 1.08~1.40, 1.07~1.32, 1.08~1.32, and 1.11~1.26 in SOC10, SOC19, SOC29, SOC34
and SOC63, respectively.
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Figure 2. Effects of the soil carbon content on the Q10 value. Data scatters are means ± standard
error (n = 9).

Both the highest and lowest Q10 values appeared in SOC10 on day 1 and day 35,
respectively. The Q10 value showed a downward trend with little fluctuation and roughly
leveled off by the end of the incubation in SOC10, SOC19 and SOC34. In SOC29 and SOC63,
the Q10 value continued to decrease until day 21 and showed a modest upward trend with
fluctuation thereafter. During the first five days of the incubation, soils with lower SOC con-
tents had higher Q10 values. At the end of the incubation, the Q10 value in descending order
was SOC63, SOC29, SOC34, SOC10 and SOC19 (Supplementary Table S10). Additionally,
we also examined the changes in the Q10 value between the first day and the end of the
incubation (the 73rd day of the incubation), and we found that the range of variation in the
Q10 value decreased with the increase in the SOC content. There were significant differences
of the Q10 between SOC63 and other treatments (Figure 3 and Supplementary Table S10).

Figure 3. Changes in the Q10 value under different carbon levels during the incubation. Vertical bars
of (A) = (Value of Q10 on the first day of incubation−value of Q10 on the 73rd day of incubation)/value
of Q10 on the first day of incubation. (B) Day 1 = Value of Q10 on the first day of incubation;
Day 73 = Value of Q10 on the 73rd day of incubation. Different lowercase letters indicate significant
differences between SOC levels.

3.3. Key Factors That Drive Changes in SOC Mineralization

According to the two-way ANOVA, we found that the SOC contents, incubation
temperature and their interactions significantly affected SOC mineralization, and the
temperature had a larger effects on SOC mineralization than the SOC contents (Table 3).
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Additionally, Pearson correlation analysis showed that soil organic carbon, total N, total P,
total K, available N and available K were significantly positively correlated with cumulative
CO2 production, indicating that soil nutrients were the main factor that determined the
changes in SOC mineralization (Table 4).

Table 3. Effects of SOC level and soil temperature on cumulative CO2 production based on analysis
of variance.

Index Factors F Value df p

CO2 production
C level 380.25 22 p < 0.01

Soil temperature 1126.20 28 p < 0.01
C level × Soil temperature 35.30 19 p < 0.01

Note: Data for statistical analysis are based on a n = 12 samples per treatment.

Table 4. Correlations between soil physical-chemical properties and cumulative CO2 production.

SOC TN TP TK AN AP AK pH C/N

Pearson
Correlation 0.936 ** 0.927 ** 0.847 ** 0.915 ** 0.896 ** 0.194 0.761 * −0.106 0.331

Sig. (2-tailed) <0.001 <0.001 <0.001 <0.001 <0.001 0.241 0.021 0.389 0.281

Note: Data for statistical analysis are based on a n = 12 samples per treatment. * and ** represent significance
differences at p < 0.05 and p < 0.01, respectively.

4. Discussion
4.1. Effects of SOC Contents and Temperature on SOC Mineralization

The temperature effect may be limited by the substrate available for decomposi-
tion [19]. In this study, we found that the temperature and substrate C contents had
significant effects on cumulative CO2 production (Figure 1; Table 3).

A temperature increase resulted in a higher cumulative CO2 production (Figure 1).
Many incubation experiments have shown that increasing temperature can promote SOC
mineralization [17,27,28]. Temperature affects SOC mineralization by its effects on micro-
bial metabolic activity. An increase in temperature is favorable to microbial activity and
therefore increased the turnover rate of SOC [29,30]. Leifeld and Fuhrer [28] also suggested
that temperature is a major controlling factor for SOC turnover. The responses of SOC to
temperature are important for the evaluation of possible atmospheric feedbacks from the
SOM reservoir [31]. In the current study, the incubation environment was not suitable for
the collection of microbial data. Additional research needs to be conducted to explore how
changes in the microbial community drive variations in SOC mineralization.

As expected, we found that the cumulative CO2 production increased with increasing
substrate carbon contents (Figure 1), and the alterations in cumulative CO2 production were
significantly correlated with soil nutrients (Table 4). Substrate quality affected cumulative
CO2 production, with the magnitudes varying across soils and substrate SOC [16]. There
are higher C mineralization rates in the soils have been found in high contents of SOC [32].
Additionally, these results may primarily be attributed to microbial effects. Many studies
have indicated that changes in soil nutrients modify microbial growth [33–35]. Greater
C content lead to an increase in the abundance of microorganisms. A larger microbial
community may be more efficient at SOC decomposition [14,15]. Competition is less crucial
to limiting soil microbes because more niches may appear on account of improvements
in soil nutritional resources [36]. Thus, the high levels of carbon may stimulate microbial
activity and result in higher SOC turnover. As a result, the increase in substrate carbon
might enhance SOC mineralization.

We found the increased SOC contents and warming had strong effects on SOC min-
eralization, and these effects were pronounced when warming and substrate treatments
were applied together (Figure 1, Table 3). These two drivers has a different effect on SOC
mineralization has a different effect on than either treatment alone [37]. Increased rates
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of SOC cycling caused by increased C inputs were exacerbated by warming [17]. It may
be that warming affected the SOC turnover rate, the amount of CO2 production is de-
termined by the amount of substrate C in soils [38]. Steinweg et al. [39] demonstrated
that there are distinct mechanisms by which the temperature and substrate quality affect
microbial respiration. The increased temperature promoted microorganisms to take up and
metabolize substrates more quickly, and higher substrate C made greater amounts of C
available to soil microorganisms in general. Furthermore, many other factors can influence
the SOC mineralization, such as oxygen (O2), soil moisture and the fraction of substrate
C and so on. Further research is necessary to explore the mechanism of these factors on
SOC mineralization.

4.2. Influences of SOC Contents on the Temperature Sensitivity of SOC Mineralization

Temperature sensitivity of SOC mineralization (Q10) in all carbon treatments showed
a downward trend as incubation times increased, and a higher carbon content resulted in
a smaller drop in Q10 in this study (Figure 2). The reason for the decline in Q10 may be
the reduction in the SOC mineralization rate over time. Reichstein et al. [40] suggested
that Q10 changed with incubation time, which may be caused by the alteration of labile
C and recalcitrant C during incubation. Generally, the stability of SOC play a key role
on the temperature sensitivity of the SOC decomposition, additional research needs to be
conducted to explore whether changes in labile C and recalcitrant C drive changes in the
SOC decomposition.

To further determine the changes in Q10, we examined the variation amplitude of Q10
between the first day and the end of the incubation (the 73rd day of the incubation), and we
found that Q10 was higher under a high carbon content than under low levels of carbon
at the end of the incubation (Figure 3). The availability of SOC affects the response of soil
heterotrophic respiration to temperature change, and Q10 decreases with the reduction in
labile SOC content in soils [41]. The availability of soil nutrients was relatively high under
the high soil carbon content compared with the low levels of soil carbon when the external
temperature increased.

We also demonstrated that SOC mineralization under higher SOC contents was more
sensitive to temperature changes in the middle and later period of SOC mineralization,
and SOC mineralization under lower SOC contents was more sensitive to temperature
changes at the early stage of SOC mineralization. To be degree, high levels of substrate
carbon can stimulate SOC mineralization and result in greater SOC turnover. These findings
can provide theoretical support for the impacts of different substrate gradients on SOC
mineralization. Determining the temperature sensitivity of the decomposition of the
different levels of SOC pools is critical for predicting the long-term impacts of climate
change on SOC storage of Mollisols in Northeast China in the context of global warming.

5. Conclusions

In the study, the cumulative CO2 production was relatively high under the high levels
of soil carbon content. It suggested that high contents of SOC in soils resulted in a higher
C mineralization. Changes in temperature can also affect the SOC mineralization. Larger
cumulative CO2 production were found with the increasing of temperature. We also found
the effects of increased SOC contents and warming on SOC mineralization were significant
when these two drivers were applied together. High levels of substrate carbon can stimulate
SOC mineralization and result in greater SOC turnover when the temperature increased.
Q10, which represents the temperature sensitivity of SOC mineralization, varied between
different SOC contents. The results suggested that the SOC mineralization under higher
SOC contents was more sensitive to temperature changes. These fndings are important
for achieving a better understanding of SOC turnover and the CO2 sequestration capacity
under global warming in the Mollisols of Northeast China and other black soil regions of
the world.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life12050712/s1. Table S1. Changes in cumulative CO2 production
with varied SOC contents when incubated at 5 ◦C. Table S2. Variations of cumulative CO2 production
among different SOC contents when incubated at 15 ◦C. Table S3. Alterations in cumulative CO2
production between SOC contents when incubated at 25 ◦C. Table S4. Changes in cumulative CO2
production with different SOC contents when incubated at 35 ◦C. Table S5. Alterations of cumulative
CO2 production under SOC10 among incubation temperatures. Table S6. Changes in cumulative CO2
production in the SOC19 with different incubation temperatures. Table S7. Variations of cumulative
CO2 production under SOC29 between incubation temperatures. Table S8. Changes in cumulative
CO2 production under SOC34 with incubation temperatures. Table S9. Variations of cumulative CO2
production in the SOC63 among incubation temperatures. Table S10. Changes in the Q10 values with
SOC contents in soils.
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Abstract: In China, promoting harmless blackwater treatment and resource utilization in rural areas
is a priority of the “toilet revolution”. Exploring the effects of blackwater application in arid areas on
soil nitrogen losses can provide a basis for more effective water and fertilizer management. This study
analyzed nitrogen leaching and maize yield under blackwater application in the summer maize season
of 2020. A total of 5 treatments were used: no fertilizer, single chemical fertilizer application (CF),
single blackwater application (HH), and combined chemical fertilizer and blackwater application
ratios of 1:1 (CH1) and 2:1 (CH2). The total nitrogen leached from the fertilization treatments was
53.14–60.95 kg·ha−1 and the leached nitrate nitrogen was 34.10–40.62 kg·ha−1. Nitrate nitrogen
accounted for 50–62% of the total leached nitrogen. Compared with blackwater treatments, nitrate
nitrogen moved into deeper soil layers (80–100 cm depth) during the CF treatment. Compared with
CF, HH significantly reduced the maize yield by 24.39%. The nitrogen surplus of HH was higher than
that of other fertilizer treatments. Considering nitrogen leaching, maize yield, and economic benefits,
the CH2 treatment presented the optimal results. These findings address knowledge gaps and assist
in guiding policy-makers to effectively promote China’s “toilet revolution”.

Keywords: nitrogen leaching; blackwater; wastewater reuse; maize fertilization; N surplus

1. Introduction

Farmers worldwide have long used human excrement as a quick-acting fertilizer,
owing to its high nitrogen content [1]; this is a traditional practice which has been followed
over generations [2]. In China, the “toilet + septic tank + blackwater utilization” model
is widely used to prevent pollution and promote recycling of human excrement [3]. In
this model, after toilet sewage enters the septic tank, the decomposed manure liquid (i.e.,
blackwater) is used as a fertilizer for crops [4]. A previous study showed that blackwater
use can improve soil structure and porosity while increasing soil organic carbon, and
that reusing blackwater as a fertilizer for agriculture can help address soil productivity
issues [5]. However, toilet flushing water dilutes the nutrient content of blackwater;
therefore, considerably more blackwater is required to ensure normal crop growth, which
increases the risk of nutrient loss.

After nitrogen fertilizers are applied to farmland soils, their fate can be roughly divided
into three parts: some nitrogen is transformed into effective nutrients and is absorbed and
utilized by the crops [6]; some is fixed in the crystal lattice of soil minerals, and thus remains
in the soil [7]; the remainder is lost through leaching, nitrification, and denitrification [8,9].
In China, the overall utilization efficiency of nitrogen fertilizers in agriculture is only
30–40% [10], and the data of the first national pollution census showed that total nitrogen
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loss from agricultural sources accounted for 57.2% of total emissions in China [11]; therefore,
significant economic losses are caused by this inefficiency.

Gradual nitrogen leaching below the root zone (i.e., nitrogen mineralization is not
synchronized with nitrogen absorption by plants) is an important N-loss pathway which
easily occurs in the presence of rainfall and irrigation events [12]. Soil is mostly composed
of negatively charged colloids; therefore, it easily adsorbs a large amount NH4

+-N, whereas
the adsorption of NO3

−-N is weak [13]. Therefore, the nitrogen element in the soil easily
moves vertically downward with water in the form of NO3

−-N, which characterizes the
nitrogen leaching and represents approximately 60% of total dissolved nitrogen loss [14].
Nutrients that leach out of the active layer of plant roots are not easily absorbed by plants,
which greatly reduces the nutrient use efficiency of the soil. If the leached nitrogen flows
into groundwater, it can lead to exceedingly high levels of nitrate, which can endanger
human health.

It has been previously reported that nitrification is stronger in alkaline than acid
and neutral soils [15]; therefore, higher concentrations of NO3

−-N increase the risk of
nitrogen migration in soil. Moreover, nitrogen movement in soil is not only controlled
by the soil environment and hydrological processes, but also by crops and management
measures [16–18]. The North China Plain is China’s main dryland food production area,
with alkaline soil, low water-holding capacity, low organic-matter content, and weak
fertilizer-retention capacity [19]. Large amounts of fertilizer and irrigation water are needed
to achieve a relatively high yield in these areas [20,21]. However, the use of blackwater as
fertilizer may lead to a lower nitrogen utilization rate and higher nitrogen leaching due to
the high moisture content [4]. In Beijing-Tianjin-Hebei and other intensive cultivation areas,
>40% of the groundwater has a nitrogen content higher than the country’s standards for
drinking water (the Standards for Drinking Water Quality of China for NO3

−-N (GB5749-
2006) is 20 mg·L−1) [22]. However, to the best of our knowledge, there has been no research
on nitrogen leaching from blackwater that is returned to fields in these areas.

In this study, we aimed to identify the potential environmental risk of blackwater for
agriculture utilization and offer an available strategy to recover the energy and nutrients
provided by blackwater. The main objectives of this experiment were to: (i) evaluate the
effects of blackwater application levels on nutrient loss and crop yield in the alkaline soils
of North China and (ii) explore the threshold of blackwater input under natural rainfall
conditions in North China. The findings provide a reference to guide the “toilet revolution”,
reduce nitrogen loss, and decrease non-point source pollution from farmland.

2. Materials and Methods
2.1. Research Area Overview

The study area was located in a maize field (39◦33′ N, 117◦82′ E) in Dongjiituo Town-
ship, Ninghe County, Tianjin. The area has a continental monsoon climate and is in a warm
temperate climatic and semi-arid, semi-humid wind zone, with relatively high summer
temperatures and concentrated precipitation, as well as relatively cold and dry winters. The
annual mean temperature is 11.2 ◦C; the minimum and maximum temperatures occur in
January and July, respectively; the annual frost-free period is 240 d. Annual mean precipita-
tion is approximately 642 mm, which mainly occurs between June and August, accounting
for 70% of the annual precipitation. The cultivated soil in the study site was fluvo-aquic.
The basic physical and chemical properties of the soil were as follows: pH = 8.38; organic
matter = 9.70 g·kg−1; total nitrogen (TN) = 1.19 g·kg−1; total phosphorus (TP) = 0.64 g·kg−1;
alkali hydrolyzable nitrogen = 81.30 mg·kg−1; available phosphorus = 23.05 mg·kg−1;
cation exchange capacity = 16.3 cmol·L−1.
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2.2. Experimental Setup

A randomized block design was used in the experiments. The chemical fertilizers used
were urea (N = 46%), superphosphate (P2O5 = 16%), and potassium oxide (K2O = 60%). The
blackwater utilized was the effluent from a 3-grid septic tank (N: 5.1 g·kg−1; P: 3.1 g·kg−1;
K: 3.7 g·kg−1). A total of 5 fertilizer treatments were explored: no fertilizer (CK); single
application of chemical fertilizer (CF); single application of blackwater (HH); combined
application of chemical fertilizer and blackwater at ratios of 1:1 (CH1) and 2:1 (CH2). The
experiments for each treatment were repeated four times. The area of a single test plot was
approximately 24 m2 (4 m × 6 m), and a completely randomized block arrangement design
was used.

The amount of fertilizer applied to the crops grown in the test site was determined
based on the local fertilizing habits. In the summer maize season, the nitrogen applica-
tion rate was 200 kg·ha−1, the phosphorus application rate was 150 kg·P·ha−1, and the
potassium application rate was 150 kg·K·ha−1. The chemical fertilizers P2O5 and K2O were
used to remediate insufficient blackwater phosphorus and potassium contents, and were
applied as a base fertilizer on a single occasion (Table 1). Blackwater and chemical nitrogen
fertilizers were both applied to the surface at a ratio of 4:6.

Table 1. Fertilizer application rates of experimental treatments at different growth stages of maize
(kg·ha−1).

Treatments Applied Fertilizers Rate
(kg·ha−1) Fertilizer Form Application Date

N P K

CK - - - - -
- - - -

CF 80 150 150 urea + superphosphate + potassium oxide

21 June 2020
120 - - urea

HH 80 29 + 48 5 + 58 blackwater + superphosphate + potassium oxide
120 73 87 blackwater

CH1 40 + 40 40 + 24 77 + 29 urea + blackwater + superphosphate + potassium oxide

3 August 202060 + 60 36 44 urea + blackwater
CH2 53 + 27 110 + 16 101 + 20 urea + blackwater + superphosphate + potassium oxide

80 + 40 24 29 urea + blackwater

CK: no fertilizer, CF: chemical fertilizer, HH: blackwater, CH1: combined application of chemical fertilizer and
blackwater at 1:1, CH2: combined application of chemical fertilizer and blackwater at 2:1.

2.3. Sample Collection
2.3.1. Leachate Samples

In this experiment, infiltration tanks were used for in-situ monitoring of soil leachate
(Figure 1). The leachate collection device was buried in each treatment plot in October 2019,
and the leaching tube was planted and domesticated after a crop of winter wheat. The
upper part of the collection device was composed of a sampling bottle, a buffer bottle, a
vacuum pump, and a connecting pipe, and the underground part was composed of a filter
sand layer, a liquid-collecting film, and a leachate collection barrel. The filter sand layer
was composed of quartz sand with particle size of 2–3 mm, which was repeatedly cleaned
with diluted acid and water. The liquid-collecting film included 2 pieces of polyethylene
film with a 0.1-mm thickness. The leachate collection barrel was a cylindrical water barrel
composed of a polyethylene material, with a volume of approximately 69 L (50 cm in
diameter, 35 cm in height), and was buried at a depth of 80 cm.
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Figure 1. Leaching sample collection device and sampling scene.

We used a vacuum pump to generate negative pressure and extract all of the leachate
for analysis. After evenly mixing the leachate samples, 500 mL of the sample was placed in
a washed and dried polyethylene bottle and stored at 4 ◦C. A continuous flow injection
analyzer (AA3 HR Auto Analyzer, SEAL Analytical, Germany) was used to determine the
TN, NH4

+, and NO3
− contents in the eluent within 24 h of the collection. The sampling time

was determined according to rainfall events, and the leachate samples of all sampling points
were collected within 1 d. A total of 7 sampling campaigns were conducted throughout the
experiment, on the day of 15 July, 30 July, 4 August, 15 August, 24 August, 19 September,
and 19 October in 2020. Temperature and rainfall information were obtained from a small
weather station.

2.3.2. Plant Sampling

The test crop was a summer maize variety, Jingdan 58, the main local variety. The crop
was sown on 27 June 2020, with row spacing of 60 cm and plant spacing of 25 cm. The crop
was harvested on 15 October 2020 after a 110-d growth period. The maize yield of each
plot was determined. In addition, 3 representative plants were randomly selected from
each plot. The dried samples were ground into powder and passed through a 100-mesh
sieve. After digestion with concentrated H2SO4-H2O2, the TN content was determined by
the semi-micro Kjeldahl method according to the maize yield. Subsequently, the nutrient
absorption of the maize was calculated based on its nutrient content.

2.4. Data Analysis

The cumulative nitrogen (TN, NH4
+, and NO3

−) leaching amount was calculated
according to Equation (1) [23].

NL = ∑n
i=1

(
Ci ×Vi × 10−3)

1× 10−2 × 10−4 (1)

where NL represents the N loss loadings via surface runoff or leaching (kg·ha−1), Ci
represents the N concentration of the water sample of each leaching sampling (mg·L−1), Vi
represents the water volume of each leaching sampling (L), and 1 × 10−2 is the monitoring
area (m2).
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The nitrogen surplus was estimated from total harvested nitrogen and all of the
nitrogen inputs based on nitrogen balance in the summer maize cropping system [24]. The
nitrogen surplus was calculated according to Equation (2):

N surplus = input N − output N (2)

where the main external nitrogen inputs in our experiment were nitrogen brought by
chemical fertilizer and blackwater. Other inputs, such as nitrogen from atmospheric
deposition and irrigation water, were ignored. Nitrogen output included the nitrogen
harvested in aboveground biomass (shoots and grains).

All of the statistical analyses were carried out in JMP version 9.0 (SAS Institute Inc.,
Cary, NC, USA, 2010). All of the data were checked for homogeneity of variances (Levene’s
test) and normality (Shapiro–Wilk test), and were normally distributed and had homoge-
neous variances. Differences among treatments in crop yields, nitrogen uptake, nitrogen
surplus, nitrate distribute and cumulate nitrogen leaching were further examined with
Student’s multiple range tests. The effects of soil profiles and fertilization treatments on
nitrate content distribution were examined by two-way analysis of variance (ANOVA).
Origin 2019 was used to draw the soil nitrate distribution in the soil profile.

3. Results
3.1. Rainfall Characteristics

The maize growing season is the wet season in the basin, with a total rainfall of
350.4 mm; this accounts for 72.3% of the annual rainfall. There were 5 rainfall events with
precipitation of >20 mm (Figure 2). The largest rainfall event during the study period
occurred on 29 July 2020 and reached 48.7 mm, accounting for 10.1% of the annual rainfall.
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3.2. Maize Production and Nitrogen Surplus

The results of the experiments showed that the yield of maize kernels under different
treatments was 5.2–8.2 t·ha−1, with an average yield of 7.1 t·ha−1 (Figure 3a). Compared
with the CF treatment, the combined treatments presented no significant effects on the
maize yield, whereas the HH treatment significantly reduced the maize yield by 24.4%
(p < 0.05). For the treatments using blackwater, a higher proportion of chemical fertilizer
led to a higher maize yield; therefore, the maize yield under HF2 was significantly higher
than that under HH, with an increase of 23.5% (p < 0.05), although there was no significant
difference between the 2 combined treatments.
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Figure 3. (a) Grain yield, (b) nitrogen uptake, and (c) nitrogen surplus of maize under different
treatments. CK: no fertilizer, CF: chemical fertilizer, HH: blackwater, CH1: combined application of
chemical fertilizer and blackwater at ratio of 1:1, CH2: combined application of chemical fertilizer
and blackwater at ratio of 2:1. Bars indicate the standard error of the mean (+SE) for three replicates
of each treatment. Letters above columns indicate significant differences according to the Tukey’s
multiple range test (p < 0.05) among all treatments.

The nitrogen uptake of maize under different treatments ranged from 72.4–130.0 kg·ha−1

(Figure 3b). Compared with the CK treatment, the 4 fertilization treatments significantly
increased the nitrogen uptake in the aboveground part of maize; however, there was no
statistical significance among the 4 fertilizer treatments (p > 0.05). An analysis of nitrogen
surplus showed that the nitrogen surplus of each fertilization treatment was significantly
higher than that of the CK treatment (Figure 3c). Among the fertilization treatments, the HH
treatment had the largest nitrogen surplus, reaching 132.4 kg·ha−1, which was significantly
higher than that of the CH1 treatment (51.2%; p < 0.05).

3.3. Nitrate Nitrogen Migration in Soil Profile

Figure 4 shows the soil nitrate nitrogen profile at a depth of 0–120 cm under different
fertilization strategies. The 3 treatments with blackwater application (HH, HF1, and HF2)
reached the highest nitrate nitrogen content at a 40–80 cm depth. The highest nitrate nitro-
gen content of CF was observed at a depth of 80–100 cm, which indicates that the nitrogen
from chemical fertilizers leached more easily downward. This result was supported by the
one-way ANOVA.
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Figure 4. Nitrate nitrogen distribution in different soil profiles. Bars indicate the standard error of
the mean (+SE) for three replicates of each treatment. CK: no fertilizer, CF: chemical fertilizer, HH:
blackwater, CH1: combined application of chemical fertilizer and blackwater at a ratio of 1:1, CH2:
combined application of chemical fertilizer and blackwater at a ratio of 2:1.
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The nitrate nitrogen content in the soil profile and its spatial distribution characteristics
are important indicators to characterize the leaching risk (Table 2). At a depth of 80–100 cm,
the nitrate nitrogen content of the CF treatment was significantly higher than those of the
blackwater application treatments, which were 63.4% (HH), 40.1% (HF1), and 27.7% (HF2)
(p < 0.05). However, there was no statistical difference between the accumulation of nitrate
nitrogen in the 4 fertilized soils at a depth of 60–80 cm (p > 0.05). The two-factor ANOVA
showed that the fertilization strategy and soil depth significantly affected nitrate nitrogen
leaching (Table 2).

Table 2. Nitrate nitrogen content in different soil profiles. CK: no fertilizer, CF: chemical fertilizer,
HH: blackwater, CH1: combined application of chemical fertilizer and blackwater at a ratio of 1:1,
CH2: combined application of chemical fertilizer and blackwater at a ratio of 2:1.

Soil Profile
(cm) CK CF HH CH1 CH2 Two-Way

ANOVA

0–20 13.9 ± 2.4bC 26.1 ± 5.6cBC 37.8 ± 7.4bcAB 48.3 ± 9.9cdA 37.9 ± 6.4bcAB Treatment (T)
20–40 29.1 ± 3.3aC 43.8 ± 6.8bcBC 66.6 ± 12.0aA 34.5 ± 7.1dC 58.2 ± 8.8abAB p < 0.001
40–60 23.0 ± 3.9abC 39.4 ± 6.0bcB 76.3 ± 7.9aA 86.2 ± 7.2aA 46.9 ± 4.3bcB Soil profile (S)
60–80 18.5 ± 4.0abB 59.3 ± 8.6bA 59.1 ± 9.4abA 74.1 ± 4.5abA 78.7 ± 12.4aA p < 0.001
80–100 26.9 ± 3.8aC 96.5 ± 9.8aA 33.4 ± 5.3cC 57.8 ± 5.7bcB 69.7 ± 7.1aB T × S

100–120 23.4 ± 5.1abC 50.8 ± 8.5bAB 35.6 ± 5.1cBC 64.1 ± 7.8bcA 26.4 ± 6.5cC p < 0.001

Data are mean values ± standard error (SE). Different small letters within the same column and different capital
letters within the same row for each treatment indicate a significant difference at p < 0.05, determined by Tukey’s
multiple range tests.

3.4. Nitrogen Leaching

Table 3 shows the different forms of nitrogen in the leachate of each treatment. The
total nitrogen leached from the different treatments was 34.91–60.95 kg·ha−1. Compared
with CK, all of the fertilization treatments significantly increased the amount of leached
nitrate nitrogen and TN, with increases of 57.80–87.97% and 52.22–74.59%, respectively
(p < 0.05). However, there was no significant difference among the four fertilization treat-
ments. Compared with the other treatments, the amount of leached ammonium nitrogen
was significantly higher in the HH treatment. The amount of leached nitrate nitrogen ac-
counted for 17.05–20.31% of the total leached nitrogen, and the leaching rate of ammonium
nitrogen was relatively small, accounting for 0.38–1.41% of the total nitrogen leached from
all the different treatments.

Table 3. Cumulative leaching amount of nitrogen (NH4
+-N, NO3

−-N, total nitrogen [TN]) from
different treatments in the summer maize growing season. CK: no fertilizer, CF: chemical fertilizer,
HH: blackwater, CH1: combined application of chemical fertilizer and blackwater at ration of 1:1,
CH2: combined application of chemical fertilizer and blackwater at ratio of 2:1.

Nitrogen Form
Cumulative Leaching Amount (kg·ha−1)

CK CF HH CH1 CH2

NH4
+-N 0.75 ± 0.12b 0.76 ± 0.13b 2.82 ± 0.73a 1.31 ± 0.53b 1.08 ± 0.32b

NO3
−-N 21.61 ± 5.88b 40.62 ± 7.87a 37.63 ± 2.53a 36.52 ± 6.47a 34.10 ± 5.64a

TN 34.91 ± 4.81b 60.95 ± 11.00a 56.31 ± 16.47a 56.21 ± 7.57a 53.14 ± 10.50a

Data are mean values ± SE. Different small letters within the same row for each treatment indicate a significant
difference at p < 0.05, determined by Tukey’s multiple range tests.

4. Discussion
4.1. Effect of Fertilization Strategies on Nitrogen Leaching

Leaching is an important mechanism of nitrogen fertilizer loss, and the form of fertil-
izer used is an important farmland management measure affecting nitrogen leaching. In
this study, compared with CF, nitrogen leaching decreased by 7.6–12.8% in the 3 treatments
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based on blackwater, although there were no statistically significant differences. Previ-
ous studies have shown that nitrogen leaching may vary with fertilizer type [25]. Under
the same nitrogen application levels, the combined application of organic and inorganic
fertilizers can significantly reduce nitrogen leaching (the content of organic matter in black-
water is higher than that in chemical fertilizer) compared to single application of chemical
fertilizers [26]. This is due to the inherent ability of organic matter to improve the soil
quality, increase the soil water retention capacity, and promote crop nitrogen uptake [27,28].
Studies have also shown that a high C/N ratio helps to promote the conversion of mineral
nitrogen to organic forms (i.e., nitrogen immobilization.) [29,30], thereby reducing nitrogen
leaching and runoff.

Interestingly, although no fertilizers were used in the CK treatment, nitrogen leaching
of 34.91 kg·ha−1 occurred, which we presumed was due to: (i) nitrogen fertilizer remaining
from previous crops, since residual nitrate can move continuously downwards and be lost
even if it is not leached during the season of application [11]; (ii) nitrogen deposition, for
example, a 3-year study investigated atmospheric deposition of different nitrogen species
at 10 sites in Northern China and the results indicated that nitrogen deposition levels in
Northern China were high, with an average of 59.8 kg·N·ha−1·yr−1 [31].

4.2. Effect of Fertilizer with Blackwater on Nitrate-Nitrogen Migration

In our study, the NO3
− leaching of the 4 fertilization treatments accounted for approx-

imately 17.05–20.31% of the fertilizer input, which was slightly higher than some other
studies, such as a meta-analysis conducted by Zhou & Butterbach-Bahl [32], who collected
32 published studies reporting NO3

− leaching losses in maize and determined that 15% of
applied fertilizer nitrogen to maize systems worldwide are leached in the form of NO3

−.
However, our obtained results are within the value estimated by Cui et al. [33], which
conducted a meta-analysis of 17 published studies from 19 study sites, including 94 ob-
servations from maize system in China, and found that with typical farming practices, an
average of 20.8% of the applied nitrogen was either leached or lost as runoff from the maize
systems. The difference between the results may be attributed to soil physico-chemical
properties such as texture, pH [34], soil organic carbon [35], crop type [25], or annual
precipitation. It is worth mentioning that the residual NO3

− in the soil profile showed
that the NO3

− leaching depth was deeper in the CF treatment, with a peak value at the
80–100-cm depth. The root system of the maize plats was mainly concentrated in the soil
layer above 90 cm, which indicated that CF was more likely to cause NO3

− leaching to
groundwater.

The total nitrate accumulations in the 0–4 m soil layer of maize fields was as high as
749 ± 75 kg·N·ha−1 in China [36]. However, the average accumulation of nitrate in the
0–120 cm soil layer was 51.5–60.8 kg·nitrogen·ha−1 in this study, considerably lower than
the national average value. There are 3 possible reasons that may explain this finding: (1)
the nitrogen application rate in our experiment (200 kg·nitrogen·ha−1) was lower than
the typical rates (263 kg·nitrogen·ha−1) for wheat in the North China Plain [37]; (2) we
conducted the experiment in the rainy season of the North China Plain, which facilitated
the rapid transport of nitrate deeper into the underground water [38]; (3) the soils have
high permeability and low cation exchange capacity [20].

4.3. Effects of Blackwater Application on Soil Nitrogen Surplus and Maize Yield

Nitrogen surplus is an effective indicator for measuring nitrogen input productivity,
environmental impact, and soil fertility changes [39]. Maintaining the nitrogen balance
of the soil-crop system can achieve higher target yields without consuming soil nitrogen.
In our study, the highest nitrogen surplus was obtained in the HH treatment, which may
have been due to this treatment yielding the lowest maize yield of the four fertilizer
treatments. The lowest nitrogen surplus in CH1 treatment may have been related to its
high nitrogen uptake.
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Chemical fertilizers (especially nitrogen fertilizers) are applied at high rates for food
production in China, which leads to decreases in crop yield and quality, and an increase
in fertilization costs [40]. This study showed that the application of pure blackwater
significantly reduced maize yield compared to the application of conventional fertilizer,
which may have been attributed to the higher content of base ions in blackwater [41].
Studies have shown that maize is susceptible to soil salinity, which significantly decreases
seed germination, causes harmful effects in growth, and leads to low yield [42]. However,
in this study, the yields under the combined treatments were not significantly different from
that under CF, which indicated that an appropriate amount of blackwater can maintain
the maize yield. Nitrogen fertilizer is a costly component of crop production [43], and
at present, the average price of chemical fertilizers in China is 3 yuan/kg. Therefore,
according to our results, the use of a combined fertilization treatment can lead to savings of
approximately 190–300 yuan/ha, which would reduce the economic burden of fertilization
to farmers.

4.4. Feasibility and Prospect of Returning Blackwater to the Field

A large-scale survey revealed that the proportion of pathogenic bacteria in the effluent
from septic tanks is very low [44], and ensured environmental health and agricultural
application safety. While approximately 86% of the households stated that they would
prefer their excreta to be used in agriculture as fertilizer [45], there is no instructional
document to teach farmers how to use blackwater to fertilize, and the usual practice of
farmers is to return all the collected blackwater to the field. However, according to our
study, excessive blackwater may lead to reduced crop production, which has a huge impact
on farmers. A balance is needed between increasing farmers’ income and decreasing
environmental impact, and the fertilizer strategy involving the CH2 treatment appeared to
meet both requirements.

In addition, our previous study shows that the application of a reasonable propor-
tion of blackwater and chemical fertilizers did not significantly increase reactive nitrogen
emissions [46]. However, application of blackwater-based fertilizers in agriculture will
alleviate the environmental impacts of phosphorus mining and synthetic ammonia produc-
tion [47]. In summary, exploration of the means by which to recycle blackwater or using
excreta-derived fertilizers in agriculture is urgently for decision makers.

5. Conclusions

In summary, this study showed that compared to chemical fertilizer, blackwater
application could prevent nitrate nitrogen from moving to deeper soils (below 80 cm), and
that there was no statistical difference in soil nitrogen surplus and crop nitrogen uptake.
Furthermore, the blackwater fertilizer strategy decreased the nitrate nitrogen and total
nitrogen leaching by 7.4–16.1% and 7.6–12.8%, respectively. However, the application
of blackwater at 200 kg·nitrogen·ha−1 reduced the maize yield by approximately 24.4%
compared to application of chemical fertilizer, which may have been due to the high salt
content of blackwater. The combined application of blackwater and chemical fertilizers
maintained the maize yield without increasing the risk of nitrogen leaching, especially
when the ratio of chemical fertilizer to blackwater was 2:1 (i.e., chemical fertilizer provided
133 kg·nitrogen·ha−1, blackwater provided 67 kg·nitrogen·ha−1). Our study shows that a
potential reduction in nitrogen leaching and obtainable high maize yield can be achieved by
the appropriate blackwater substitution of chemical fertilizers. We suggest that promoting
the return of blackwater to fields not only involves allowing farmers to utilize it as fertilizer,
but also includes introducing, demonstrating, and teaching them how it can be optimally
carried out.
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Abstract: Under the macroenvironmental background of global warming, all countries are working
to limit climate change. Internationally, biofuel plants are considered to have great potential in carbon
neutralization. Several countries have begun using biofuel crops as energy sources to neutralize
carbon emissions. Switchgrass (Panicum virgatum) is considered a resource-efficient low-input crop
that produces bioenergy. In this paper, we reviewed the effects of switchgrass cultivation on carbon
sequestration and greenhouse gas (GHG) emissions. Moreover, the future application and research of
switchgrass are discussed and prospected. Switchgrass has huge aboveground and underground
biomass, manifesting its huge carbon sequestration potential. The net change of soil surface 30 cm
soil organic carbon in 15 years is predicted to be 6.49 Mg ha−1, significantly higher than that of other
crops. In addition, its net ecosystem CO2 exchange is about −485 to −118 g C m−2 yr−1, which
greatly affects the annual CO2 flux of the cultivation environment. Nitrogen (N) fertilizer is the main
source of N2O emission in the switchgrass field. Nitrogen addition increases the yield of switchgrass
and also increases the N2O flux of switchgrass soil. It is necessary to formulate the most appropriate
N fertilizer application strategy. CH4 emissions are also an important indicator of carbon debt. The
effects of switchgrass cultivation on CH4 emissions may be significant but are often ignored. Future
studies on GHG emissions by switchgrass should also focus on CH4. In conclusion, as a biofuel
crop, switchgrass can well balance the effects of climate change. It is necessary to conduct studies of
switchgrass globally with the long-term dimension of climate change effects.

Keywords: biofuel crops; carbon sequestration; greenhouse gas emissions; net ecosystem CO2

exchange; phytoremediation

1. Introduction

In recent years, global climate change, especially global warming, has attracted
widespread attention from all walks of life worldwide. Internationally, the United Nations
Framework Convention on Climate Change (UNFCCC) reached The Paris Agreement at the
Paris Climate Change Conference. The Paris Agreement aims to limit the increase in global
average temperatures to 2 ◦C from pre-industrial periods and to limit temperature increases
to 1.5 ◦C to constrain global temperature rise as soon as possible. The leading cause of
global warming is the increase in greenhouse gases produced by human activities [1,2];
the main greenhouse gases are carbon dioxide (CO2), nitrous oxide (N2O), and methane
(CH4) [3].

To limit temperature growth to 2 ◦C, the remaining global cumulative CO2 emissions
should not exceed 400–1000 Gt by the end of the century. Therefore, how to effectively
control carbon emissions, especially human-induced carbon emissions, has attracted more
attention from the international community. For non-CO2 greenhouse gases, CH4 and N2O

49



Life 2022, 12, 2105

are of concern. According to the global warming potential (GWP) calculation, the GWP
of CH4 is about 23–25 times that of CO2 and the GWP of N2O is about 296 times that of
CO2 [4].

Carbon emitted from fossil fuels since the industrial revolution is about 420 Gt C [5].
Globally, CH4 and N2O emissions from agriculture exceed 610 million tons per year, ac-
counting for 12% of total emissions [6]. Therefore, reducing agriculture’s carbon emissions
is a crucial issue. Biofuel crops are mainly perennial (herbaceous or woody) that improve
soil quality, promote nutrient cycling and carbon fixation, and can produce large quantities
of high-carbon biomass. Compared with fossil fuels, biofuel crops have greater advantages
in energy utilization [7] (Figure 1). Furthermore, biofuel crops require less maintenance and
input and can be adapted to marginal soils. Eggelston et al. [8] showed that 300–1300 Mt
C fossil fuels can be replaced if 10–15% of agricultural land is used to grow biofuel crops.
Moreover, under the circumstances, CH4 emissions from agriculture can be reduced by
15–56% and N2O emissions can be reduced by 9–26%.
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Switchgrass (Panicum virgatum), a species of grass in the family Poaceae, is an adaptable
perennial herbaceous C4 plant native to North America. It is mainly distributed in several
countries south of 55◦ north latitude. There are two ecotypes, including upland and
lowland. In general, lowland types, which can grow up to more than 3 m, have larger
biomass than upland types [9]. The tillers of the upland ecotype are usually shorter and
better adapted to cold and dry habitats [10]. Since the mid-1980s, switchgrass has been
mainly used as a renewable biofuel source for research. So far, switchgrass has been used
in various forms of biofuel conversion processes, including cellulosic ethanol production,
biogas, and direct combustion [11,12]. As a biofuel source, switchgrass has a lower demand
for fertilizers and pesticides, which allows switchgrass to produce good yields on the land
of the best part of soil types [13]. The climate benefits of biofuels are mainly manifested
in (1) the use of alternative fossil fuels; (2) reducing greenhouse gas emissions during
biofuel production, mainly through soil C accumulation and avoidance of greenhouse
gas emissions. This paper discusses the potential contribution of switchgrass in carbon
sequestration and greenhouse gas emission reduction. The future application and study of
switchgrass are discussed and prospected.

2. Carbon Sequestration by Switchgrass

Soil and plant carbon sequestration is a practical way to mitigate CO2 emissions [14,15].
As early as the 1990s, Ma et al. [16] studied the effects of soil management measures, includ-
ing nitrogen (N) application, row spacing, and harvest frequency, on carbon sequestration
in switchgrass fields established for 2–3 years. The results found that the soil management
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measures of switchgrass did not change the soil carbon concentration. Interestingly, they
compared the soils of the switchgrass and their adjacent fallow soils that had been estab-
lished for some time (10 years). The results showed that the soil organic carbon (SOC)
of the switchgrass was significantly higher than that of the fallow land; the SOC of the
0–15 cm soil increased by 44.8% and in the 15–30 cm soil it increased by 28.2% [16]. There-
fore, switchgrass soil can store more soil carbon, although detecting it may take several
years. Carbon sequestration in the switchgrass field does not occur only in the topsoil.
Liebig et al. [17] show that switchgrass soils below 30 cm can also effectively sequester
SOC. C stored in deep soils is not prone to mineralization and erosion. According to a
four-year measurement, after four growing seasons, the SOC produced by switchgrass is
9.45 Mg ha−1 [18]. Different ages of switchgrass have different changes in the underground
30 cm SOC. A prediction from Anderson et al. [19] of net changes in SOC indicated that the
change of switchgrass to the underground SOC increases with time and the switchgrass
cultivated for 15 years increases by about 6.49 Mg ha−1 (Table 1). Hong et al. [20] found
that the biomass of switchgrass fields across locations in the USA increased significantly
in the first three years after the establishment (Figure 2). The total yield in the third and
fourth years was similar (Figure 2). At a soil depth of 1 m, the SOC of switchgrass soil was
9.4% higher than that of farmland and 8.1% higher than that of Andropogon gerardi, while
the quality of soil N is basically the same as that of farmland [21].

Table 1. Projected net changes in SOC (Mg C ha−1) in the top 30 cm of soil under biofuel crops of
various ages. Adapted from Anderson et al. [19].

Net Change in SOC (Mg ha−1 per 30 cm)

Ages
(Year) Switchgrass Sugarcane Miscanthus

5 2.66 −34.21 2.31
10 4.64 −31.57 2.97
15 6.49 −28.93 3.63
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Although the effects of switchgrass soil management measures on soil carbon seques-
tration did not have a significant effect in the study of Ma et al. [16], some studies have
shown that fertilizer management measures and harvesting methods have essential effects
on switchgrass carbon sequestration [22–25]. On the Conservation Reserve Program (CRP)
land dominated by switchgrass in South Dakota, there is no benefit if the N applied exceeds
56 kg ha−1 [24]. The application of NH4NO3 and manure can effectively increase switch-
grass’s soil carbon sequestration, especially at soil depths of 30–90 cm [23]. Switchgrass is
a perennial herb whose roots can grow deep in the soil. It has considerable root biomass,
which is more than the aboveground biomass [16]. The root biomass of switchgrass in
different soil types at different depths is shown as follows (Table 2). Zan et al. [26] showed
that switchgrass has a biomass 4–5 times that of maize and can store 2.2 Mg C ha−1 yr−1.
Liebig et al. [17] found that the cumulative rate of C was 1.1 Mg C ha−1 yr−1, most of
which occurred at depths of 30 cm underground. Tulbure et al. [27] used RF (Random
Forest packet in R) to analyze the effects of multiple factors such as fertilizer, genetics, and
precipitation on yield. The results showed that the total variance of RF interpretation was
75%, with N fertilizer being the most important explanatory variable, followed by genetics,
precipitation, and management measures.

Table 2. The root biomass (kg m−2) of switchgrass in different soil types [28].

Depth (cm)
Clay Loam Sandy Loam

Root Biomass (kg m−2)

0–20 7.28 ± 0.44 7.44 ± 0.39
20–40 2.66 ± 0.10 1.97 ± 0.43
40–60 1.75 ± 0.07 1.84 ± 0.33
60–80 1.25 ± 0.08 3.23 ± 0.31

80–100 1.16 ± 0.07 2.26 ± 0.25

3. Net Ecosystem CO2 Exchange of Switchgrass

Net ecosystem CO2 exchange (NEE) is the result of imbalances between total primary
production (GPP) and ecosystem respiration (Re), which can affect carbon dynamics and
budgets [29]. A better understanding of switchgrass’s NEE changes will help assess
switchgrass’s potential for climate change mitigation. Some NEE of biofuel crops are
shown below (Table 3). Zeri et al. [30] found that switchgrass has a stronger carbon sink
capacity at the initial establishment stage than Miscanthus × giganteus (giant miscanthus, a
sterile hybrid of Miscanthus sinensis and Miscanthus sacchariflorus). Compared with corn,
switchgrass absorbs more carbon. The NEE of switchgrass is −336 ± 40 g C m−2 and that of
corn is 64 ± 41 g C m−2 [31]. From 2012 to 2013, the analysis of the NEE of switchgrass [32–34]
showed that it had a stronger carbon sink capability than sorghum land. This may be
because that switchgrass has a net carbon sink of about 4–5 months (April/May–August)
and sorghum has only 3 months of net carbon sink (June–August).
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Table 3. Four energy crops’ net ecosystem CO2 exchange (NEE) of biofuel crops since 2005.

Location Year Crop NEE (g C m−2 yr−1) Citation

Urbana, IL, USA 2009
Switchgrass −453 ± 20

[30]
Miscanthus −281 ± 30

Corn −307 ± 40
2010 Switchgrass −485 ± 20

Guelph, ON, Canada 2014
Switchgrass −336 ± 40

[31]Corn 64 ± 41

Chickasha, OK, USA
2012

Switchgrass −490 ± 59

[33]
Sorghum −261 ± 48

2013
Switchgrass −406 ± 24

Sorghum −330 ± 45

Cadriano, Italy 2014–2016 Switchgrass −733 [18]

Guelph, ON, Canada 2012 Switchgrass −380 ± 25
[35]2013 −430 ± 30

Ligonier, PA, USA
2005–2006

Switchgrass
−118

[36]2006–2007 −248
2007–2008 −189

Surprisingly, in a study by Zenone et al. [37], the switchgrass field did not exist as a
carbon sink but produced CO2 emissions. However, their measurements were only carried
out for 2 years. In contrast, in the 4-year study [18], CO2 can be fixed each year and NEE
stabilized at higher values from the second year, although the cumulative biomass in the
first year was relatively low. Zenone et al. [37] and Virgilio et al. [18] conducted studies on
a newly established switchgrass field. For mature switchgrass fields, Eichelmann et al. [35]
conducted two years of data collection and found that NEE is 106 ± 45 g C m−2 in the first
year, which was represented as a carbon source, while the NEE in the second year was
−59 ± 45 g C m−2, which was manifested as a carbon sink. Previous four-year studies
of mature switchgrass fields [36] showed that the first three years of switchgrass forests
served as a sink of net CO2, while the following year became a source of CO2 emissions.
These results suggest that switchgrass may be able to act as a powerful carbon sink in
its establishment years, then its benefits will be reduced or even transformed into a car-
bon source.

4. CH4 Flux as Affected by Switchgrass Cultivation

The soil can be either a sink or a source of CH4. Some studies [38,39] have shown that
forest and grassland soils are the primary consumers of CH4 thanks to methane oxidation
bacteria in soils. However, some agronomic and fertilization measures reduce the function
of CH4 oxidation in soils [40]. This is because these measures can change the N state of the
soil, temperature, water content, and other factors [41].

There is less research on CH4 emissions from switchgrass cultivation but more on
the biogas production of switchgrass. However, a recent study [28] shows that under the
condition of planting switchgrass, CH4 consumption per year is 39–47% less than that of
unplanted plots. As far as CH4 is concerned, planting switchgrass is detrimental to CH4
emission reductions. After all, the GWP of CH4 in 100 years is about 25 times that of CO2.
The CH4 flux produced by planting switchgrass should be counted in the carbon budget.
In future studies, more measurements of CH4 data will be needed to pay more attention to
CH4 emissions.

5. N2O Emission from Switchgrass Soil
5.1. N2O Emission of Switchgrass Soil with N Addition

Using winter legumes as nitrogen (N) sources is an N addition measure in agriculture.
However, research shows that winter legumes will not increase the yield, cellulose, lignin,
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and hemicellulose concentration of switchgrass [42]. It may be that legumes are not
conducive to use as the main nitrogen source of switchgrass. The primary source of N2O is
the microbial processes of nitrification and denitrification in the soil and it is easy to increase
N2O emissions through N input to the soil. Crutzen et al. [43] argue that N2O emissions
caused by N-fertilizers required for the production of energy plants may offset the effects
of energy plants in reducing the greenhouse effect or even exacerbate the greenhouse effect.
Qin et al. [44] estimated the potential greenhouse gas emissions of the bioenergy ecosystem
using the biogeochemical model AgTEM, a generic agroecosystem model with vegetation
specific parameters characterizing specific crop structures and processes [45]. The results
show that the N2O flux of switchgrass and Miscanthus in the United States is equivalent to
that of corn (Figure 3). According to the crop type and nitrogen application rate, the N2O
flux is about 0.05–0.11 g N m−2 per year [44].
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However, Wile et al. [46] studied greenhouse gas emissions such as N2O from N
applications to biofuel plants. The results showed that the annual cumulative N2O emis-
sions of switchgrass cultivation systems were low and would not offset the benefits of
using these biofuel feedstocks instead of fossil fuel energy. Wile et al. [46] argue that N
fertilizers increase N2O emissions, but that increases in plant biomass can offset these
increases. Similarly, Nikiema et al. [47] found that N fertilizer (0 to 112 kg N ha−1) had no
effect on the N2O emission of switchgrass but increased its yield. This indicated that the N
application reduced GHG emissions per unit plant biomass. Schmer et al. [48] determined
the greenhouse gas fluxes of switchgrass during the growing season in the Great Plains
north of Mantan and found that the application of N fertilizer affected the N2O flux during
the growing season but did not affect the flux of CO2 and CH4. However, Ruan et al. [49]
demonstrated that applying N fertilizer to mature switchgrass had little effect on yield
but increased N2O emissions (Table 4). McGowan et al. [50] applied different levels of
N treatment to switchgrass. The results showed that N fertilizer application higher than
switchgrass demand could lead to large N2O emissions, negatively affecting GHG emis-
sions. Therefore, how to apply N fertilizer reasonably is a crucial problem. It is necessary to
ensure that the benefits of N application on climate change mitigation will not be reduced
by the N2O it generates. A meta-analysis from Wullschleger et al. [51] of switchgrass at
39 sites in 19 states of the United States found that the optimal N application amount of
switchgrass was about 100 kg N ha−1.
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Table 4. Biomass yield of switchgrass and N2O emissions with different N addition treatments.

Location Year N Source N Treatment
(kg N ha−1 yr−1)

Yield
(t ha−1 yr−1)

N2O Emissions
(g N ha−1 yr−1) Citation

Truro, NS, Canada 2009 NH4NO3

0 7.1 463
[46]40 6.6 345

120 7 933

Mandan, ND, USA 2010 Urea
0 3.67 58.94

[48]67 4.47 184.29

MI, USA 2009–2011 Urea

0 5.95 374.32

[49]

28 6.91 512.34
56 7.85 698.45
84 7.62 964.03

112 7.72 1321.62
140 8.26 1806.78
168 7.82 2486.41
196 8.03 2867

The utilization efficiency of single and mixed cultivation of switchgrass is different.
Duran et al. [52] showed that, compared with the mixed planting of switchgrass and
local perennial grasses, the single planting of switchgrass increased N2O emissions and
the potential nitrate–nitrogen leaching capacity of fertilized switchgrass plots. This may
be because different varieties of herbs have different or partially overlapped demands
for N, which provides a reasonable combination for a more effective use of N. Although
perennial biofuel plants such as switchgrass will produce N2O during production, in
general, perennial biofuel crops emit less N2O than annual crops during their establishment.
According to Oates et al. [53], perennial systems produce much lower N2O emissions per
unit of ground than annual cropping systems.

5.2. Microbial Mechanism of N2O Emission from Switchgrass Field

Soil microbial activities related to N2O emission mainly include nitrification and
denitrification [54]. Ammonia oxidizing archaea (AOA) and ammonia oxidizing bacteria
(AOB) are closely related to the first step of nitrification. The transformation of dissolved N
into gaseous N in denitrification is mainly related to nirK, nirS, and nosZ genes [55]. AOA
are more abundant than AOB in agricultural soil [56]. Pannu et al. [57] confirmed that AOB
abundance in switchgrass fertilized plots was positively correlated with N2O emissions.
They found that applying N fertilizer increased the quantity and activity of AOB, which
would lead to an increase in N2O emissions from the fertilized plots. Similarly, mycorrhizal
fungi, AOA, and AOB increased with N input [58]. The nirS and nosZ genes are related
indicators of denitrification. The expression of nirS and nosZ genes in the N application
area was significantly higher than that in the non-nitrogen application area, indicating
that fertilization in these systems may change the denitrification activity and may lead to
related nitrogen loss, without yield return [59].

5.3. Environmental Factors Affecting Soil N2O Emissions with Switchgrass

Switchgrass is a perennial plant that needs to be managed, and switchgrass production
can be affected by changes in temperature and precipitation space [60]. Similarly, its
production can be affected by temporal changes in climate. Behrman et al. [61] estimated
the productivity of current and future switchgrass in the central and eastern United States.
They predicted that future climate change would significantly affect the spatial distribution
and productivity of switchgrass.

Not only is nitrogen added directly, but many environmental factors will also affect
N2O emissions from switchgrasssuch as temperature and precipitation. For example,
under the condition of fertilization, a large amount of precipitation and a high-temperature
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climate can create a substrate-rich environment with limited oxygen for microorganisms,
which is a good promotion of some anaerobic microbial processes such as denitrification.

Duncan et al. [62] used quantile regression to evaluate the correlation of four environ-
mental factors—NH4

+, NO3
−, soil temperature, and water-filled pore space (WFPS)—to

the upper limit of N2O emissions from switchgrass soil. The results showed that these
four factors were significantly and positively correlated with the upper limit of N2O flux.
However, the regression slope of non-fertilized plots was generally lower than that of
fertilized plots. Soil moisture is one of the main factors driving N2O emissions from soils.
A study has shown that N2O is emitted optimally in the WFPS range of 70–80% [63]. In
addition, changes in soil oxygen concentration caused by soil temperature also make soil
denitrification extremely sensitive to increasing temperature [64].

Intercropping also affected N2O emissions from switchgrass. Pannu et al. [57] showed
that intercropping alfalfa (70:30, switchgrass: alfalfa) reduced dry matter yield but increased
N2O flux.

6. Application of Switchgrass Cultivation in Degraded Land

Land degradation is an important topic in the 21st century due to its impact on
agricultural productivity, the environment, and food security. If the degraded land can
be used for biofuel crops, it will benefit agriculture development. Switchgrass is found to
have good tolerance to drought and flooding, so it is suitable for marginal land. Slessarev
et al. [65] conducted a 10-year (2008–2018) study on degraded land after sandstorms in the
United States to assess the impact of switchgrass on the deep organic carbon storage of
the three marginal soils. The carbon storage of topsoil (approximately 0–30 cm depth) and
subsoil (approximately 30–100 cm depth) in switchgrass areas were significantly higher
than those in reference (p < 0.01). Moreover, the switchgrass cultivation can increase the
operational taxonomic unit (OTU) richness of marginal land [28]. They found that when
the marginal land was converted into switchgrass land, the Shannon index increased
significantly over time and the community composition changed [28]. This result may
indicate that switchgrass has caused the improvement in soil quality.

Long-term soil toxic trace metal pollution will change the soil organic matter and
microbial community, thus destroying the ecosystem [66]. Phytoremediation refers to
affecting pollutants through plant extraction, which concentrates pollutants (such as toxic
trace metals) in the environment into plant tissues [67]. Phytoremediation has been used
to repair degraded soil. For example, tomatoes (Solanum lycopersicum) are used to repair
cadmium (Cd) contaminated soil. Caesar-137 and strontium-90 were removed from power
using sunflowers (Helianthus annuus) after the Chernobyl accident [68]. Switchgrass is a
metal accumulator used in agriculture as a phytoremediation strategy as well. This strategy
has the advantage of disposing of contaminated sites without excavation. Switchgrass in
situ promotes environmental pollutants’ decomposition, fixation, and removal. Switchgrass
can accelerate the degradation of atrazine and other herbicides, can absorb toxic trace metals
in soil, and has good agronomic characteristics and high biomass [69,70]. A large amount
of biomass can be harvested through the annual harvest in several seasons. Therefore,
it is feasible to use switchgrass for in situ extraction of toxic trace metals. Finally, the
amount of toxic metals will be reduced so that the affected land can restore the natural
ecosystem or be used for crops productively. Balsamo et al. [69] studied the enrichment
of lead (Pb) by switchgrass and timothy grass (Pheum pretense) and found that when
the soil Pb concentration was 120 mg kg−1, the Pb content in switchgrass leaves was
0.028 ± 10% of the dry weight of leaves. In other words, assuming the soil Pb concentration
is the same, based on the 7.5 t ha−1 harvest yield (Table 3), about 0.02 t lead can be removed
by switchgrass every year, which is a considerable number. A study showed that switchgrass
has medium tolerance to Cd and that a low concentration of Cd (100–175 µM) promoted the
growth of switchgrass [71]. Fertilization can be used to improve the absorption capacity of
switchgrass to toxic trace metals. The study showed that plants receiving high nitrogen
had significantly the largest leaf dry mass and the highest Pb concentration [72]. Chelating
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agents can also promote the absorption of Pb by switchgrass. When NTA (nitrogenous
acid) and APG (aluminum polyglucoside) were applied together, the Pb concentration in
switchgrass leaves was more than doubled [73].

Moreover, the contaminated biomass harvested can be used as raw material for biofuel
production. Cellulose, hemicellulose, and pectin can be decomposed into glucose or other
sugars by enzymes and then bio-ethanol can be produced by yeast fermentation [74].

7. Conclusions and Future Prospects

Overall, most studies believe that changes in SOC or NEE caused by switchgrass
cultivation have a positive effect on climate change. Although short-term research shows
that SOC can be significantly increased by perennial biomass production, a long-term
measurement is required to assess the dynamics of SOC.

N2O emissions from switchgrass are lower than from most other perennial grasses and
annual crops. For the GHGs (mainly N2O) directly emitted during switchgrass cultivation,
more effective fertilizer utilization strategies must be developed and used. N2O emissions
can be reduced by estimating crop N demand and by improving N-use efficiency through
timely fertilization.

Growing energy demands and concerns about climate change drive the use of energy
plants, but, even so, the biofuel plant land cannot be developed unbridled. It is not suitable
to develop biofuel plants with land that could be planted with large amounts of food, thus
posing a danger to food security. Furthermore, more consideration should be given to
using some marginal land to develop and grow biofuel plants such as switchgrass. It can
be considered to establish switchgrass on some lands with highly toxic trace metals to
simultaneously achieve the goal of carbon sequestration and soil restoration.

To develop an optimal cultivation strategy, future studies need to pay more attention
to the relationship between fertilization, yield, and C and N loss. It is appropriate to
consider the efficient breeding of switchgrass in order to establish switchgrass fields in
a shorter time. Meanwhile, CH4 is a non-negligible carbon debt, which should be taken
into account when calculating carbon loss data. Moreover, a comprehensive GHG budget
and explicit spatial modeling of soil and plant carbon stocks should be considered to fully
assess the impact of the large-scale transformation of these prairie sites.
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Abstract: The concentration of greenhouse gases (GHGs) in the atmosphere has been increasing since
the beginning of the industrial revolution. Nitrous oxide (N2O) is one of the mightiest GHGs, and
agriculture is one of the main sources of N2O emissions. In this paper, we reviewed the mechanisms
triggering N2O emissions and the role of agricultural practices in their mitigation. The amount
of N2O produced from the soil through the combined processes of nitrification and denitrification
is profoundly influenced by temperature, moisture, carbon, nitrogen and oxygen contents. These
factors can be manipulated to a significant extent through field management practices, influencing
N2O emission. The relationships between N2O occurrence and factors regulating it are an important
premise for devising mitigation strategies. Here, we evaluated various options in the literature and
found that N2O emissions can be effectively reduced by intervening on time and through the method
of N supply (30–40%, with peaks up to 80%), tillage and irrigation practices (both in non-univocal
way), use of amendments, such as biochar and lime (up to 80%), use of slow-release fertilizers and/or
nitrification inhibitors (up to 50%), plant treatment with arbuscular mycorrhizal fungi (up to 75%),
appropriate crop rotations and schemes (up to 50%), and integrated nutrient management (in a
non-univocal way). In conclusion, acting on N supply (fertilizer type, dose, time, method, etc.) is
the most straightforward way to achieve significant N2O reductions without compromising crop
yields. However, tuning the rest of crop management (tillage, irrigation, rotation, etc.) to principles
of good agricultural practices is also advisable, as it can fetch significant N2O abatement vs. the risk
of unexpected rise, which can be incurred by unwary management.

Keywords: N2O emissions; denitrification; nitrification; C:N ratio; integrated nutrient management
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1. Introduction

The sustainability of agricultural activities involves supporting crop yields under
adverse natural conditions [1–9]. Many countries across the globe have adopted in-
tensive agricultural practices to assure food security under the rapid increase in world
population [10,11]. However, scaling up the level of crop intensiveness has devastating
impacts on the environment [12]. Agriculture is a major contributor to greenhouse gases
(GHGs) (namely, CO2, N2O and CH4) released into the atmosphere and accounts for 10–12%
of the total GHGs produced globally by anthropogenic activities [13,14]. These GHGs are a
major source of global warming and climate change across the globe and pose a serious
threat to global food security [15,16].

N2O is a powerful and long-lasting GHG, has a global warming potential (GWP)
298 times as high as that of CO2 and can contribute to the depletion of the stratospheric
ozone layer [17]. Moreover, it is a very reactive gas, which catalyzes the production of
the tropospheric ozone, exerting adverse impacts on humans and crop production [18,19].
Agriculture is responsible for about 60% of the global N2O production, owing to the heavy
usage of mineral N and the sustained use of legumes as cover and main crops releasing
N at the end of their life cycle [20–22]. For example, from 1990 to 2005, agricultural
emissions have increased by 14%, with an average increase of 49 Mt CO2 per year [23].
Based on another source, during the last decade, approximately 80% of the world’s total
N2O emissions were related to agricultural activities, with the concentration in atmosphere
increasing from 270 ppb to 319 ppb [24]. Moreover, N2O emissions are expected to increase
by 35–60% in the near future, largely due to poor manure management and increased
application of chemical fertilizers [24]. Additionally, excessive use and inappropriate
timing of N application can lead to N leaching that affects water quality [25], resulting in
increased N2O emission from the landscape-draining waterways [26].

In soils, N2O is mainly produced by transformation of reactive N through the mi-
crobes [25–29]. When N enters the soil, either from organic or mineral fertilizers in the form
of NH4

+ and NO3
−, there are different processes that can result in N2O formation. How-

ever, their relative prominence is still not well understood [30,31]. Three main processes,
namely nitrification, denitrification and dissimilatory nitrate reductions, are considered
the main contributors to N2O emissions [27]. The contribution of each process to N2O
emission depends upon soil texture, organic C, soil pH, microbial activities and environ-
mental conditions, including precipitation and temperature [28]. The quality and intricacy
of N2O production pathways, and their spatial as well as temporal variability, make the
reduction in N2O from soils quite challenging to interpret [32]. Crop management practices,
including tillage and irrigation, N fertilizers, biochar, lime, nitrification inhibitors, slow-
releasing fertilizers, arbuscular mycorrhizal fungi (AMF), suitable cultivars, appropriate
crop rotations and integrated nutrient management (INM) can significantly influence soil
properties, which in turn affect N2O emissions [33–39]. Therefore, it is generally sensed
that emissions can be mitigated by the suitable management of tillage and irrigation prac-
tices, reducing the overall N application and using biochar, lime, organic amendments,
manures, nitrification inhibitors, fermented fertilizers, AMF, suitable crop rotations and
INM (Figure 1).

To better appreciate the extent of these effects, organize in a comprehensive way the
multiple contributions on this topic and discuss the variable results obtained in the quest to
curb N2O emission, we set out to review the potential of different management options to
reduce N2O emission on the basis of the available data. It is generally acknowledged that
the adoption of suitable practices can play a significant role in restraining N2O emission,
but the extent to which the atmospheric equilibrium and agricultural production will
benefit from these efforts is still questioned.
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Figure 1. Management practices influencing N2O emissions to the atmosphere. The adoption of
several measures in each specific management sector can contribute to mitigate N2O emission from
agricultural soils.

2. N2O Production and Emission

Nitrous oxide is produced in the process of nitrification, consisting of the microbial
conversion of ammonia (NH3) to nitrate (NO3

−). Nitrification (NF) is considered the
main process involved in the global N cycle. Most of the transformation of N during
nitrification is mediated by autotrophic micro-organisms. The first step in nitrification is
NH3 oxidation to the hydroxylamine (NH2OH). Both ammonia-oxidizing archaea (AOA)
and ammonia-oxidizing bacteria (AOB) mediate this process.

In various soils, the quantity of AOA is higher than AOB, which supports the hypothe-
sis that the abundance of AOA can better control nitrification rates, in turn leading to lower
N2O emission compared to soils with higher AOB [40,41]. This is especially true in the
acidic soils, where AOA prevail as a result of their unique adaptation [42]. Nonetheless, the
degree to which AOA vs. AOB can affect N2O emission is still uncertain [43] and might de-
pend on the NH2OH fate. The metabolic and enzymatic pathways lead to decomposition of
NH2OH into NO2

− and nitrogen oxide (NO) [44]. NO2
− is further volatilized into HONO,

but NO2
− may be converted into NO, N2O and N2 via nitrifier denitrification [45,46].

In contrast to nitrification, denitrification (DNF) is a reduction process involved in the
conversion of NO3

− to N2, mediated by facultative anaerobic bacteria [47]. This process
can be completed up to N2 production, but if it remains incomplete, it results in N release
in the form of NO and N2O [48].

The microbial processes of NF and DNF are responsible for 70% of global N2O emis-
sion [49,50]. However, the above description of the two processes as sources of N2O is a
simplification, owing to the fact that the main process pathway can provide a wealth of
collateral processes that either form or use N2O. Moreover, other metabolic processes can
contribute to N2O production in soils:

• The decomposition of hydroxylamine during the process of autotrophic as well as
heterotrophic nitrification;

• The chemical DNF of soil NO2
− and abiotic decomposition of ammonium nitrate in

the presence of light, humidity and reacting surfaces;
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• The production of N2O by nitrifier denitrification within the same nitrifying micro-
organisms;

• The coupled nitrification–denitrification by different micro-organisms (the nitrite
oxidizers produce nitrate, which is denitrified by denitrifiers in situ);

• The DNF conducted by microbes capable of using nitrogen oxides as alternative
electron acceptors under O2 limited conditions;

• The co-denitrification of organic N compounds with NO and nitrate ammonification
or dissimilatory nitrate reduction to ammonium [51].

3. Environmental and Anthropic Factors Affecting N2O Emission from Agricultural Soils
3.1. Soil pH

Soil pH is one of the main factors that can affect N2O emission (Figure 2). The increase
in soil pH can reduce the emission of N2O [52,53], although some other source reports
increased N2O emission at increasing pH [54], which is consistent with denitrifying bacteria
thriving on relatively high pH for their activities. Alkaline pH is considered responsible for
enhancing the rates of both NF and DNF processes [55,56]. In general, soil pH influences
the microbial population and activity, which directly impact N2O emission [57].

Figure 2. Factors and management practices responsible for N2O emission from agricultural soils.

3.2. Soil Moisture and Temperature

Large quantities of N2O are produced under high water-filled pore space (WFPS),
owing to the fact that soil moisture controls N2O emission through organic matter (OM)
decomposition. Soil moisture can enhance organic C mineralization, which can control
microbial metabolism and activities [58,59]. Thus, higher C stimulates the activities of
micro-organisms by increasing substrate availability, which in turn increases N2O emis-
sion. Moist soils enhance N2O emission over long periods, owing to increased availability
of C substrate for microbial activities. Moreover, no tillage (NT) can increase the WFPS
compared to conventional tillage (CT), which can be a reason for increased N2O emission
under NT conditions. Soil temperature interacts with moisture in regulating N2O pro-
duction. Bacterial populations increase with increasing temperature up to a certain range
(25–35 ◦C) [60,61], and the activities of both nitrifying and denitrifying bacteria are equally
enhanced at higher soil temperatures [62].

3.3. Application of Crop Residues

The addition of crop residues and straw provides a source of easily available C and
N, henceforth, a potential source of N2O emission [63]. Nitrogen mineralized from crop
residues is quite easily dispersed in the form of N2O [64]. The release of N and C from
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mineralization of crop residues largely depends on the C:N ratio of the specific residues [65].
The rate of DNF depends on the amount of C that is made easily available to the pool of
denitrifying bacteria [66]. High N2O emission from loamy soil was observed following
the incorporation of straw with low C:N ratio [65], while low N2O emission from sandy
soil was noticed with the addition of cereal straw with higher C:N compared to vegetable
residues with lower C:N [67]. Therefore, the characteristics of crop residues incorporated
into the soil can be a significant factor in N2O emissions [68].

3.4. Nitrogen Application

Before 1950, less than 50% of N2O emission was caused by N fertilizers in the agricul-
tural sector. Nonetheless, most of the N2O emissions were linked to animal rearing and
related activities [69]. However, with the increase in human population and food demand,
increased application of N fertilizers was also needed. Agriculture is responsible for more
than 60% of N2O emission [21,22]. Nitrogen fertilizers have high mobility in soil solution:
after application, they enter the soil, undergoing diverse reactions resulting in N leaching,
immobilization, volatilization and DNF [70]. Therefore, N fertilizers have significant impact
on N2O emission, leading to differentiated emissions according to fertilizer type [71]. The
method and timing of N application also have substantial impact on N2O emission [72].
Among the application methods, the N applied as side banding significantly reduced N2O
emission compared to broadcasting [73]. Similarly, the time of N application is very crucial,
and the selection of suitable timing can contribute to N loss reduction. The available
ammonium (NH4

+) and nitrate (NO3
−) are major sources of N2O emission from soils [74],

and N fertilizers, which more or less directly supply the two N forms, are largely implied
in N2O production and emission [75–77]. The deep placement of fertilizers has been seen to
substantially improve crop growth compared to shallow and surface placement [78]. Plant
roots tend to proliferate around the fertilizer area; therefore, deep placement considerably
increased root density, N and water uptake from deeper layers in various cereals [78,79].
Moreover, in deep placement, a thicker layer must be crossed by diffusing N2O, which
prolongs the residence time and favors the ultimate reduction of N2O to N2 in the upper
topsoil where no fertilizer N was placed [78], resulting in significant reduction in N2O
emission [79].

3.5. Soil Micro-Organisms

An increase in soil depth considerably decreases microbial biomass and activity. Mi-
crobial occurrence is imperative for NO3

− and NO2
− reduction to NO, N2O or N2; this

reaction is coupled with electron transport in the DNF process [77]. Denitrifying bacteria
have the ability to reduce NO3

−, NO2
− and NO under soil anaerobic conditions. They

catch the energy from sunlight and organic or inorganic substrates, and are consequently
known as phototroph, organotroph or lithotroph. Moreover, some enzymes, including
ammonia monooxygenase, hydroxylamine oxidoreductase and nitrite oxidoreductase, are
involved in the NF, and these enzymes either increase or decrease N2O emission by af-
fecting the rate of NF [80]. In a similar way, other enzymes, including nitrate reductase,
nitrite reductase, nitric oxide reductase and nitrous oxide reductase, are involved in the
DNF process. The occurrence and amount of these enzymes remarkably influence DNF rate
and, consequently, N2O soil emission [80]. The amount of soil organic carbon positively
influences N2O production and emission [81], also in association with soil moisture [82]. In
fact, soil organic C provides the substrate for microbial growth that is needed for both NF
and DNF processes [83].

3.6. Soil Characteristics

Fine textured soils emit more N2O [84], owing to the fact that they have more capillary
pores within soil aggregates compared to sandy soils [85]. The pores present in fine soils
hold more water, leading to anaerobic conditions, which are maintained for a longer time,
resulting in significant increase in N2O emission compared to sandy soils [86]. The DNF
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process is also considerably increased, as soil texture becomes finer and WFPS increase [85].
When WFPS decrease, the DNF process is slowed. In fact, it was reported that in clayey
soils, N2O emission was considerably increased with increasing WFPS, up to 40%, and
reached its maximum extent at WFPS higher than 70% [85]. Generally, soil texture affects
N2O emission by determining how likely it is for anaerobic vs. aerobic soil conditions to
prevail [87,88]. Moreover, soil texture also affects N2O emission owing to differences in soil
N availability, the amount of organic carbon and microbial population [89]. Site exposure
influences soil temperature and moisture, in turn affecting N2O emission, as does field
surface morphology; N2O emission was recorded maximum in depressions vs. ridges and
sloped lands, owing to higher moisture content present in depressed areas [90,91]. Lastly,
lower air pressure at high altitudes also favors higher N2O emissions due to a reduction in
the counter pressure exerted on the soil [90,91].

4. Management Options to Mitigate N2O Emission
4.1. Modification of Irrigation Pattern

Irrigation is an important factor in N2O emission [92]. The amount of water supplied
and the method of distribution affect soil moisture spatially and temporally [93], and
significantly impact on the N cycle. This includes the processes of NF and DNF on which
N2O production depends [94,95].

Flood irrigation (FI) is the most common irrigation method in developing countries,
such as India, Pakistan, Bangladesh and large parts of Africa. In FI, high volumes of water
are applied to crops, resulting in fertilizers being strongly diluted and easily absorbed [94].
However, large irrigation volumes determine the anaerobic conditions conducive to N2O
production and nitrate leaching [96]. To prevent this, a precise water application technique,
such as alternate wetting and drying (AWD), could be useful to save water while concur-
rently reducing GHG emissions. However, contrasting results are reported about the effect
of AWD on N2O emission and grain yields even in paddy rice, one of the crops most suited
for AWD. On the one hand, Lahue et al. [97] found that AWD vs. FI curbed CH4 emission
by 80% in a clay-loamy soil, while significantly increasing the final yield; on the other
hand, Lagomarsino et al. [98] reported that AWD saved water by 70% and decreased CH4
emission by 97%, but it increased N2O emission by five times in a clayey soil.

Generally, AWD inhibits CH4 emission [77]; however, soil moisture during AWD
cycles remains high, which can create anaerobic conditions [92] and favor N2O emission.
Soils produce large quantities of N2O when WFPS fluctuates around 45–90% [99].

Under aerobic soil conditions, NF becomes the dominant N2O production pathway
when WFPS increases up to 60–70% [100]. Conversely, DNF becomes a dominant pathway
for N2O production when WFPS exceeds 60–70% [100]. However, the production of
N2O may still be limited with WFPS around 50–60% as a result of dissimilatory nitrate
reduction to ammonia [101]. For instance, continuous flooding in rice releases less N2O
to the atmosphere [102,103], owing to water saturated conditions favoring ultimate NO3

−

reduction to N2 by denitrifiers [51]. Conversely, AWD may be responsible for increased
N2O emission when it determines soil cracks; stronger aeration at deeper layers increases
NF and provides substrate for N2O emission [104,105].

Similarly, modifications in the irrigation method can play a crucial role in the amount
of water used and N2O emission. Different patterns of water infiltration and redistribution
result in variable time trends of soil water content and water infiltration depths; all this
has a great impact on soil N2O emission and its spatial and temporal occurrence [106]. The
surface layer in a field irrigated by sprinkler irrigation (SI) is relatively loose compared
to FI. Therefore, in such soils, the NO3-N and NH4-N ions are less leached and remain
more concentrated in the root zone [106,107], which makes them more easily absorbed by
plant roots and, therefore, less prone to be turned into N2O [107,108]. SI is a water-saving
approach, and soil conditions during SI, as well as drip irrigation (DI), favor NF in both
cases. Enhanced NF provides the substrate for N2O emission [104–106]; however, SI is
associated with modest WFPS, resulting more likely in reduced N2O emissions [109–113].
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It is therefore evinced that more advanced irrigation methods, such as SI and DI, lead
to a contained risk of N2O emission with respect to FI. A controversial role is played by
AWD, which is proposed as an advanced version of FI: despite undeniable benefits in
terms of water saving and crop performance, the unstable moisture conditions associated
with AWD may be conducive to stronger N2O production. In general, it is sensed that
the irrigation practice should be directed toward higher water use efficiency, either by
replacing less efficient methods or better tuning the existing ones, as a premise for more
balanced moisture conducive to less N2O emission.

4.2. Tillage Practices

Tillage practices influence crop productivity [114] as well as GHG emission, as they
substantially affect soil properties [115]. Tillage disturbs the soil and increases CO2 emission
by aerating the soil and breaking soil aggregates, which release the organic carbon that
favors microbial activities responsible for GHG emission [116].

It is not easy to univocally identify which tillage practices could reduce GHG
emission [117], as contrasting results have been reported in the literature. In rice fields,
Xiao et al. [118] and Liang et al. [119] noticed a substantial reduction in N2O under no
tillage (NT) compared to conventional tillage (CT). Conversely, a meta-analysis conducted
by Mei et al. [120], including rice and other arable crops (wheat, maize, others), showed that
conservation tillage increases N2O emission by an average 17.8% compared to CT. Lastly,
another meta-analysis conducted by Feng et al. [121] pointed out the advantage for NT in
terms of N2O and CH4 reduction (−6.6% compared to CT). In this last source [121], special
emphasis is given to the interactions of tillage with other crop management practices and
land use patterns in triggering/mitigating GHG emission from agricultural soils. Despite
the uncertainties in N2O effects, NT practices appreciably offset GHG emissions owing to
C sequestration [122] and reduction in CH4 emissions. This results in the global warming
potential (GWP) of NT being remarkably lower than that of CT [123,124]. In turn, this
suggests that NT is beneficial for GHG emission and C-smart agriculture, and must be gen-
erally promoted in cropping systems. No tillage reduces the losses of OM and significantly
increases soil bulk density (BD) [125]. The long-term use of NT can improve soil structure
and reduce soil temperature, owing to the residues present on soil surface reflecting the
incoming radiation and acting as a barrier between soil surface and atmospheric air [126].
This, in turn, may lead to reduced N2O emission compared to CT [127,128]. In another case,
CT increased water-holding capacity, WFPS and the availability of substrate for microbial
activities, potentially leading to increased N2O emission [129]. However, the effect of
tillage practices can vary according to climate type. For instance, Van Kessel et al. [130]
conducted a meta-analysis and found that dry warm climate significantly increases N2O
emissions. Rainfall and temperature are considered key factors affecting N2O emissions.
Higher rainfall increases soil moisture contents, which reduce the soil oxygen availability,
which ultimately increases the NF and DNF and results in significant increase in N2O
emissions. Therefore, in warm dry regions, NT can be an important practice to reduce N2O
emission as compared to conventional tillage practices, which can increase N2O emission
due to decomposition of organic matter and increase in microbial activities [131]. Recently,
Shakoot et al. [132] (2022) also found that NT reduces N2O emissions in irrigated areas,
whereas it increases N2O emission in rain-fed areas.

The contrast among studies for N2O emissions could be ascribed to different soil
characteristics, ambient conditions and time at which tillage practices are carried out in a
specific soil. However, despite the non-univocal effects on N2O production, reduced and
no tillage are associated with a beneficial effect, in general, in GHG mitigation. Therefore,
as in the case of irrigation practices, it appears that more advanced tillage practices provide
a more favorable background for the containment of GHG emission.
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4.3. Crop Residue Management

Crop residues (CR) return to the soils is widely popular, owing to its benefits in increas-
ing agricultural production and soil fertility [133,134]. Moreover, CR return also influences
N2O emissions by regulating the microbial activities, and C and N availability [135,136].
At a global level, it is estimated that CR return produces 0.4 million metric tons of N2O-
N/year [137]. Nonetheless, contrasting results have been shown in the literature concerning
the effects of CR return on N2O emission from agricultural soils, depending on several CR
and soil characteristics.

Various authors noted that returning CR can increase N2O emissions by increasing C
and N availability for microbial activities and modifying soil aeration by improving soil
aggregation and microbial demand, which is considered a major factor mediating soil NF
and DNF for N2O production [126,135,138,139]. Conversely, other authors reported that
the addition of CR has an inhibitory effect on N2O emission, depending on soil properties
and C/N ratio of crop residues [140,141]. Additional soil characteristics influencing CR
effects on N2O emission are soil pH, texture, water content and residue C and N input to
soil [142–144]. Soil pH affects CR decomposition, and C and N availability for NF, as well
as DNF [145]. Similarly, soil texture affects soil permeability and water conditions and,
therefore, CR decomposition and N transformation processes [146]. Thus, it is important
to consider the above-discussed soil and CR properties when estimating N2O emission
from CR.

The return of CR can serve as a source of carbon for microbial growth, stimulating the
N assimilation by micro-organisms. This action can prompt a strong competition for NH4

+

between heterotrophic micro-organisms and autotrophic nitrifiers [147], resulting in N2O
production. Additionally, CRs serve as source of energy for denitrifiers, enhancing DNF
and, resultantly, N2O emission under aerobic conditions. In those agricultural systems
where CRs are soil incorporated, they provide N and C for NF. For instance, coarse textured
soils have low DNF owing to the limited availability of organic carbon [148,149], and the
addition of CRs can result in increased N2O emission. Moreover, in fine textured soils,
CR addition improves soil properties and increases substrate availability and microbial
activities; therefore, the addition of CRs with low C:N ratio increases N2O emission from
these soils [139]. Lastly, CRs from mature crops have higher C:N ratio and tend to im-
mobilize N and reduce NO3

− availability, thus limiting N2O emission from agricultural
soils [149]. The decomposition of CR interacts with soil water content in determining the
O2 status in organic hotspots. For instance, CR significantly increased the N2O emission
at 30 and 60% WFPS; however, after heavy rainfall and increase in WPFS at 90%, N2O
emission was reduced by CR owing to a shift in N2O:N2 product ratio of DNF due to
more reducing conditions [150]. Lastly, residue incorporation during the spring season
following N addition of N fertilizers increases the potential interactions between external
N source and decomposition of CR, which can increase the DNF and, subsequently, N2O
emissions [151]. Even in CR management, it is perceived that no univocal behavior can
be detected with respect to N2O emission. Several features, including CR characteristics
and ambient conditions, must be considered to enhance smart CR management and its
contribution to reduced N2O emission. The trade-offs for successful management are,
nevertheless, undeniable.

4.4. Fertilizer Management
4.4.1. Adjusting Fertilizer Dose and Matching N Supply with Demand

The application of optimum levels of N and P fertilizers ensures higher yield and
reduces background GHG emissions. N2O emissions from soils are influenced by fertilizer
type, amount and application time [152]. The containment of N doses at the lowest non-
limiting levels decreases the soil N availability and, consequently, the N2O emission [153].

Many experiments demonstrate a substantial increase in N2O emission with applica-
tion of N fertilizers however, N2O emissions also varied according to source of N applica-
tion (Table 1). In rice, N2O emission increased with an increase in N rate [154], which is
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supported by another experiment where a 33% reduction in the reference N application
resulted in −28% N2O emissions [155]. In another study, it was noted that application of
N (200 kg ha−1) reduced the methane emissions by 25–30% from rice crop as compared
to application of N (400 kg ha−1) [156]. The N application method can also affect N2O
production. In fact, N placement near the roots increased the nitrogen use efficiency (NUE)
and reduced N2O emissions [157]. Moreover, optimizing N fertilizer use to better match
nutrient supply with crop demand significantly reduced the soil amount of residual N,
curbing N2O emission [158]. From a practical viewpoint, split fertilizer applications at
different crop stages ensure uninterrupted N availability, which in turn improves NUE and
reduces N2O emission [159].

4.4.2. Time of Fertilizer Application

The time of fertilizer application is in tight connection with the amount of fertilizer
application from the perspective of reducing N2O emission. Fertilizer application weeks
after sowing instead of prior to sowing increases the chances that applied N will end up in
crop tissues instead of getting lost to atmosphere and ground water. For instance, in maize,
the side dressing of N at V-6 stage increased NUE and reduced N losses in the form of
N2O [160,161]. Contrarily to this, the autumn application of fertilizers or manure enhanced
nitrate and N2O losses [162,163].

Table 1. Effect of different sources of N fertilizers on N2O emissions.

Crop N Sources N2O Emission (kg ha−1) References

Rice
Control (no fertilizers) 0.04 [164]

AS (100 kg ha−1) 0.17
Urea (100 kg ha−1) 0.15

Rice
Control (no fertilizers) 0.67 [116]

NPK (210:105:240 kg ha−1) 6.51

Rice
Control (no fertilizers) 0.64 [165]

Urea (300 kg ha−1) 1.39

Maize
Control (no fertilizers) 1.53 (kg N Mg−1) [77]

UAN (150 kg ha−1) 1.92 (kg N Mg−1)
CAN (150 kg ha−1) 1.81 (kg N Mg−1)

Maize
Control (no fertilizers) 0.16 [166]

Urea (145 kg ha−1) 0.30
AN (145 kg ha−1) 0.29

UAN: Urea-ammonium nitrate, AS: Ammonium sulfate, CAN: calcium ammonium nitrate, AN: Ammonium
nitrate, NPK: Nitrogen, phosphorus and potassium fertilizer.

4.4.3. Improving N Fertilizer Placement

The deep placement of N fertilizers compared to conventional application ensures
effective nutrient availability at later growth stages [167]. The placement of N closer to the
plants considerably decreases N2O emission, as in the case of urea band application instead
of broadcasting. Similarly, the side banding in wheat and canola, rather than the banded
mid-row, appreciably reduced N2O emission [168]. In another study, the deeper placement
of N fertilizer in maize resulted in a reduction in N2O emission compared to the shallow
placement [168]. The site-specific N application according to field variability improves
NUE by tailoring the applied N to soil spatial variability. In maize, site-specifically applied
N reduced the overall N use by 25 kg/ha and resulted in a substantial reduction in N2O
emission [169].

Deep placement of fertilizers is potentially useful to reduce N2O emissions [170]. In
lowland rice [171], the deep placement of N fertilizers determined an 80% lower N2O
emission than the conventional surface spreading. In another rice study [172], deep N
placement substantially reduced N2O emission, owing to the fact that a large portion of
N was retained in soil for a longer time. Moreover, Chapuis-Lardy et al. [173] argued
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that deep placement reduces N2O emission as a result of microbial consumption of N2O.
Rutkowska et al. [174] also noticed a substantial reduction in soil N2O emission from sandy
soils with deep placement of N fertilizers. Conversely, some other authors noted no signifi-
cant difference in N2O emission with deep vs. broadcast application of fertilizers [175], and
some others noted that deep placement of N fertilizers led to higher N2O emission [176]. It
is sensed that these variations in N2O emission with deep placement vs. shallow placement
or surface spreading can be attributed to differences in N source, the applied amount and
interactions amid the soil and weather conditions [11].

4.4.4. Selection of Suitable Fertilizers

Fertilizer type can influence N2O emission (Table 1) in association with time and
amount of fertilizer application [177]. Fertilizers affect N2O emission because of different
content of NH4

+, NO3
− and organic C. Grave et al. [178] studied the impact of various

N sources on N2O emission in a maize–wheat rotation. They noted that urea and slurry
application increased N2O emission by 33% and 46%, respectively, as compared to the
control plots. Bordoloi et al. [179] studied the impact of different levels of urea on N2O
emissions in a wheat cropping system and found that N2O emission increased in parallel
with urea increase, up to +174% N2O emission with 100 kg N ha−1 from urea. Moreover,
Lebender et al. [180] studied the impact of N source (calcium-ammonium-nitrate (CAN;
range 0–400 kg ha−1)) on N2O emission from the wheat crop. They noted that over the years,
N2O emission from 400 kg N ha−1 was significantly higher as compared to 200 kg N ha−1.

The experimental results reported in Table 1 clearly show the differences among fertil-
izer sources for N2O emission. Large differences can be seen among fertilizer forms [172,181].
Specifically, higher N2O fluxes and losses occur more quickly from ammonium nitrate
compared to urea [182,183]. The application of calcium ammonium nitrate, especially
in wet soils with high OM, results in higher N2O emissions [184]. In another work,
Nayak et al. [185] reported that replacing urea with ammonium sulphate increases the
N2O and decreases the CH4 emissions. However, further differences among N fertilizers
for N2O emission can be due to soil properties, such as texture, BD, pH, organic carbon, N
and microbial population [186].

Overall, fertilizer management is the premier domain of intervention to mitigate N2O
emissions, as N fertilizers supply the nutrient that, to a varying degree (1.25% on average,
according to the IPCC [153]), fuels N2O emission from agricultural soils. However, N fertil-
izers are a powerful tool to boost agricultural productions and are, therefore, indispensable
to the present level of world food production. More efficient ways of supplying this nutri-
ent, i.e., determining the right amount, time and place of supply, are the only strategy to
pursue the increase in agricultural production necessitated by a growing population, while
concurrently restraining N2O emission. Time and place of N application are the least con-
troversial fields to achieve a significant containment of N2O emission at no cost to potential
yield. The higher level of N application significantly increased N2O emissions [187,188].
The application of higher levels of N significant increases the DNF, which, resultantly,
increases N2O emissions. Moreover, fertilizers and type of N also influence NF and DNF
and, resultantly, N2O emissions. For instance, the application of anhydrous ammonia
significantly increased N2O emissions [189]. Environmental conditions also significantly
affect N2O emissions. The application of heavy doses of N can increase N2O emissions
in warm temperate regions due to favorable microbial activities [190]. The tropical and
sub-tropical zones also favor the microbial NF and DNF, which are linked to CO2 and N2O
emissions [191] (Xu et al., 2012). Therefore, the application of heavy doses of N must be
avoided in these regions. Moreover, Muller et al. (2003) [192] also observed N2O emission
observed between −1 and 10 ◦C, and maximum N2O emissions occurred near the 0 ◦C
owing to increasing activity of N2O reductase.
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4.5. Biochar Application

Biochar is a C-rich product resulting from the pyrolysis of various sources of organic
matter. Soil incorporation of biochar sequesters C and improves soil properties [41,193,194],
involving physical, chemical and biochemical changes (Figure 3), influencing N2O pro-
duction [195]. The application of biochar can mitigate GHGs emissions from soils [196].
Because of slow degradation, biochar is considered as the best option for long-term carbon
seizure in soils [197]. Biochar produced from plant biomass has a significant quantity of
carbon that can be sequestered for up to 2000 years of mean residence time in soil [198].
Biochar application hinders GHGs emissions, therefore reducing global warming [197]. The
application of biochar could reduce the emission of N2O and NH3 by 16.10% and 89.60%,
respectively, as compared to control in rice crop [199].

Figure 3. Mechanisms related to the role of biochar in mitigating N2O emission.

The application of biochar increases soil pH and drives N2O complete reduction to
N2, thus curbing N2O emission (Table 2) [200]. However, the impact of biochar on N2O
emission varies according to biochar amount and soil properties, including pH, C:N ratio,
organic carbon, water status, microbial and enzymatic activities. The biochar-mediated
reduction in N2O emission is made possible by biotic and abiotic pathways [53]. The main
effects of biochar, modification of soil pH, aeration and water-holding capability, are those
responsible for reduced N2O emission [201]. However, biochar also directly absorbs N2O,
which further contributes to reduced emission [202].

An enzyme, N2OR, catalyzes N2O transformation into N2 during the DNF. Under low
soil pH, the assembly and functioning of this enzyme are constrained [202]; the application
of biochar, by increasing soil pH, restores N2OR functioning, which explains the relevant
reduction in N2O emission following biochar application [203]. The increase in aeration
and O2 availability resulting from biochar application contributes to further reduction in
N2O emissions by creating adverse conditions for microbial DNF [203].
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Table 2. Effect of biochar on N2O mitigation potential compared to no biochar application.

Biochar Application N2O Mitigation Potential (%) Reference

BBC: 5 tons/ha 38
[204]BBC: 10 tons/ha 48

BBC: 15 tons/ha 61

RCHBC: 50 tons/ha 36 [205]

MSBC: 16.77 tons/ha 10.8 [206]

BBC: 5 tons/ha 24.25
[207]BBC: 15 tons/ha 30.7

RSBC: 22.4 tons/ha 72.95 [208]
RSBC: 44.8 tons/ha 235.1

RSBC: 36 tons/ha 50 [209]
RSBC: 72 tons/ha 83

WSBC: 10 tons/ha 101.68 [210]

CSBC: 9 tons/ha 46.3
[211]CSBC:13 tons/ha 33.3

RSBC: 1% (w/w) 82.28 [212]
RSBC: 5% (w/w) 185.21

GHBC: Grain husk biochar, BBC: Bamboo biochar, RCHBC: Rice and cotton husk biochar, MSBC: Maize stalk
biochar, RSBC: Rice straw biochar, WSBC: Wood shaving biochar, CSBC: Cotton stalk biochar.

Additionally, biochar has a good adsorption potential, resulting in a considerable ad-
sorption on its surface of NH4

+ and NO3
− [213], which reduces the N availability for N2O

production [214]. Biochar application also influences soil gene abundance, including nirK
and nosZ [215]. These genes are highly sensitive to acidic pH, and they are involved in the
process of DNF. The nosZ gene is linked to N2O reductase, which catalyzes the reduction
of N2O to N2 [216]. This is a further reason for biochar application resulting in substantial
reduction in N2O emission [217,218]. The application of biochar not only increases the SOC,
crop yield and soil fertility, but also influences N2O emissions. Many authors noted that
biochar application reduced N2O emission from agricultural soils [199]. However, environ-
mental and soil conditions are significant factors that affect N2O emissions. A meta-analysis
conducted by Shakoor et al. [219] showed that application of biochar to fine textured soils
significantly increased N2O and CO2 emissions. However, biochar application to coarse
textured soils had no impact or reduced N2O [219]. Under all circumstances, these effects
can be best predicted by soil moisture and environmental conditions. Therefore, biochar
application as a long-term approach to reduce N2O emission appears quite promising,
owing to the fact that the literature does not report any controversy in biochar’s final effects.
However, detailed mechanisms need to be further elucidated in order to assure higher
reliability and, therefore, profitability of this practice.

4.6. Lime Application

Lime application modifies soil pH, which regulates different soil processes, includ-
ing OM mineralization, NF and DNF, which in turn affect soil N2O production [57,220].
However, contradictory reports have been issued regarding the impact of lime on N2O
emission, as the increased C and N mineralization, the latter resulting in higher NH4

+ and
NO3

− contents, are the premise for enhanced NF and DNF, potentially leading to N2O
emission [52,200]. Conversely, other studies pointed out a significant reduction in N2O
with lime application, thanks to the increased N2O reductase activity, resulting in more N2
in exchange for less N2O as the ultimate reduction product [221–223].

Soil N2O emission is regulated by pH; N2O emission decreases linearly with increased
pH in a pH range of 4–7, irrespective of soil type [224]. The liming material also has great
impact on the mineral N content. The addition of lime reduces NH4

+ and speeds up the
NF process, increasing NO3

− content. The higher NO3
− content at high pH stimulates
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micro-organisms to consume N2O as electron acceptor in lieu of NO3
− [225]. Thus, lime

potentially ensures the complete DNF and promotes N2O conversion to N2. The increase
in dissolved organic carbon associated with liming serves as a readily available C source
for microbial growth, further contributing to N2O abatement [226].

It is, therefore, evinced that liming acidic soils has an intrinsically favorable role in
containing N2O emissions; yet, the increase in readily available N forms, namely nitrates,
is a potential source of N2O, which deserves to be directed toward plant nutrition in the
first instance or needs to be ultimately denitrified to N2 in the second instance. In other
words, the undeniable benefits of liming need to be carefully exploited in order to limit
NO3

− residual amounts which, under unfavorable conditions, fuel N2O emission.

4.7. Use of Nitrification Inhibitors or Slow-Release Fertilizers

Nitrification inhibitors (NI) or slow-release N fertilizers can reduce both N2O and CH4
emissions [227]. The NI reduces N2O emission directly, by inhibiting NF, as well as indi-
rectly, by reducing NO3

− availability for DNF [228], without compromising yield [229,230].
The chemical compounds present in the NI deactivate the enzymes responsible for the
first step of NF (ammonia mono-oxygenase; AMO), maintaining NH4

+ for longer periods
in soils [231,232]. As a result, the NI decreases the rates of NF and the availability of
substrates for denitrifiers, in turn reducing N2O emission from fertilizers [233]. Various
authors noticed a significant reduction in N2O emission with application of different NI,
including dicyandiamide, hydroquinol, nitropyrimidine and benzoic acid [234,235]. Lastly,
plant-derived products, such as neem oil, neem cakes and karanja seed extract, can be
used to inhibit NF; however, the exact mechanisms behind NF reduction induced by these
products are still unclear.

The quest for NUE improvement is oriented toward the utilization of slow-release
fertilizers, in order to reduce N2O emission and the effects of global warming [94]. Slow-
release fertilizers are mainly represented by controlled-release fertilizers (CRF) [236]. The
CRF are granule-coated fertilizers, which slowly release the nutrients in order to improve
nutrient uptake efficiency [237], reducing N losses by delaying the initial N supply and
gradually providing the nutrient to the plants [238]. The application of CRF is recom-
mended for those areas where the vulnerability to N losses is very high [239]. In paddy rice,
the application of CRF significantly reduced N2O losses and N application rate by 26–50%,
without compromising yield [240]. The application of CRF can be seen as an effective
approach to mitigate the N losses in combination [241] or as an alternative to urea [242].

It may be concluded that NI and CRF application is a promising approach to curb N2O
emission and other pathways of N loss, while concurrently improving crop production and
NUE. The gradual release of nitrogen determined by both types of products ensures no
peak of N supply responsible for increased N2O emission. The main constraint in the use
of NI and CRF is represented by their cost, which needs to be carefully evaluated in view
of the expected return.

4.8. Use of Organic Amendments

Organic amendments (OA), including CR and animal wastes (i.e., manures and slur-
ries), have been widely used to reduce N fertilizer application, improve soil fertility and
alleviate environmental deterioration [3,14,243,244]. The effects of OA on N2O emission
have been documented in both lab and field studies. Some researchers demonstrated that
OA enhance N2O emission through DNF by serving as energy source for denitrifiers, fa-
voring the formation of anaerobic micro-sites within soil aggregates [245,246]. Conversely,
other researchers showed that OA reduce N2O emission by increasing N microbial assim-
ilation, thus limiting the availability of N substrates for the production of N2O through
NF and DNF [247,248]. The difference between these two contrasting behaviors could
be due to differences in OA application, soil and climatic conditions, and fertilization
history in the respective studies [249,250]. A long-term study showed that the amount
of OA is critical for the accumulation of organic carbon and subsequent impact on N2O
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emission [251]. Moreover, it is assumed that the substitution ratio of synthetic fertilizers by
OA is an important feature regulating N2O emissions [251].

Therefore, OA are a viable alternative to mineral N fertilizers, in whose respect they do
not provide clear advantages, as OA denote potential benefits as well as drawbacks in terms
of N2O emissions, depending on specific cases. Based on this, it is not easy to trace a con-
sistent behavior for N2O abatement through OA; it may only be concluded that a sensitive
use of OA can contribute to an alleviation of the N2O problem, whereas an unconsidered
use of OA may result in aggravating the N2O problem. Generally, NF is considered to be
a major source of N2O emission under limited moisture conditions; however, optimum
moisture conditions in irrigated soils can induce anaerobic conditions, which promote the
DNF [132]. Manure application ensures quick availability of C-substrates that promote
the activity of DNF bacteria and increase the development of micro-sites due to higher
moisture contents, which promote N2O production and emissions [252,253]. Therefore, the
application of organic manures in areas with higher rainfall and the application of heavy
irrigation could increase N2O emissions as compared to dry areas.

4.9. Fermented Organic Manures

The incorporation of fermented manures to soil can reduce GHG emission owing to
rapid depletion of the pools of OM during fermentation [254]. The application of fermented
CR significantly reduced CH4 emission by 52% compared to application of fresh residues
in a lab experiment [255]. A huge difference has been documented among GHG emissions
triggered by fresh and pre-fermented materials [256]. For instance, the application of
fermented biogas residues increased the CH4 emission by 42%, while the unfermented
material increased the CH4 emission by more than 110% [234]. In another investigation,
Nayak et al. [185] found that composted manure application significantly decreased N2O
and increased C sequestration and CH4 emission. In rice, Zhang et al. [76] reported that
compost application reduced N2O emission by more than 50% compared to urea. The
application of organic material produced as a result of aerobic composting of rice straw
considerably reduced GHG emissions (CH4 and N2O) compared to fresh straw [255],
suggesting that this approach is environmentally friendly.

It appears, therefore, that OA obtained from organic matter fermentation do not show
harmful effects in the literature, possibly in association with more controlled doses with
respect to OA originating from animal slurries and manures. Higher N2O emissions in
manure-amended and irrigated soils are a major concern in the climate-resilient agroe-
cosystems [132] (Shakoor et al., 2022). Generally, the application of manures to irrigated
lands increases N2O emissions due to substrate availability and increasing micro-sites and
microbial activities [252,253]. Higher rainfalls can also induce a significant increase in N2O
emissions following the application of fermented manures. Therefore, it could be suggested
that manure application in irrigated soils and areas facing higher rainfall be dealt with
cautiously to ensure better production and lower N2O emissions.

4.10. Composting

Fermentation refers to a breakdown of organic substances into energy and by-products
under anaerobic conditions, whereas composting involves the degradation of organic mate-
rials into value-added products under aerobic conditions. The application of composted
materials has been widely practiced in crop production [6,256–258]. The dissolved organic
carbon (DOC) released from composted animal manures can be a source of available C
for microbial use in DNF, and the cumulative N2O emission is directly related to the con-
centration of DOC in soil [72]. Vermi-composting is a promising approach that involves
the conversion of organic materials into compost in the presence of earthworms [208,259].
The material produced as result of their activity has good structure and microbial activity
associated with the abundance of liable resources. In a study on rice, the application of
vermi-compost decreased the transfer of NH4

+ and NO3
− to water [260].
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However, extensive use of vermi-compost might increase N2O gaseous losses, ow-
ing to higher N availability, stimulating microbial activity. In fact, the combined use of
vermi-compost and inorganic fertilizers increased N2O emission by increasing the NO3

−

concentration with respect to unamended soil [261]. Conversely, the combined application
of biochar and vermi-compost influenced soil properties through the C:N ratio and by
increasing the abundance of nosZ genes; all of this led to reduced N2O emission [262].
Therefore, the combined application of biochar and vermi-compost may be a promising
approach to reduce N2O emission. However, more studies are needed on a large scale to
determine the influence and interaction of biochar and vermi-compost on N2O emission
and the mechanisms lying behind the reduction in N2O emission due to these products.

Therefore, as in the case of fermented manures, the application of composted materials
appears to be a promising strategy to improve soil properties and the general fertility. This,
in turn, will likely result in restrained N2O emission.

4.11. Role of Arbuscular Mycorrhizal Fungi

The understanding of the N2O production pathway has been significantly improved
recently by the development of isotopic methods for tracing the sources of N2O [263,264].
N2O production rate from soils is controlled by the available N, soil pH, OC, N, microbial
activity and oxygen availability [26,265]. Arbuscular mycorrhizal fungi (AMF) are a key
group of micro-organisms that form symbiotic relationships with most plants [38,39]. It
is generally acknowledged that AMF play a role in the N cycle, as they can acquire this
nutrient for host plants and have N requirements for themselves [39,40,266]. It has also
been documented that AMF reduce NO3

− leaching [267,268]. In general, these fungi reduce
the availability of N sources in NF and DNF for the production of N2O. AMF are able to
acquire both NH4

+ and NO3
−; nonetheless, they prefer the more energetically attractive

NH4
+ [38,39,269]. The competition of these fungi with other micro-organisms for inorganic

N reduces the N availability for N2O producers and the consequential N2O emission [270].
Another study highlighted a significant reduction in N2O emission from soils affected by
AMF-colonized roots compared to soils influenced only by root activity [271]. Similarly,
another research outlined a reduction in N2O fluxes in the rice crop by means of AMF [272].
The above-mentioned studies suggest that AMF alter N2O emission; however, it has not
been determined whether AMF induce N2O reduction by physiological changes in the AMF-
colonized roots or as direct result of the AMF themselves. Recently, it has been noticed that
AMF directly reduce N2O emission [249]. Additionally, AMF also affect the N cycling by
capturing the nutrient and transferring some portions to host plants [273]. The availability
of N and C are the factors that control NF and DNF [274]. Thus, it is not possible to separate
the AMF and root fluxes of N2O in the mycorrhizosphere without first separating the AMF
hyphae from plant roots. Additionally, there is a positive association between the presence
of AMF and reduced NF [38,39]. Likewise, the presence of AMF reduces the abundance of
nirk genes, which are considered responsible for N2O production [274] Thus, a decrease in
N2O in the presence of AMF can be due to lower NF rates [274]. Additionally, AMF reduce
NH4

+ in the hyphosphere, resulting in a reduction in ammonia-oxidizing bacteria (AOB)
population. Since AOB are considered the main producers of N2O, this may explain the
reduction in N2O emissions owing to AMF activity [274].

It is definitely evinced that AMF, by interacting with the host plant and the soil
environment, can play a relevant role in restraining N2O emission. Specifically, AMF
activity buffers the content of available N forms in soil profile, which in turn results in
lower amounts of NO3

− prone to DNF. All the consulted sources are consistent with a
potentially beneficial role exerted by AMF in restraining N2O emission.

4.12. Selection of Plant Genotypes

The selection of suitable cultivars is a prerequisite to obtain the desirable crop
production [275–280], while concurrently playing a role in GHG reduction. The variations
amid the rice cultivars for CH4 emission can be related to differences in CH4 production,
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oxidation and transport [281]. The mechanisms explaining the differences among plant
species for N2O emission are often unclear [282]; however, numerous prospects can be
envisioned. In the case of the rice plant, active pathways exist for N2O transport through
aerenchyma cells to soil submerged with water [283], and during daytime, N2O is trans-
ported from roots to shoots via the transpiration stream and is subsequently lost through
stomata [284]. In Brachiaria humidicola, a tropical grass, there are cultivars able to produce
the chemicals that directly inhibit NF [285], substantially reducing N2O emission [286]. In
another study, it was noticed that the lowest N2O emission was linked with a plant strategy
characterized by higher N uptake [287]. In fact, plant cultivars with higher N uptake
were shown able to reduce the N pool, especially NO3

−, resulting in lower availability
of substrate for denitrifiers and subsequently lower N2O emission. The variation amid
cultivars for N2O emission had also been reported in the intercropping of cereals and
legumes [288]. In another study, researchers noticed a significant contribution of plants
to N2O emission and suggested that in the soil-crop system, N2O emission is markedly
influenced by plant characteristics [289].

Therefore, it appears that the breeding of crop plants could be directed, among other
things, to the release of cultivars, enabling N2O containment. All plant strategies conducive
to earlier and stronger N uptake deplete soil reserves and leave less NO3

− exposed to the
risk of N2O production. In this respect, a relevant goal from a productive viewpoint can be
associated with breeding with an equally relevant goal from an environmental viewpoint.

4.13. Modifying Cropping Schemes and Crop Rotations

In rice, switching from conventional puddled transplanted rice (TPR) system to directly
seeded rice (DSR) may contribute to reducing GHG emissions. In fact, it was noticed that
DSR increased N2O emission when the redox potential (RP) crossed 250 mV [290]. It
was concluded that water should be applied in such a way that RP be kept at a range
of 100–200 mV to reduce both N2O and CH4 emissions. Since DSR system offsets N2O
emission, it is an encouraging production system, thanks to the lower GWP [230]. The DSR
has 53% less GWP in terms of N2O, CH4 and CO2 components as compared to traditional
TSP [291]. Further, Ahmad et al. [112] stated that GWP of DSR can be further decreased by
shifting toward no tillage (NT). The lower GWP and higher production of DSR suggest that
DSR would decrease both CH4 and N2O emissions. Nonetheless, more detailed studies
involving the measurements of GHGs under the concurring effects of factors including
water, tillage, nutrients and biochar, are direly needed to support DSR as a suitable system
that also reduces the environmental burden.

Few studies investigated the impact of crop rotation diversity on GHG emissions
from diverse plant species within the rotation. The GHG fluxes were investigated under
a maize–soybean rotation for three years, and it was noticed that maize and soybean
emitted a similar amount of CH4 [292]. In another study, authors reported non-significant
differences in N2O emission from different species, including cowpea, wheat and soybean,
in a four-year rotation [293]. In some other works, the authors compared N2O emissions
from crops sown in rotation and mono-cropping; corn sown in rotation decreased the N2O
and CO2 emissions compared with continuous corn [294,295], owing to the application
of large amount of N fertilizers in mono-cropping. However, some authors noticed that
wheat grown in rotation and in mono-cropping emitted the same amount of N2O [296]. In
another study, maize staged the same N2O emissions when grown as continuous crop and
in maize–soybean and soybean–wheat–maize rotations [297]. Crops entering a cropping
system must be chosen properly because they significantly affect N2O emissions [219]. For
instance, grasslands significantly increased N2O emissions, whereas maize crop showed
a negative impact on N2O emissions [219]. Intensive grasslands can increase global N2O
emissions owing to the application of manures and animal excreta deposited on the surface
of grasslands [298].

Such differences suggest that the effect of crop rotation diversity on GHG emission
can vary owing to soil and climate conditions, and crop diversity. Since there is no univocal
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effect exerted by cropping schemes and rotations, the amount of N2O emissions and their
potential abatement appear to be linked to specific issues in crop management, such as
the planting system or N fertilization, whose effects have already been surveyed in the
specific sub-sections.

4.14. Integrated Nutrient Management

Integrated nutrient management (INM) involves the combined use of OA and inor-
ganic fertilizers to increase NUE and reduce N losses by synchronizing crop demand with
soil nutrient availability [35,299]. A few reports are available about the effects of INM
on GHG emission. Some authors compared the effects of NPK fertilizer, compost and
their combination on N2O emission [299,300]. They noted that a combined application of
NPK and compost reduced N2O emission compared to the sole use of compost or NPK.
Additionally, they suggested that the application of composted material with C:N ratio
lower than 20 significantly reduced N2O emission, owing to the release of a lower amount
of N during decomposition in soil [299,300]. Moreover, one research work measured the
impact of INM (cattle manure and AN) on N2O emission during one growing season
for maize and wheat. These authors noted that INM increased N2O emission compared
to cattle manure, whereas it decreased the emission compared to AN. This reduction in
N2O emission with the application of OA was due to slower decomposition of C and
N, and slower release of mineralized N [301]. Huang et al. [59] noticed the reduction in
N2O emission with plant amendments at increasing C:N ratio and found that this relation
becomes stronger with the addition of inorganic N. Nonetheless, in this study, the treatment
featuring highest N2O emission was associated with the greatest N supply, indicating that
the N dose effect remains of paramount importance. In accordance with the previous
results, another study suggested that a reduction in N2O emission occurs when OA with
lower C:N ratio are applied alone or when OA with higher C:N ratio are applied together
with inorganic fertilizers [302].

Nonetheless, rare field studies are available about the effect of the C:N ratio of OA on
N2O emission. As the micro-organisms involved in the NF and NDF processes depend on
C supply, the application of OA with a C:N > 20 tends, under no synthetic N supply, to
result in nutrient microbial immobilization, in turn reducing the available N for DNF [303].
Conversely, OA with lower C:N ratio are more quickly mineralized by microbial activity
and result in the release of C and N, which increases the microbial activities and, resultantly,
N2O emission [303]. Nonetheless, the microbially induced N2O emission from INM not
only depends on C:N ratio but also on the amount of synthetic N fertilizers added to soil.
The application of N fertilizers with OA with a large quantity of labile C further increases
DNF, leading to higher N2O emission [304]. A summary of studies indicates that the INM
leads to a reduction in N2O emission (Table 3).

Table 3. Effect of organic/inorganic nutrients and integrated nutrient management (INM) on
N2O emission.

Crop Rotation Total Rate of N (kg ha−1) N2O Emission Trend References

Maize–wheat
Organic: 150 composted manure
(CM), Inorganic: 150 urea, INM:

75 CM + 75 Urea

No significant
difference was recorded [300]

Maize–wheat Organic: 150 CM, Inorganic: urea,
INM: 75 CM + 75 urea

No significant
difference was recorded [301]

Maize–wheat Organic: 150 CM, Inorganic: urea,
INM: 75 CM + 75 urea

INM, Organic <
Inorganic [302]

Rapeseed
Organic: 97.5 cattle manure,

Inorganic: ammonium nitrate (AN)
120, INM: 65 cattle manure + 60 AN

INM < Organic,
Inorganic [303]
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Table 3. Cont.

Crop Rotation Total Rate of N (kg ha−1) N2O Emission Trend References

Maize–wheat
Organic: 120 cattle manure,

Inorganic: AN 120, INM:
60 CM + 60 AN

Organic < INM <
Inorganic [304]

Maize–wheat Inorganic: 100% NPK,
INM: 100% NPK + FYM Inorganic < INM [305]

Rice
Inorganic: 120 kg urea,

INM: Compost (30 kg/ha + urea
90 kg/ha

INM < Inorganic [306]

The total rate of N applied from OA and inorganic fertilizers also explains the amount
of N2O emission [300,307]. It is not surprising that the INM approach of combining organic
and synthetic N sources at higher N rates results in higher N2O emission compared to
their alternative use at lower N rates [308]. Conversely, when half of the suitable N rate
was applied from organic and half from inorganic sources, this resulted in reduction in
N2O emission compared to the sole application of organic or inorganic N sources at the
same N rate [308–310]. It is evinced, therefore, that combining OA with inorganic fertilizers
does not assure reduction in N2O emission. However, a meta-analysis conducted by
Graham et al. [295] suggests that the application of amendments with very low C:N (<8)
ratio in a substitutive strategy of N application (proportional reduction in N rate from
each N source) has a good potential to mitigate N2O emission. Therefore, the integrated
use of inorganic N with OA at lower C:N ratio helps to avoid two processes, namely
rapid mineralization of inorganic N (low C:N ratio) and stimulation of microbial activity
through the addition of excessively C-rich substrates (high C:N), which together contribute
to N2O emission.

It is perceived, in general, that only a shrewd application of INM can make this
approach successful in the quest for mitigating N2O emission. It is equally sensed that
none of the crop practices previously surveyed, nor INM alone, can positively contribute
to alleviating this problem, unless N2O abatement is considered a major goal in crop
production and practices in crop management are directed toward its achievement.

5. Role of Regulatory Authorities in Implementing Environment-Friendly
Management Practices to Reduce GHGs Emissions

The intensity of GHGs has substantially increased in recent time, which has in turn in-
creased climate change and global warming [311–316]. Globally, various policies, measures
and strategies are being deployed by governments to limit GHGs emissions. Different ap-
proaches, including standards, incentives and different permissions, are used to encourage
environmentally friendly approaches to restrict GHGs emissions [317,318]. However, these
approaches may vary at the national and sub-national levels according to each country.
GHGs are major drivers of climate change, and diverse international negotiations have
taken place in the last two decades to curb GHG emissions and counter climate change
and global warming. Many countries have followed various development cycles since the
1990s to reduce GHGs emission. Initial efforts were made in reducing GHG emissions from
developed and industrialized nations, which eventually became the Annex-1 group of the
Kyoto Protocol [319]. Similarly, the 27 member states of the European Union (EU-27) and
the United Kingdom have signed commitments to become carbon-neutral economies by
the end of 2050 [320]. Moreover, the European Commission also proposes to reduce GHG
emission by 55% compared to 1991 by the end of year 2030 [321,322]. However, the simulta-
neous implementation of climate change policies in the EU-27, UK and USA has also put a
major focus on heavy industries as the main source of national gross domestic product [323].
By contrast, some medium to large countries have also gone through unprecedented eco-
nomic growth as a result of industrialization, and they are also experiencing a substantial
increase in population growth [324]. The socio-economic and demographic transformations
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combined with technology are designed to restrict climate change and GHG emissions in a
framework of market conditions. An important practice adopted around the globe is the
use of renewable energy sources accompanied by the decrease in use of coal and petroleum
and the development of efficient energy production and consumption practices [325,326].

During the 1997 UNFCC conference of parties in Kyoto, a protocol was adopted, and
it was enforced in 2005. This Kyoto Protocol invented the GHG emission commitments
for developed nations for a period of five years (2008–2012). The Kyoto Protocol defined
four emission-saving units, including those obtained: (1) by clean development mechanism
projects, (2) through joint implementation of projects, (3) through the trading of unused
assigned emissions between protocol parties and (4) through reforestation-related projects.
Moreover, during the year 2012, an amendment was made to the Kyoto Protocol, and a
second commitment period was determined for another seven years (2013–2020) to reduce
GHG emission. The proposed amendment targeted a reduction of 18% in GHG emission as
compared to 1990 levels [327].

Nowadays, it has been recognized that environmental protection is an essential part
of business processes [328]. Environmental protection can yield many benefits, including
cost and resource savings, and it can increase satisfaction and loyalty in people [329]. The
European Commission developed the European Union (EU) Eco-Management and Audit
Scheme (EMAS) for companies and other sectors to adopt the environmentally friendly
approaches to restrict environmental footprint [330]. The Environmental Management
Systems (EMS), such as ISO (International Organization for Standardization) or EMAS
(Eco-Management and Audit Scheme), have been also designed for ensuring higher en-
vironmental protection and competitive advantage of organizations resulting from the
introduced improvements. Corporate social responsibility (CSR) is another important
concept in performing business activities according to which companies still make a profit
in strict compliance with the law, and they take into account the impact of their operations
on the environment in their business decisions [328]. The application of such approaches
improves the quality of life and ensures a sustainable development.

6. Conclusions and Future Prospects

The mushrooming population and rapidly increasing food demand have raised the
concern all around the globe of stabilizing the atmospheric greenhouse gases concentration
for mitigating the ongoing climate change. Here, we presented comprehensive information
about management practices designed to reduce N2O emission.

The adoption of all the practices reviewed here is expected to mitigate N2O emission
without comprising productivity. The discussion of the literature allowed us to outline
the role of management options that can be adopted either alone or in association, in the
quest to reduce N2O emission. Prioritizing the use of fertilizers associated with low N2O
emission, such as ammonium fertilizers, leads to less N2O compared to nitrate fertilizers.
Similarly, the deep placement of N fertilizers should be promoted to reduce N2O emissions.
Plant-breeding activities should be aimed at releasing genotypes with better N uptake,
nitrogen fixation and the ability to capitalize those C–N interactions in the rhizosphere,
which can be helpful to reduce N2O emission. Promoting sustainable crop intensification,
which can be done by using higher-yielding crop varieties, reducing the use of external
inputs, improving nitrogen use efficiency, using biochar and lime to counter acidic soil
pH and adopting agroecological practices, can help to mitigate the impact of current
management systems on N2O emissions. The selection of suitable irrigation methods is an
important strategy to save water and maintain yields. However, future studies are needed
to study irrigation effects on soil hydraulic properties, which affect water distribution and,
therefore, N2O emission. Additionally, these systems are often combined with fertilizer
applications, thus future work is required to evaluate the impact of rate, frequency and
types of N fertilizer on N2O emission under sprinkler and drip irrigation systems.

Moreover, to further understand the impact of C:N ratio on N2O emission, integrated
nutrient management studies should be conducted by including a wider range of C:N ratios
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in organic amendments, along with the application of inorganic fertilizers. In parallel to this,
different organic amendments with similar C:N ratio should be applied with constant rates
of nitrogen to better appraise the impacts of organic amendment properties beside C:N ratio
on N2O emission. In arbuscular mycorrhizal fungi, future studies should be conducted
to explore their interaction with microbial communities, including ammonia-oxidizing
archaea and bacteria, nitrifying communities and non-denitrifying N2O reducers.

A better understanding of successful N2O mitigation strategies requires studies related
to N2O fluxes in agroecosystems to account for the wide range of biotic and abiotic factors,
including ecosystem state factors, such as soil characteristics, climate and topography,
which interact with management practices to influence soil N2O emission. Nonetheless,
only few of the above-mentioned studies consider the interactions between eco-system
state factors and management practices. Therefore, interdisciplinary and cross scale studies
should be run to understand how we can successfully reduce N2O emission in crop pro-
duction systems. Finally, at the field level, N2O measurements and agronomic information
can be used to design N2O mitigation approaches that should reduce the carbon footprint
and maximize monetary paybacks of cultivation efforts.
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Abstract: Understanding sedimentation and runoff variations caused by land use change have
emerged as important research areas, due to the ecological functions of landscape patterns. The
aims of this study were to determine the relationship between landscape metrics (LMs), runoff, and
sedimentation and explore the crucial LMs in the watersheds on the Loess Plateau. From 1985 to 2010,
grassland was the dominant landscape in the Tuweihe (TU) and Gushanchuan (GU) watersheds.
Unused land and cropland experienced the greatest transformations. The landscape in the study area
tended to become regular, connected, and aggregated, represented by increasing of the Shannon’s
diversity index and the largest patch index, and decreasing landscape division over time. The
landscape stability of the TU watershed was higher than that of the GU watershed. Annual runoff
and sedimentation gradually decreased and a significant relationship was found between water
and soil loss. Due to larger cropland area and lower landscape stability in the GU watershed, the
sedimentation of the two watersheds were similar, even though the runoff in the TU watershed
was greater. There were stronger effects of LMs on runoff than that on sedimentation yield. The
Shannon’s evenness and the patch cohesion index was identified as the key factors of influencing
water and soil loss, which had the greatest effects on runoff and sedimentation. Results indicated
that regional water and soil loss is sensitive to landscape regulation, which could provide a scientific
understanding for the prevention and treatment of soil erosion at landscape level.

Keywords: land use/cover change; landscape; runoff; sedimentation; Loess Plateau

1. Introduction

Water and soil loss is a serious problem across the globe and can influence both the
biological and physical properties of soil, particularly those related to infiltration rates,
nutrient storage, overland flow velocity, and overall soil productivity [1–3]. Environmental
services and ecological equilibrium are threatened when soil loss is greater than soil
production [4]. About 75 billion tons of soil is eroded every year from terrestrial ecosystems
across the world [5], and approximately half of the land is affected by water and soil loss [6].
Water and soil loss is, therefore, an important research area.

Previous studies have shown that vegetation can control soil erosion and help retain
runoff. Many studies [7–10] have shown that a high vegetation cover can control water
erosion. When rainwater falls on soil, the canopy, roots, and litter components of the vege-
tation can retain water, weaken the impact of splash erosion, and slow down runoff velocity.
These processes of runoff and sediment production are affected by the soil structure, land
use type, and vegetation growth patterns [11]. The types and changes of vegetation are the
critical factors affecting water and soil loss [12]. A decrease in vegetation cover may result
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in a growth in erosion problems [13]. For example, deforestation and land reclamation
on slopes can accelerate runoff and sedimentation [14]. There is a lot of evidence linking
forest clearance and continual cultivation resulting in serious soil erosion [15] because
cultivation can change soil properties, such as soil aggregates, permeability, nutrient con-
tent, etc., which increases the likelihood of soil erosion [16]. The composition and types of
land cover are closely related to runoff process characteristics and sediment yield [17,18].
Excessive land development may weaken the protective action of vegetation on water and
soil retention, and encourage runoff and soil erosion. Examples of irrational land uses
are planting olive orchards in the Alqueva reservoir region [19], leaving land unused, the
inappropriate planting of vineyards [20], and land abandonment. Studies of land use/cover
change could help us understand the characteristics of runoff and sedimentation variations,
improve eco-environmental stability, and promote the sustainable utilization of water and
soil resources.

Water and soil loss is strongly related with land use in landscapes [21]. The rela-
tionship between runoff, sedimentation, and vegetation have received attention in recent
years [22–24]. The spatial configuration and composition of plant communities has become
a vital and widely applied factor in studies of the geomorphological processes related to
erosion [25]. Patch level landscape analyses have indicated that forests, shrubland, and
grassland patches lead to better soil properties and have consequently reduced runoff
and sediment yield [26,27]. Changes in landscape pattern could have a large impact on
erosion [28]. The current landscape distributions or variations can be characterized by
landscape metrics (LMs), which were classified into three levels that are patch, class, and
landscape level. Natural conditions and human disturbances can be remarkably reflected
by landscape, including configuration, composition, and topography [29]. Assessing water
and soil loss via key environmental parameters and quantifying the respective influence of
LMs can facilitate the development of water and soil quality management strategies [30].
For example, Silva [31] found that LMs are sensitive to changes in the soil surface when
erosion occurs. In the upper Du River watershed, LMs were found to account for almost
65% and 74% of the variation in soil erosion and sedimentation yield, respectively. In a
previous study, four main contributing LMs were highlighted that were closely related to
the variations in the erosion modulus [32]. Shi et al. [33] identified several LMs that were
the main indices that influenced watershed soil erosion and sediment yield using partial
least-squares regression. A recent study identified the largest patch index of farmland
and the landscape index of forest as the key LMs for preferred landscape planning to
protect the water quality [34]. Therefore, LMs can be used for both geomorphic evaluations
and quantifications of water and soil when they are subject to runoff and sedimentation
inputs [4]. Although quantitative research has analyzed the impact of LMs on soil and
water loss, it is still not clear whether the impact is more significant for LMs on soil loss
or water loss. In addition, the reason that caused the influence differences of the LMs on
water and soil loss between different regions is subject of debate.

Severe soil erosion and water loss in the Loess Plateau in China has attracted widespread
attention, since it restrained local socio-economic development and seriously threatened
environmental security [35]. It is particularly challenging to establish the relationship
between LMs, and runoff and sedimentation on the Loess Plateau. The semi-arid landscapes
of the Loess Plateau are water-limited due to the high evaporation and relatively low rainfall.
Therefore, this area is particularly sensitive to a deterioration in environmental quality.
Investigating the quantitative relationships between LMs and water and soil loss is crucial
if soil erosion is to be prevented in these seasonally affected environments [36]. This is of
particular importance when attempting to predict runoff and sedimentation.

2. Materials and Methods
2.1. Research Methodology

By field investigation, data collection, and processing, this paper firstly explored the
land use and LM changes of time series in two typical comparative watersheds; secondly, a
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relation between runoff and sedimentation and LMs at the landscape level was derived
by combining ecologically significant LMs; and, finally, the dominant LMs that influence
water and soil loss were verified, and the difference exhibited from the two watersheds
was discussed.

2.2. Study Area

The Tuweihe and Gushanchuan rivers are tributaries of the Yellow River and are
located on the right bank of the middle stream. The two watersheds are located between
109◦26′–110◦05′ E and 38◦18′–39◦26′ N, and have areas of 4503.40 and 1263.11 km2, re-
spectively (Figure 1). Their elevations range from 743 to 1517 m, with a high terrain in
the northwest and a low topography in the southeast. They are affected by the northern
temperate continental monsoon climate, and the two watersheds are arid and semi-arid
regions, with annual mean temperatures of 8.5 and 7.3 ◦C, respectively. Their annual
rainfall amounts are 417.4 and 430 mm, respectively. Concentrated rainfall occurs in the
summer, and high evaporation and high intensity storms are the main reasons for the runoff
and sedimentation losses in the watersheds. Quaternary loss is widespread in the hilly and
gully regions where there is serious wind–water erosion. Two deep fully developed gullies
have been cut and their erosion moduli are 2244 and 3299 t km–2 a−1, respectively [37,38].
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2.3. Research Methods
2.3.1. Data Sources

A digital elevation model (DEM) dataset was provided by the Geospatial Data Cloud,
the Computer Network Information Center, Chinese Academy of Sciences (http://www.
gscloud.cn, accessed on 28 February 2020). It was processed by the Advanced Spaceborne
Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER
GDEM) Version 1 and the spatial resolution was 30 m when the Universal Transverse
Mercator (UTM, 49N) projection was used. The DEM data were subjected to a mosaic
and clipping process, which allowed the study area to be generated. Then, the data were
subjected to a depression detention, which meant that the flow generation and drainage
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network extraction values could be derived and the control watersheds could be created.
The hydrological sites at the outlets provided the annual runoff and sedimentation data
for 1985–2010.

The land use dataset was provided by the Cold and Arid Regions Science Data Center
at Lanzhou, China (http://westdc.westgis.ac.cn, accessed on 8 May 2020). It was funded
by major grants from the Chinese Academy of Sciences under the ‘National Resources and
Environment Survey and Dynamic Monitoring Using Remote Sensing’ program (96-B02-01).
Researchers experienced in interpreting the spectra, texture, and tone of such images created
visual interpretations, which were based on Landsat Multispectral Scanner (MSS), Thematic
Mapper (TM), and Enhanced Thematic Mapper (ETM) information. Their results were
evaluated by field studies and the precision was as high as 95%.

Due to the large study area, the land use type subcategories were merged into the
main categories, which provided a scientific rationality and flexibility for landscape change
analysis. Six landscape types were established in the geographic information system (GIS)
database: cropland, forest land, grassland, water area, urban and rural land, and unused
land. The spatial analyst module in the ArcGIS system and conversion tools were used to
transform the vector data for land use into raster data for the following analysis.

2.3.2. Research Methods

Describing the characteristics and variations of the landscape using LMs and iden-
tifying relationships between landscape patterns and processes are the most common
quantitative methods applied in landscape ecology research [39,40]. The Fragstats 3.3 land-
scape analysis software was used to determine the relevant LMs according to the Fragstats
3.3 operation manual. The LMs were then used to study the pattern properties of the
watershed. Fragstats 3.3 can calculate more than 50 LMs. These metrics were divided into
three levels representing three different scales. (1) Patch level: this reflected the structural
characteristics of single patches in the landscape and provided the computational basis
for the other levels. (2) Class level: this reflected the structural characteristics of multiple
patches in the landscape. (3) Landscape level: this reflected all the structural characteristics
of the landscape. This study used the landscape-level metrics, number of patches, patch
density, the largest patch index, the landscape shape index, the perimeter area fractal
dimension, the contagion index, the patch cohesion index, the landscape division index,
Shannon’s diversity index, and Shannon’s evenness index. These indexes were used be-
cause they reflect area, density, proximity, diversity, and divergence [30]. The computing
method and ecological significance of each metric are listed in Table 1.

Table 1. Description and ecological significance of landscape metrics in this study.

Landscape Index Formula Physical Significance Ecological Significance

Number of patches N N: numbers of the patches;
Unit: a

the whole numbers of the
patches in the landscape

Patch density 1
A

M
∑

j=1
Ni

M: types of landscape in the
study area; A: total area of

the landscape; N: ditto;
Unit: a/km2

degree of fragmentation and
spatial heterogeneity;
reflecting the human

disturbance to a certain extent

Largest patch index Max(a1 ,a2 ,....an)
A (100)

ai: area of the “i” patch;
A: ditto; Unit:%

help to confirm the dominant
type; the variation could
change the intensity and

frequency of the disturbance
that reflect the direction and
strength of human activities

Landscape shape 0.25E√
A

E: perimeter of patches;
A: ditto

the bigger the value, the more
complicated the patches

Perimeter area fractal
dimension

2{
ni ∑m

i=1 ∑n
j=1(lnPij×lnAij)−

(
∑m

i=1 ∑n
j=1 lnPij

)(
∑m

i=1 ∑n
j=1 lnAij

)}

(
ni ∑m

i=1 ∑n
j=1 lnP2

ij

)
−
(

∑m
i=1 ∑n

j=1 lnPij

)

Pi: proportion of i type in the
whole landscape; gik:

number of patches between i
and k type; m: ditto

the bigger the value, the
greater the fragmentation

of patches
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Table 1. Cont.

Landscape Index Formula Physical Significance Ecological Significance

Contagion
[

1 +
∑m

i=1 ∑n
j=1(Pi)

gik
∑m

k=1 gik
×ln(pi)

gik
∑m

k=1 gik
2ln(m)

]
× 100

M: ditto; Pij: probability of
the random selected two

adjacent grid belonging to i
and j type; Unit: %

the degree of agglomeration
and extending tendency of

different patch type

Patch cohesion
(

1− ∑m
J=1 Pij

∑m
j=1 Pij
√

aij

)(
1− 1√

A

)−1
g(100)

Pij: perimeter of patch ij;
aij: ditto; A: ditto; Unit: %

spatial connection between a
type of patch with the

adjacent patches

Landscape division
[

1−
n
∑

j=1

( aij
A

)] aij: area of patch j with
landscape i; A: ditto fragmentation of the landscape

Shannon’s diversity −
m
∑

i=1
[Pi ln(Pi)]

Pi: proportion of i type in the
whole landscape; i: numbers

of patch

complicity and heterogeneity
of the landscape, emphasizing
the contribution of rare patch

to the information

Shannon’s evenness −∑m
i=1(Pi ln Pi)

ln m
ditto reflecting one or several

dominant landscapes

The significance and correlation analyses were undertaken by one-way ANOVA and
multiple linear regression using IBM SPSS Statistics Version 2.0 software.

3. Results
3.1. Land Use Changes in the Watersheds

Table 2 describes the change characteristics of the six land use types over the 25-year
period. The area of the Tuweihe River watershed is 4503.40 km2 and grassland represented
the greatest proportion of the land cover (between 38.13 and 53.49% over the 25-year
period), followed by unused land (between 23.08 and 37.90% over the 25-year period). An
analysis of the land-use transfer matrix showed that the unused land variance was largest
over the study period at 33.82%. Between 1985 and 2010, 35.12% of unused land was turned
into grassland, with 67.28% of the conversion occurring between 1985 and 1996 (Figure 2).
Furthermore, 92.93 km2 of cropland was returned to forest and grassland, with the largest
changes occurring between 2000 and 2010 (76.52 km2). The proportion of land converted
from forest to other land uses was lowest at 5.46%.
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Table 2. The change variations of land use with time in the study area (km2).

Land Use
Tuweihe Watershed Gushanchuan Watershed

1985 1996 2000 2010 1985 1996 2000 2010

Cropland 1129.26 1134.52 1116.35 1086.42 410.49 405.94 409.21 383.59

Forest land 203.77 201.87 204.74 212.33 60.47 48.41 64.45 72.91

Grassland 1681.02 2251.95 2124.38 2175.39 772.61 790.87 770.47 785.15

Water area 106.10 105.44 104.98 102.97 12.37 12.82 12.10 12.22

Urban and
Rural land 8.70 8.62 9.03 18.65 6.12 4.51 6.32 8.53

Unused land 1374.55 801.00 943.91 909.61 1.05 0.56 0.56 0.55

The GU watershed has an area of 1263.11 km2. The largest proportion of the wetland
was grassland (between 61.00 and 62.61% over the 25-year period), followed by cropland
(between 30.37 and 32.50% over the 25-year period). From 1985 to 2010, the cropland and
unused land areas gradually decreased, and forest land, grassland, and urban and rural
land areas increased. The water area was stable but, in the TU watershed, the water area
slowly decreased. The cropland area changed the most (52.85 km2). Between 2000 and
2010, 49.76 km2 of cropland was converted into forest and grassland, while unused land
had the highest transfer ratio (51.95%) of all the landscape types.

3.2. Land Metrics and Landscape Stability (LS)

Table 3 lists the LMs for the TU and GU watersheds at four time periods. As time
progressed, the TU watershed’s number of patches, contagion, and patch cohesion values
gradually decreased, whereas the largest patch index, the landscape shape index, perimeter
area fractal dimension, landscape division, and Shannon’s diversity values tended to
increase. The patch density values remained almost the same over the 25 years. The
LMs in the GU watershed changed over the 25-year period but there was no obvious
pattern to the variance. The patch density, the largest patch index, perimeter area fractal
dimension, contagion, and patch cohesion were all lower in the TU watershed than in the
GU watershed.

Table 3. Annual variations in landscape indices (units: see Table 1).

Watershed Time
Number

of
Patches

Patch
Density

Largest
Patch

Landscape
Shape

Perimeter
Area Fractal
Dimension

Contagion Patch
Cohesion Division Shannon’s

Diversity
Shannon’s
Eveness

Tuweihe

1985 1393 0.31 20.30 36.48 1.60 36.47 97.79 0.91 1.32 0.734
1996 1332 0.30 41.04 35.32 1.58 39.82 98.72 0.80 1.24 0.690
2000 1343 0.30 37.39 36.16 1.58 38.46 98.60 0.83 1.27 0.706
2010 1340 0.30 34.03 35.94 1.57 38.36 98.44 0.86 1.27 0.707

Gushanchuan

1985 938 0.74 61.00 37.14 1.68 53.34 99.18 0.62 0.89 0.495
1996 909 0.72 62.50 36.34 1.69 55.22 99.21 0.61 0.85 0.476
2000 959 0.76 60.81 37.27 1.69 53.07 99.17 0.63 0.89 0.498
2010 928 0.74 61.79 35.73 1.68 52.59 99.14 0.62 0.91 0.506

The cropland, forest, and WAR land use types had the highest LS values. The grassland
had the lowest average LS value, particularly between 2000 and 2010. During this period,
the character stability (CS) and density stability (DS) of urban and rural land in the TU
watershed was 0.409 and 0.881, respectively, followed by a DS of 0.591 for unused land
between 1985 and 1996. In the GU watershed, the lowest LS value occurred for forest land,
followed by unused land and urban and rural land, which had the lowest values between
1985 and 1996. In general, the LS values for the TU watershed were higher than those
for the GU watershed. The LS values for grassland and unused land increased over time,
whereas the cropland and urban and rural land declined.
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3.3. Variation in and the Relationship between Annual Runoff and Sedimentation

The Mann–Kendall trend results showed that runoff and sedimentation tended to
decrease over time (p < 0.01). The peaks of annual runoff and sedimentation were correlated
with each other (Figure 3). Up to 2010, the runoff rate in the TU and GU watersheds was
52.52% and 80.95% of the annual runoff in 1956, respectively. The annual reduction in
runoff volume was 3.75 and 1.35 million m3, respectively. Sedimentation in 2010 decreased
by 97.26% and 99.77%, respectively, relative to the value in 1985, and the average sedimen-
tation reduction per year was 0.21 and 0.46 million tons in the TU and GU watersheds,
respectively. The runoff in the TU watershed, which has a larger area than the GU wa-
tershed, was higher than in the GU watershed, but annual sedimentation was much the
same (1.40 million tons). The rank-sum test showed that there was a break point for annual
runoff and the sedimentation process in the two watersheds. In the TU watershed, the
break points for runoff and sedimentation occurred in 1981 and 2001, respectively, while it
was 1999 for both runoff and sedimentation in the GU watershed.
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Figure 3. Interannual variation in annual runoff and sedimentation from 1956 to 2010.

The Pearson’s correlation analysis revealed that there was a strong positive relationship
between runoff and sedimentation in the two watersheds (p < 0.01, Figure 4). The coefficient
of determination for the TU watershed, which has a higher landscape diversity, was 0.48,
whereas the coefficient of determination for the GU watershed was 0.85. The sediment-
carrying capacity of the runoff (i.e., the slope of the regression line) in the GU watershed
was greater than in the TU watershed carrying capacity. This showed that the sedimentation
yields of the GU watershed were similar to those of the TU watershed, even though there
was substantially less runoff (19.27% of that in the TU watershed).
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3.4. Response Relationships between Runoff, Sedimentation, and LMs

A Pearson’s analysis was conducted to determine the effects of landscape on runoff
and sedimentation (Table 4). The results showed that there were significant correlations
between the factors. More LMs were significantly (p < 0.05) or highly significantly (p < 0.01)
correlated with annual runoff. When patch density, contagion, and patch cohesion rose,
the annual runoff declined. In contrast, the LMs related to landscape diversity, such as
Shannon’s diversity and Shannon’s evenness, were positively associated with annual runoff
and sedimentation (p < 0.01). These relationships implied that the increase in patch density
and area led to a decrease in runoff. Furthermore, contagion and patch cohesion had direct
impacts (p < 0.05) on erosion (coefficients of determination of 0.773 and 0.738, respectively).

Table 4. Regression relationships between LMs, runoff, and sedimentation.

LMs Regression Equation R2 Sig.

Runoff

Patch density −4.457PD + 5.010 0.916 0.003 **
Contagion −0.113contagion + 8.191 0.738 0.028 *

Patch cohesion −0.717cohesion + 71.936 0.773 0.021 *
Shannon’s diversity 3.312SHDI−3.361 0.930 0.002 **
Shannon’s evenness 12.280SHEI−4.937 0.934 0.002 **

Sedimentation
Contagion −0.006contagion + 0.474 0.693 0.04 *

Patch cohesion −0.043cohesion + 4.294 0.760 0.024 *
* Significant at p < 0.05; ** significant at p < 0.01.

4. Discussion

The Chinese government initiated the Grain for Green Program (GGP) in 1999 and this
nationwide project has gradually changed the national land use structure [41]. The Loess
Plateau was particularly affected by the program because it was considered as a priority
region [42]. Large areas (Table 2) have been converted to various alternative landscapes
in the study watersheds. More check dams were constructed in Tu watershed than in
Gu watershed, which play a vital role in intercepting sediment. It was confirmed by the
lower coefficient determination in the relationship between runoff and sedimentation in TU
watershed (Figure 3). Both watersheds have been subjected to continuous deforestation and
conversion of cropland to forest. In the process, patch connectivity developed, which led to
species migration and other ecological processes. This was confirmed by the increase in
the largest patch index, patch cohesion, and contagion values. The landscape shape index
decrease in the TU watershed showed that many patches were affected by anthropogenic
activities, which led to a regular and simple patch pattern. This was confirmed by the
decrease in the perimeter area fractal dimension values.

In the TU watershed, number of patches decreased with time, but patch cohesion
and contagion increased, which indicated that good connectivity was formed by merging
a landscape type with species migration and other ecological processes [43]. The vari-
able decreases in landscape shape index and perimeter area fractal dimension illustrated
that many patches were being affected by human activities, which also showed that the
landscape consisted of regular and simple patches. Large stretches of grassland were
recreated in 1996, which led to the lowest value for Shannon’s diversity. The lower patch
density and area parameters resulted in a complex landscape system in the TU watershed.
Therefore, the Shannon’s diversity value for the TU watershed was higher than that of
the GU watershed. The LS for the urban and rural land in the TU watershed decreased
over time due to increased anthropogenic activities (Table 5). More than five programs,
including the conversion of cropland to forests program, have been initiated since 1978
in an attempt to control desertification and soil loss. Furthermore, afforestation has also
increased in China over the last decade [44]. Therefore, the LS values for grassland and
unused land increased after 2000 and interference due to human activities declined across
the two landscape types.
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Table 5. Landscape stability variation characteristics.

Landscape Year
Tuweihe Watershed Gushanchuan Watershed

CS DS CS DS

Cropland

1985–1996 0.996 0.995 0.981 0.973

1996–2000 0.982 0.978 0.989 0.987

2000–2010 0.952 0.932 0.909 0.881

1985–2010 0.938 0.914 0.914 0.893

Forest land

1985–1996 0.973 0.954 0.621 0.441

1996–2000 0.965 0.943 −0.089 −0.845

2000–2010 0.959 0.956 0.705 0.541

1985–2010 0.952 0.948 0.482 0.169

Grassland

1985–1996 0.687 0.714 0.885 0.791

1996–2000 0.956 0.967 0.813 0.648

2000–2010 0.936 0.896 0.910 0.841

1985–2010 0.683 0.661 0.871 0.761

Water area

1985–1996 0.951 0.912 0.962 0.959

1996–2000 0.984 0.969 0.961 0.978

2000–2010 0.969 0.955 0.963 0.934

1985–2010 0.932 0.898 0.994 1.000

Urban and
rural land

1985–1996 0.995 1.000 0.835 0.934

1996–2000 0.968 0.985 0.738 0.880

2000–2010 0.409 0.881 0.652 0.651

1985–2010 0.362 0.865 0.598 0.589

Unused land

1985–1996 0.591 0.598 0.519 0.506

1996–2000 0.883 0.945 0.999 1.000

2000–2010 0.977 0.990 0.892 0.800

1985–2010 0.676 0.689 0.564 0.608

The cropland landscape was the key factor affecting soil conservation [45] in the study
area and there were more check dams in the TU watershed according to the field investiga-
tion, which caused the annual sedimentation yield in the TU watershed to be similar to
the yield for the GU watershed, even though the annual runoff in the TU watershed was
significantly higher (p < 0.01, Figure 3). Fragmented natural landscape indicated intensive
agricultural activities, which caused more serious erosion and soil nutrient loss [46]. Higher
landscape stability of TU watershed further confirmed its controlling function on sedimen-
tation with higher runoff. In addition, the variation coefficient for annual sedimentation
was higher than that for annual runoff, which indicated that the sedimentation was more
susceptible to environmental effects than runoff.

Runoff and the sediment deposited in water is contained by the spatial pattern of
the landscape [47]. The LMs synthesize the retardation capacity and spatial position, and
reflect the potential risk of water and soil loss. For example, the Shannon’s diversity value
is not a biodiversity metric but, rather, focuses on the unbalanced distribution of various
patch types in the landscape. In the study area, the diversity of land uses and low degree of
landscape fragmentation exerted significant positive influences on runoff (p < 0.01, Table 4).
The contagion and patch cohesion values had significant negative correlations with annual
runoff and sedimentation (p < 0.05), which indicated that water and soil loss decreased
when external and internal patch connectivity improved. Most LMs were significantly
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related to annual runoff, which showed that the landscape had a greater effect on runoff
than sedimentation. This means that it can be used as an ecological indicator to predict
runoff, relative to sedimentation. The LS changes showed that there was an abrupt runoff
change in 1981, which the land use data did not show. The sedimentation-to-runoff ratio
was lowest in 2001, and the LS values for forest land and grassland were also at their
lowest compared to 1985–1996 and 2000–2010 (Table 5). In the GU watershed, the lowest LS
for forest land occurred in 1999 (1996–2000), which indicated that there had been a sharp
increase in forest land. This could have caused the sharp decrease in runoff and sediment
deposition in 1999. It, therefore, appears that a breakpoint usually occurs when the LS for
forest land and grassland is small, which suggests that there has been a major expansion in
these types of land use.

A Pearson’s analysis was conducted to determine the factors that most strongly
influence the annual decrease in runoff (DR) and sedimentation (DSe) (Table 6). The results
showed that the correlations between DSe and LS, and the different land use types were
not significant (p > 0.05). However, the DR was positively correlated to the DS for grassland
(P = 0.740, p < 0.05), which meant that annual runoff in the watershed could be significantly
reduced if the grassland had a high DSe. When the grass patches were highly connected,
runoff could be effectively intercepted [48]. Therefore, the LMs and LS effects on runoff
became more significant.

Table 6. Pearson’s analysis between the DR, DSe, and LS values for the different land use types.

Cropland
CS

Cropland
DS

Forest
Land

CS

Forest
Land
DS

Grassland
CS

Grassland
DS

Water
Area
CS

Water
Area
DS

URL
CS

URL
DS

Unused
Land

CS

Unused
Land
DS

DR
Pearson

Correlation 0.001 0.016 0.275 0.268 0.586 0.740 * 0.363 0.145 0.338 0.127 0.347 0.375

Sig.
(2-tailed) 0.998 0.970 0.510 0.520 0.127 0.036 0.377 0.732 0.412 0.765 0.400 0.359

DSe
Pearson

Correlation −0.329 −0.369 −0.154 −0.139 −0.180 −0.378 −0.319 −0.162 −0.636 −0.336 0.013 −0.098

Sig.
(2-tailed) 0.427 0.368 0.716 0.742 0.670 0.356 0.442 0.702 0.090 0.417 0.976 0.818

* Correlation is significant at the 0.05 level (two-tailed). DR and DSe mean decrease in annual runoff and
sedimentation, CS and DS mean stability of character and density. URL means urban and rural land.

A stepwise regression analysis was used to determine the most influential variables
that were not strongly correlated with one another [49]. Every independent variable
was subjected to an F test and then deleted if the F-value showed that the variable was
not significant. Furthermore, the previous variable was deleted if the F-value was not
significant when a new independent variable was added to the set. This algorithm was
repeated until no independent variable could be added or deleted. The optimal regression
model was then established after applying this method (Table 7). The variance inflation
factors (VIF) were 0.446 and 2.244 for the TU and GU watersheds, respectively, which meant
that the collinearity hypothesis could be rejected. The significance values were all lower
than 0.05. Therefore, the selected LMs (Shannon’s evenness and patch cohesion) were the
most significant factors affecting annual runoff and sedimentation. When the dominant
landscapes had greater ecological benefits, the annual runoff decreased. Furthermore,
measures that promote the value of patch cohesion should be taken if the interception
function of water and soil loss is to be improved.

This study applied DEM dataset processed by ASTER GDEM for landscape analysis to
assess water and soil loss. Although it has been proved to be an appropriate application in
the field of erosion estimation [50] and provided scientific basis for soil erosion prevention
and land use management, it is still a worthy study to investigate the result difference
with finer or coarser resolution. In addition, the relationship between LMs and erosion we
established and discussed was based on the dataset collected in the focalized regions, which
are typical watershed on the Loess Plateau. Considering the extension of the scientific
research, more analysis should be executed with larger scale and different regions. There is,
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of course, conventional existing research that concluded that LMs, e.g., Shannon’s evenness
and patch cohesion, were significantly correlated with soil erosion in the whole region of
Loess Plateau [51]. In terms of driving factors, vegetation cover and landscape variables are
not the only factors that influence the erosion process; soil properties, climatic conditions,
etc., also play a vital role in water and soil loss [52]. Therefore, to increase the validity of
analysis and deepen the understanding of soil erosion processes, more related variables
should be considered in further related research.

Table 7. Optimal regression model for LMs, runoff, and sedimentation.

Dependent Model

Unstandardized
Coefficients

Standardized
Coefficients t Sig.

Collinearity Statistics

B Std. Error Beta Tolerance VIF

runoff

1
(Constant) −4.937 0.876 −5.636 0.005
Shannon’s
evenness 12.280 1.630 0.967 7.534 0.002 1.000 1.000

2
(Constant) 25.492 6.921 3.683 0.035
Shannon’s
evenness 8.895 1.032 0.700 8.618 0.003 0.446 2.244

Patch
cohesion −0.292 0.066 −0.358 −4.403 0.022 0.446 2.244

sedimentation 1
(Constant) 4.294 1.184 3.627 0.022

Patch
cohesion −0.043 0.012 −0.871 −3.554 0.024 1.000 1.000

5. Conclusions

From 1985 to 2010, the landscape of the study area tended to become regular, connected,
and aggregated, while the annual runoff and sedimentation values gradually decreased.
The LS values for grassland and unused land gradually increased, but they decreased for
cropland and urban and rural land due to human activities. Due to larger cropland area
and lower landscape stability in the GU watershed than that in the TU watershed, the
annual sedimentation for the two watersheds was similar, even though the annual runoff
in the TU watershed was greater than that in the GU watershed. The annual runoff was
significantly and positively correlated with sedimentation (p < 0.01), and the coefficient of
determination for the TU watershed (0.48) was substantially lower than that for the GU
watershed (0.85). The LMs had more significant influences on runoff than on sedimentation
(p < 0.01), especially given that density stability for grassland could significantly decrease
the runoff in the study area. The Shannon’s evenness and patch cohesion were the crucial
factors for affecting water and soil loss, and the measures involving landscape and land
use could have a greater influence on runoff than on sedimentation.
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Abstract: Improving the economic benefits of Camellia oleifera is a major problem for C. oleifera growers,
and girdling and foliar fertilizer have significant effects on improving the economic benefits of plants.
This study explains the effects of girdling, girdling + foliar fertilizer on nutrient distribution, and
the economic benefits of C. oleifera at different times. It also explains the N, P, and K contents of
roots, leaves, fruits, and flower buds (sampled in March, May, August, and October 2021) and their
economic benefits. The results showed girdling promoted the accumulation of N and K in leaves in
March 2021 (before spring shoot emergence) but inhibited the accumulation of P, which led to the
accumulation of P in roots and that of N in fruits in August 2021 (fruit expansion period). Foliar
fertilizer application after girdling replenished the P content of leaves in March 2021, and P continued
to accumulate in large quantities at the subsequent sampling time points. The N and P contents of
the root system decreased in March. In October (fruit ripening stage), girdled shrubs showed higher
contents of N and K in fruits and flower buds, and consequently lower relative contents of N and K in
roots and leaves but higher content of P in leaves. Foliar fertilizer application slowed down the effects
of girdling on nutrient accumulation in fruits and flower buds. Spraying foliar fertilizer decreased
the N:P ratio in the flower buds and fruits of girdled plants. Thus, foliar fertilizer spray weakened
the effects of girdling on the nutrient content and economic benefits of C. oleifera. In conclusion,
girdling changed the nutrient accumulation pattern in various organs of C. oleifera at different stages,
increased leaf N:K ratio before shoot emergence, reduced root K content at the fruit expansion stage
and the N:K ratio of mature fruit, and promoted economic benefits.

Keywords: Camellia oleifera; girdling; foliar fertilizer; nutrient content; yield

1. Introduction

Camellia oleifera Abel (Theaceae) is an evergreen shrub widely planted in 18 provinces
and regions of China, including Hunan, Jiangxi, and Guangxi (in order of planting
area) [1,2]. Unlike other fruit trees, C. oleifera is characterized by the coexistence of fruit
and flowers as well as vegetative growth and reproductive growth. This results in different
periods of distribution patterns of C. oleifera being different from other fruit trees. There-
fore, scientific management of the nutrient content of C. oleifera is an important measure
for maintaining its yield at high levels [1,3,4]. In recent years, scholars have conducted
extensive research on the fertilization of C. oleifera forests [5]; however, fertilization in
forestland was found to be difficult and expensive. Tree girdling, as a means of nutrient
content regulation, has been widely used in citrus [6], grape [7], apple [8], kiwi [9], and
other fruit trees [10]. The objective of girdling is to sever the phloem and prevent the flow of
carbohydrates to the underground plant parts, thus promoting reproductive organ growth,
flowering, and fruit development and quality [11,12]. However, girdling should be carried
out when the nutrient content of the tree is sufficient. Foliar fertilizer is applied to plant
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stems and leaves so that plants can absorb various nutrients through stems and leaves and
improve their nutritional status [12]. Meanwhile, with the application of unmanned aerial
vehicles (UAVs) for plant protection [13,14], the application of foliar fertilizer on C. oleifera
trees is in the initial stages. Foliar fertilizer will become another important way of nutrient
management in C. oleifera [15].

A large number of experiments on fruit trees show that girdling effectively reduces
the N(Nitrogen), P(Phosphorus), and K(Potassium) contents of the leaves above the
girdle [11,16]. Therefore, if the nutrients are not replenished immediately after the girdling,
the tree can become weak and eventually die. Therefore, reasonable foliar fertilizer ap-
plication can effectively improve the nutrient content of plant organs and promote the
growth and development of plants [15]. Urea has a high N content and is often used
as a common fertilizer for plant nitrogen supplementation [17]. Potassium dihydrogen
phosphate contains P and K, and the plant utilization rate is high, which can promote
the absorption of N and P by plants, and it has good water solubility, which is the first
choice for foliar fertilizer [18]. Girdling can reduce flower and fruit drop. Furthermore,
plants are also sprayed with gibberellin [18], naphthaleneacetic acid [19], or boron [20] to
reduce flower and fruit drop. C. oleifera has been cultivated for a long time [21]; however, its
management is extensive, and there has been no way to report the application of girdling.
In a preliminary experiment, we showed that girdling could effectively increase the fruit
yield of C. oleifera. However, the effect of girdling on nutrient distribution in C. oleifera, the
need to supplement nutrients after the application of girdling, and the relationship between
the nutrient characteristics of C. oleifera and yield remain unclear. In this study, 10-year-old
C. oleifera trees were treated with girdling and foliar fertilizer, and the root, leaf, flower,
and fruit samples were collected to determine and analyze the key phenological period
of C. oleifera. Additionally, ripe C. oleifera fruits were picked to determine fruit quality.
To explore the effects of girdling and foliar fertilizer application on the nutrient content
of C. oleifera trees, the distribution regulation and stoichiometric ratio characteristics of
these trees were analyzed in different periods. Moreover, to develop recommendations and
obtain theoretical support for nutrient management in C. oleifera, the relationship between
nutrient characteristics and yield was analyzed via path analysis.

2. Materials and Methods
2.1. Plant Material and Study Site

Ten-year-old clones of C. oleifera, with an average plant height of 2.70 m, ground
diameter of 76.83 mm, east-west crown width of 2.55 m, north-south crown width of 2.62 m,
and plant row spacing of 2.0 m × 3.0 m, were used in this study. The experiment was
conducted in the Jiu long shan Township of Yushui District, Xinyu City, Jiangxi Province,
China (27◦40′ N, 114◦49′ E). The study site has a subtropical monsoon climate, with an
average annual temperature of 15 ◦C and abundant annual rainfall of 1680 mm (Resources
come from Xinyu Meteorological Bureau). The woodland was planted in strips on a gentle
slope, and the soil contained 25.12 mg kg−1 available nitrogen, 5.73 mg kg−1 available
phosphorus, and 20.25 mg kg−1 available potassium. All C. oleifera clones were planted in
the same period and grown using the same management practices.

2.2. Study Design

A single factor experimental design was adopted. Girdling was applied at the flow-
ering stage, and foliar fertilizer was sprayed after girdling. The treatment subjected to
neither girdling nor spray foliar fertilizer served as the check control (CK). Each treatment
contained 15 plants (45 plants total). Additionally, the treatments were implemented on
three adjacent strips in the middle of the hillside, with one treatment per strip.
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2.3. Experimental Method
2.3.1. Girdling Technique

The experiment began in November 2020 (at the first flowering stage). C. oleifera
shrubs showing uniform growth were selected and girdled 270◦ with a girdling cutter,
completely severing the phloem but without damaging the xylem. The girdle was 2 mm
wide, and was located on first-order branches at 10–20 cm above the main stem [22]. Finally,
the shrubs were labeled according to the treatment.

2.3.2. Foliar Fertilizer Spray Technique

A sprayer was used to spray the surface of C. oleifera leaves with a foliar fertilizer
composed of 0.2% urea, 0.2% potassium dihydrogen phosphate, 0.2% borax, 50 mg L−1 gib-
berellin, and 20 mg L−1 naphthalene acetic acid (The concentration selection is determined
on the basis of comprehensive consideration of previous studies). A total of 7.5 L of foliar
fertilizer was applied to 15 C. oleifera, with an average of 0.5 L per tree. The fertilizer was
sprayed 1 week after girdling on a day with no rain [23].

2.3.3. Sample Collection

Plant organs were sampled in 2021; roots and leaves were sampled on 10 March (before
spring shoot emergence), 25 May (after spring shoot emergence), 5 August (fruit expansion
stage), and 15 October (fruit maturity stage); fruits were sampled only on 25 May and
15 October, and flower buds were sampled only on 15 October, because flower buds and
fruits were either too small or not present at the other time points. Sampling was performed
in triplicate on each date, with each replicate containing samples collected from five plants.
After collection, the samples were brought to the lab, washed, fixed, dried to a constant
weight, pulverized, and stored for testing.

On 15 October 2021, the yield per plant of C. oleifera was determined (all fruits from a
single C. oleifera plant were picked separately, weighed, and recorded). At the same time,
before fruit picking, 24 fruits were randomly picked in the upper, middle, and lower layers
in the four directions of southeast, southwest, and northwest, with different treatments
(one for every five trees, a total of three parts). After collection, it was brought back to the
laboratory to determine the fresh weight of single fruit and single fruit seed kernels, and
then the seed kernels were put into the oven and baked to constant weight, crushed with a
mortar, and stored to determine the oil content of the seed kernels.

2.3.4. Determination of Nutrient Content and Fruit Economic Characteristics

Before the test treatment, three parts of 0–20 cm rhizosphere soil were collected
according to the “S” sampling method, dried naturally, passed through a 2 mm sieve, and
sealed and stored.

The available nitrogen content was determined using the alkaline hydrolysis method [24].
The available phosphorus content was determined using the molybdenum blue colorimet-
ric method [21]. The available potassium content was measured using an atomic flame
photometer [1].

Weigh 0.1 g samples (leaves, roots, fruits, buds) and put them in a boiling tube, add
H2SO4-H2O2, place a small funnel at the mouth of the tube, put it on the cooking furnace
at 420 ◦C to boil until transparent, cool and set the volume to a 100 mL volumetric flask,
let stand for 5–7 min, transfer to a 15 mL centrifuge tube for storage, and determine the
concentrations of N, P, and K respectively.

The N content of various plant organs was determined using the automatic discontin-
uous analyzer (Smartchem 200, AMS, Rome, Italy) [22]; P content was determined using
the molybdenum blue colorimetric method (GENESYS 180, Shanghai, China) [21]; and K
content was determined with a flame photometer (FP6400, Shanghai, China) [1].

Weigh 0.5 g of the sample (dried seed kernels), put it into a folded filter paper packet,
extract it using petroleum ether Soxhlet for 8 h, stand at 75 ◦C for 0.5 h, weigh the weight,
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calculate the oil content of seed kernels [1], the oil content of fresh fruits, and the oil yield
per plant. The calculation formula is as follows:

Oil content of fresh fruit (%) = Oil content of seed kernels × Single fruit fresh weight (1)

Oil production per plant (g plant−1) = Oil content of fresh fruit × Yield per plant (2)

2.4. Data Analysis

The data were analyzed using SPSS 19.0. One-way analysis of variance (ANOVA),
followed by Duncan’s multiple range test (DMRT), were used to identify significant differ-
ences (p < 0.05) in various parameters among the different treatments. Path analysis was
used to determine the relationship between oil yield per plant and nutrient characteristics.
Graphs were prepared in ORIGIN 2021.

3. Results
3.1. Effects of Girdling and Foliar Fertilizer Application on the Nutrient Contents of Various
C. oleifera Organs

The N, P, and K contents of C. oleifera leaves in each treatment at four time points,
10 March (before spring shoot emergence), 25 May (after spring shoot emergence), 5 August
(after fruit expansion), and 15 October (after fruit ripening), are shown in Figure 1. Without
any treatment (CK), the N nutrient content of leaves was low before spring shoot emergence;
however, the N nutrient content of new leaves gradually increased after spring shoot emer-
gence, reaching a higher level at the later growth stage (Figure 1a). The girdling + foliar
fertilizer treatments significantly increased the N content of leaves before spring shoot
emergence. Compared with CK, the N content of girdling and girdling + foliar fertilizer
treatments were 145.05% and 162.44% higher, respectively. During the period from spring
shoot emergence to fruit expansion, no significant difference in leaf N content was detected
between each treatment and CK. However, N did not accumulate in leaves at the fruit
ripening stage; instead, it was transported to the fruit. At the fruit ripening stage, leaf N
content in the girdling treatment was 12.66% lower than that in CK, which was significantly
lower than that in the previous period. Spraying foliar fertilizer after girdling reduced
the N output of mature leaves, and the gap in the N content between the girdling + foliar
fertilizer treatment and CK was relatively smaller. The P content of the leaves in CK reached
the highest after spring shoot emergence, and gradually decreased with fruit expansion,
oil transformation, and flower bud differentiation at the later stage, indicating that P was
transported from leaves to other organs (Figure 1b). Girdling decreased the P content
by 8.82% compared with CK before spring shoot emergence. However, the P content of
leaves increased during the period from the emergence of spring shoots to the expansion
of fruits, and then decreased at the later stage. When the fruits matured, the P content of
leaves was significantly higher than that in the CK by 55.54%. Spraying foliar fertilizer
after girdling significantly increased the leaf P content before spring shoot emergence but
inhibited the accumulation of P in leaves after spring shoot emergence. The leaf P content
of the girdling + foliar fertilizer treatment was significantly lower than that of the girdling
treatment at three stages after spring shoot emergence, but was not significantly different
compared with CK.

The effect of the girdling and foliar fertilizer spray on K accumulation was different
from that on the N and P accumulations. The K content of leaves in the CK treatment
showed an increasing trend until the end of fruit expansion and decreased at fruit matu-
rity (Figure 1c). Girdling promoted the accumulation of K in leaves before spring shoot
emergence. However, during the period from spring shoot emergence to fruit expansion,
the leaf K content in the girdling treatment was significantly lower than that in CK, and
the K output also decreased at the later stage. At the fruit ripening stage, the K content of
leaves in the girdling treatment was similar to that in the CK. Except during fruit expansion,
foliar fertilizer spray after girdling reduced the difference in the leaf K content between the
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girdling and CK treatments at all time points. In other words, foliar fertilizer application
weakened the regulation of girdling on the K content of C. oleifera leaves.
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With the change in root growth time, the N, P, and K contents of roots showed different
dynamic regulation (Figure 2). Overall, the root N content increased after spring shoot
emergence, slightly decreased during fruit expansion, and then increased at fruit maturity;
the P content of roots increased at the emergence stage of spring shoot, and then decreased;
and the root K content gradually increased with time. However, the change regulation of
the different treatments was not completely consistent.

Girdling had no obvious effect on the root N content before and after spring shoot
emergence (Figure 2a); however, the root N content was 16.44% after fruit expansion and
15.07% lower after fruit ripening compared with the CK. Therefore, girdling promoted N
accumulation in the root system during fruit expansion but decreased N accumulation
at fruit maturity. Application of foliar fertilizer after girdling reduced the root N content
in each period, indicating that foliar fertilizer supplementation was not conducive to
accumulation of N in the roots of girdled C. oleifera plants.

Girdling promoted the accumulation and output of root P at spring shoot emergence
and fruit maturity (Figure 2b), respectively. The increase in root P was the largest (139.48%)
before and after spring shoot emergence, and the decrease in root P was the largest (30.48%)
after fruit maturation. Spraying foliar fertilizer after girdling inhibited the accumulation of
P in the root system after spring shoot emergence. The root P content was 46.09% lower in
the girdling + foliar fertilizer treatment than in the girdling treatment, which was similar to
the root P content in CK. However, during other time periods, foliar fertilizer application
after girdling had no obvious effect on the root P content.
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Girdling had no significant effect of on the root K content in each period (Figure 2c).
However, the application of foliar fertilizer after girdling significantly increased the root K
content of spring shoots by 20.72% before emergence. Moreover, after the girdling treatment
and until fruit ripening, the root K content was reduced by 17.87% and 25.32% after fruit
expansion and ripening, respectively, compared with that of CK. The results indicated
that spraying foliar fertilizer after girdling was not conducive to the accumulation of K in
C. oleifera roots after spring shoot emergence.

Girdling had no obvious effect on N and K accumulation in fruits at the fruit expansion
stage (Figure 3). However, after fruit ripening, girdling reduced the N and K contents
by 28.96% and 10.21%, respectively, compared with CK. The effect of girdling on the
fruit P content was observed at the stage of fruit expansion, but little effect was noticed
during fruit ripening. Application of foliar fertilizer after girdling reduced the N, P, and
K contents of the fruit, and the N, P, and K contents of fruit at the swelling and ripening
stages in the girdling + foliar fertilizer treatment showed no significant difference compared
with the CK.

Girdling had no obvious effect on the N, P, and K contents of flower buds (Table 1).
The N content of flower buds was increased in the girdling + foliar fertilizer treatment,
which was 18.36% and 25.21% higher than that in the girdling and CK treatments, respec-
tively. The P and K contents of flower buds were also increased in the girdling + foliar
fertilizer treatment, but this increase was not significant compared with the girdling and
CK treatments.
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Table 1. Nutrient contents in flower buds of C. oleifera in each treatment.

Treatment
Nutrient

N Content (g kg−1) P Content (g kg−1) K Content (g kg−1)

Girdling+ foliar fertilizer 14.70 ± 0.73a 2.62 ± 0.14a 4.73 ± 0.15a
Girdling 12.42 ± 0.39b 2.35 ± 0.03a 4.15 ± 0.2a

CK 11.74 ± 0.21b 2.58 ± 0.17a 4.44 ± 0.12a
p value 0.013 * 0.353 0.145

Note Lowercase letters represent the difference between different treatments in the same period (p < 0.05);
* indicates p < 0.05.

3.2. Effects of Girdling and Foliar Fertilizer on Nutrient Distribution in Different
C. oleifera Organs

Girdling and foliar fertilizer application changed the distribution pattern of N in
C. oleifera organs (Figure 4). Before spring shoot emergence (10 March 2021), C. oleifera fruit
had not developed, and flower buds were absent. In the CK treatment, the N nutrient
content of roots was significantly higher than that of leaves, and the relative root N content
was approximately 60%. Girdling caused more N nutrient accumulation in leaves. The
relative N content of leaves in the girdling and girdling + foliar fertilizer treatments was
more than 60%, and the relative N content of roots was less than 40%. However, the effect
of girdling + foliar fertilizer was more obvious than that of the girdling treatment about
the relative leaf N content. After the spring shoot emergence (25 May 2021), the fruit was
small, and there were no flower buds. Girdling had little effect on N distribution in roots
and leaves at this stage. After fruit expansion (5 August 2021), the root N content was the
highest in the girdling treatment among all three treatments, and the relative N content
of leaves, roots, and fruits in the girdling + foliar fertilizer treatment were consistent with
those in CK. After fruit ripening (15 October 2021), the flower buds were swollen and about
to bloom, and the relative N content of flower buds was lowest in CK and highest in the
girdling + foliar fertilizer treatment. Additionally, on October 15, the relative N content
of leaves was the highest in CK, indicating that girdling and foliar fertilizer application
promoted the transport of N from leaves to flowers. Thus, girdling and foliar fertilizer
application promoted the transport of N from leaves to other organs.
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The P distribution patterns in C. oleifera organs in different treatments at different
stages were shown in Figure 5. At the spring shoot emergence stage, girdling decreased the
content of P in leaves and increased P accumulation in the root system. The distribution of
P in roots and leaves in the girdling + foliar fertilizer treatment was similar to that in CK.
During the period after spring shoot emergence, the relative root P content was the highest
in the girdling treatment, indicating that girdling was conducive to the accumulation of
P in the root system. However, foliar fertilizer spray on girdled plants slightly decreased
the relative root P content. After fruit expansion, the relative P content of fruits was the
lowest, while that of leaves was the highest in the girdling treatment; however, the relative
P content of roots showed no significant difference among the three treatments. At the fruit
maturity stage, the relative P content of leaves was still the highest in the girdling treatment,
and the P content in flower buds was relatively less, indicating that the girdling induced
the transport of P from roots mainly to leaves. No significant difference was detected in P
nutrient allocation between the girdling + foliar fertilizer and CK treatments. In general,
the root system of C. oleifera accumulated more P in the first half of the year, and more P
was transferred to the leaves in the second half of the year when fruits had expanded and
ripened. This effect was alleviated by spraying foliar fertilizer after girdling.
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Girdling and foliar fertilizer application also affected the distribution of K in various
C. oleifera organs (Figure 6). Before spring shoot emergence, leaves showed a higher K
content in the girdling treatment than in CK; however, spraying foliar fertilizer after
girdling had little effect on the distribution nutrients in roots and leaves. After spring shoot
emergence, girdling caused more K to accumulate in the root system, reducing the amount
of K transported to the leaves. However, spraying foliar fertilizer after girdling further
increased the K content of leaves. The relative K content of fruits in the girdling treatment
increased with fruit growth and expansion. Foliar fertilizer application after girdling
promoted the transport of K from roots and leaves to fruits at the fruit maturity stage, and
the relative K content of fruit was highest in the girdling + foliar fertilizer treatment.
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3.3. Effects of Girdling and Foliar Fertilizer Application on N:P and N:K Ratios in Different
C. oleifera Organs

Girdling had no significant effect on the leaf N:P ratio from spring shoot emergence to
fruit expansion, but significantly increased the leaf N:P ratio before spring shoot emergence
and decreased the leaf N:P ratio after fruit ripening (Table 2).

The leaf N:P ratio in the girdling + foliar fertilizer was significantly lower than that
in the girdling treatment but significantly higher than that in CK. During other periods,
the effect of girdling + foliar fertilizer on the leaf N:P ratio was not obvious. In addition,
during the leaf growth period, the N:P ratio in CK gradually increased, reaching a peak
at the fruit maturity stage; however, in the other two treatments, the leaf N:P ratio first
decreased and then increased at the fruit maturity stage. The root N:P ratio differed among
the three treatments only in the first half of the year; after fruit expansion in the second half
of the year, girdling had little effect on the root N:P ratio, regardless of the application of
foliar fertilizer. The root N:P ratio decreased after girdling; however, after foliar fertilizer
spray, the root N:P ratio decreased further, reaching levels significantly lower than those
observed in CK, both before and after spring shoot emergence. The effect of girdling on the
N:P ratio was not obvious at the fruit expansion stage, but was significant in mature fruits
and flowers. Thus, in the CK treatment, the N:P ratio was significantly higher in fruits and
significantly lower in flower buds. Application of foliar fertilizer after girdling increased
the N:P ratio in mature fruits to different degrees, bringing the N:P ratio in fruits in the
girdling + foliar fertilizer treatment closer to that in the CK treatment, although the N:P
ratio in flower buds was higher in the girdling + foliar fertilizer treatment than in CK.
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Table 2. The ratio of N:P and N:K of different organs in each period.

Date Treatment
N:P N:K

Leaves Roots Fruits Buds Leaves Roots Fruits Buds

10
Mar

Girdling+
foliar

fertilizer
5.12 ± 0.07b 2.19 ± 0.13b – – 6.11 ± 0.12a 2.19 ± 0.09b – –

Girdling 5.98 ± 0.28a 2.69 ± 0.10a – − 5.21 ± 0.26b 3.24 ± 0.07a − −
CK 2.22 ± 0.11c 2.96 ± 0.06a − − 2.63 ± 0.16c 3.20 ± 0.06a − −

25
May

Girdling+
foliar

fertilizer
4.19 ± 0.17a 1.52 ± 0.06b − − 4.89 ± 0.13a 5.76 ± 0.07ab − −

Girdling 3.71 ± 0.16a 1.28 ± 0.03c − − 5.49 ± 0.24a 5.14 ± 0.35b − −
CK 3.41 ± 0.31a 1.79 ± 0.07a − − 5.11 ± 0.24a 5.85 ± 0.17a − −

5
Aug.

Girdling+
foliar

fertilizer
5.11 ± 0.59a 5.75 ± 0.76a 3.19 ± 0.35a − 6.74 ± 0.30a 5.84 ± 0.36ab 1.50 ± 0.06a −

Girdling 4.60 ± 0.91a 6.45 ± 0.96a 3.52 ± 0.36a − 6.14 ± 0.08a 7.29 ± 1.75a 1.35 ± 0.13a −
CK 6.13 ± 0.27a 4.37 ± 0.43a 2.88 ± 0.18a − 4.59 ± 0.02b 3.74 ± 0.36b 1.47 ± 0.05a −

15
Oct.

Girdling+
foliar

fertilizer
11.06 ± 0.61a 5.78 ± 0.01a 3.50 ± 0.14ab 5.63 ± 0.20a 7.17 ± 0.27b 7.50 ± 0.38a 1.37 ± 0.04a 3.10 ± 0.09a

Girdling 8.11 ± 2.30b 5.82 ± 0.40a 2.79 ± 0.14b 5.27 ± 0.13b 6.93 ± 0.13b 6.54 ± 0.28a 1.38 ± 0.11a 3.01 ± 0.13ab
CK 12.79 ± 0.46a 6.11 ± 0.26a 3.71 ± 0.18a 4.59 ± 0.25b 8.18 ± 0.22a 7.36 ± 0.18a 1.75 ± 0.03a 2.65 ± 0.03b

Note: Data are means ± SE (n = 3). Lowercase letters represent the difference between different treatments in the
same period (p < 0.05).

Compared with CK, the leaf N:K ratio was significantly higher in the girdling treatment
before spring shoot emergence and fruit expansion, and lower after fruit ripening; however,
the difference in the leaf N:K ratio was not a significant difference between these two
treatments during late spring shoot emergence. Application of foliar fertilizer after girdling
significantly increased the N:K ratio before spring shoot emergence but had little effect on
the N:K ratio at the other stages. In C. oleifera roots, girdling had little effect on the N:K
ratio before spring shoot emergence and after fruit ripening but significantly reduced the
N:K ratio during spring shoot emergence and increased this ratio after fruit expansion.
Application of foliar fertilizer after girdling significantly reduced the root N:K ratio before
spring shoot emergence but had little effect on the N:K ratio at each stage after spring
shoot emergence. Girdling had no obvious effect on the N:K ratio in fruits but increased
the N:K ratio in flowers to varying degrees. Girdling + foliar fertilizer treatment showed a
significantly higher N:K ratio in flower buds than CK.

3.4. Influence of Girdling and Foliar Fertilizer Application on C. oleifera Yield

Significant differences were observed in the fresh fruit yield, fruit oil content, and
per-plant oil yield among the different treatments (Table 3). Girdling significantly increased
the fruit yield, while spraying foliar fertilizer reduced the fruit yield increase; nonetheless,
compared with CK, the girdling and girdling + foliar fertilizer treatments showed 63.56%
and 33.24% higher fruit yield, respectively. However, girdling reduced the oil content
of fresh fruit, and the application of foliar fertilizer after girdling further reduced the oil
content; compared with CK, the girdling and girdling + foliar fertilizer treatments showed
13.07% and 20.03% lower oil yield, respectively. In addition, the per-plant oil yield in the
girdling treatment was significantly increased by 41.91% and 33.65% compared with the
girdling + foliar fertilizer and CK treatments, respectively.

3.5. Path Analysis of Nutrient Content, Nutrient Stoichiometric Ratio, and Per-Plant Oil Yield

Only the leaf N:K ratio in March, root K content in August, fruit N:P ratio in August,
and fruit N:K ratio in October had significant effects on the per-plant oil yield, and the
root P content in March and leaf N content in May had significant effects on per-plant
oil production (Table 4). Among these effects, the effect of the N:K ratio on per-plant
oil production per plant in March was positive, while those of the root K content in
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August, fruit N:P ratio in August, and fruit N:K ratio in October on the per-plant oil yield
were negative.

Table 3. Yield of C. oleifera in each treatment, oil content of fresh fruit, and oil production per plant.

Treatment Yield per Plant (kg Plant−1) Oil Content of Fresh Fruit (%) Oil Production per Plant
(g Plant−1)

Girdling+ foliar fertilizer 9.58 ± 1.97ab 4.71 ± 0.20b 451.38 ± 85.56b
Girdling 11.76 ± 1.61a 5.12 ± 0.20b 603.29 ± 82.59a

CK 7.19 ± 1.67b 5.89 ± 0.23a 425.13 ± 99.18b
p value 0.173 0.000 0.013

Note: Data are means ± SE (n = 3). Lowercase letters represent the difference between different treatments in the
same period (p < 0.05).

Table 4. Multiple stepwise regression analysis of oil production per plant and tree nutrients.

Item Major Affecting Factors Regression Equation R2

Oil production per plant
(g·plant−1)

Y1

Leaf of N:K ratio in March
X1

Y1 = 2164.853 + 175.036X1 −
206.702X2 − 213.266X3 − 320.795X4

0.992

Root of K content in August
X2

Fruit of N:P ratio in August
X3

Fruit of N:K ratio in October
X4

The root K content in August, fruit N:P ratio in August, and fruit N:K ratio in October
had direct negative effects on the per-plant oil yield (Table 5). However, the root K content
in August, fruit N:P ratio in August, and fruit N:K ratio in October had indirect positive
effects on the per-plant oil yield by interacting with each other and the leaf N:K ratio
in March, which offsets the direct negative effects among factors. The leaf N:K ratio in
March had an indirect negative effect on the per-plant oil yield by interacting with other
factors. Among the effects of these factors, the direct positive effect of the leaf N:K ratio
in March was greater, and the indirect positive effects of the fruit N:P ratio in August and
fruit N:K ratio in October were greater. In addition, the residual path coefficient was 0.089,
indicating that the factors in this equation fully explained the variation in oil production
per C. oleifera plant.

Table 5. Path analysis of tree nutrient factors on oil production per plant of C. oleifera.

Independent
Variable

Direct Path
Coefficient

Indirect Path Coefficient Residual Path
CoefficientX1 X2 X3 X4 Total

X1 1.065 – −0.524 0.417 −0.959 −1.065

0.089
X2 −0.455 0.224 – 0.122 −0.281 0.065
X3 −0.436 −0.171 0.117 – 0.262 0.208
X4 −0.310 0.279 −0.191 0.186 – 0.274

Note: X1 is N:K ratio of leaves in March, X2 is root of K content in August, X3 is N:P ratio of fruits in August, X4
is N:K ratio of fruits in October.

4. Discussion
4.1. Effect of Girdling on the Nutrient Contents of C. oleifera Plants

Girdling is widely used in fruit trees [6–9] because it causes physical damage to phloem
in the trunk, impeding the transport of carbohydrates and inorganic nutrients to the tree
roots [25]. Studies show that girdling reduces the N, P, and K contents of leaves, and this
effect is related to the healing time of girdling wounds [26]. The growth and development
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and the nutrient distribution pattern of C. oleifera are different from those of most fruit
trees. The results of this study showed that girdling of the C. oleifera trunk in November
significantly increased the N content of leaves before spring shoot emergence in early
March of the next year, which was conducive to the accumulation of N in roots at the fruit
expansion stage (August), and promoted the transport of N from leaves to fruits at the fruit
maturity stage (October). During the period from the girdling of C. oleifera to the emergence
of spring shoots, the fruits formed in the previous year (2020) had been harvested, and
the new fruits (in 2021) had not yet formed; N had been transported to the leaves through
the xylem; and competition from other organs was non-existent. Additionally, the girdle
in the phloem had not yet begun to heal and could not transport N down to the roots,
which significantly increased the N content of leaves during this time. After the girdle
healed in mid-May, N was normally transported to above- and below-ground organs.
After the girdling, the roots obtained more N and grew better, and the N output of the
above-ground leaves increased at the later stage. In the first half of the year, P accumulated
more in the roots, so that the P content of leaves before and after spring shoot emergence
was significantly lower. However, after the fruit expansion and until the fruit maturity, P
was transferred to the leaves in large quantities in the girdling treatment, resulting in a
significantly higher leaf P content compared with CK. This result could be attributed to the
P uptake characteristics of plants [21]. In C. oleifera, the first half of the year is the key period
of P uptake and accumulation by roots. Before girdle healing, the normal transport of P is
affected, resulting in a greater accumulation of P in the root system. After girdle healing, a
large amount of P is transported to the leaves, greatly increasing the leaf P content.

In this study, girdling increased the availability of K to the leaves before spring
shoot emergence, for the same reason as that which is responsible for N accumulation
in leaves during this period. However, after spring shoot emergence, the K content of
C. oleifera leaves, roots, fruits, and flowers in the girdling treatment was lower than that in
CK, whereas the relative K content of flower buds and fruits was higher in the girdling
treatment, so that more K was allocated to fruits and flower buds [27]. These results indicate
that girdling promotes the distribution of K to fruits and flower buds, which is conducive
to seed setting. However, it should be noted that girdling could consume a large amount of
K while promoting seed setting, which may lead to insufficient K availability in the plant,
thus requiring supplementation over time.

4.2. Influence of Ring Cutting on the Stoichiometric Ratios of N, P, and K in C. oleifera

N, P, and K are the limiting nutrients affecting plant growth, and the N:P and N:K
ratios could be used as the determinants of plant health [28]. When the N:P ratio < 14, plant
growth is limited by N; when the N:P ratio > 16, plant growth is limited by P; and when
the N:P ratio = 14~16, plan growth is limited by both N and P [29]. The results of this study
showed that the N:P of each organ of C. oleifera plants was less than 14 in different periods,
indicating that the growth of C. oleifera was severely limited by N. In the trees girdled in
November, the leaves had accumulated a large amount of N in March of the following
year, whereas the level of P was low, improving the leaf N:P ratio, which to a certain extent,
alleviated the effects of N limitation on C. oleifera growth. After the girdle wound healed,
phloem returned to its normal transport capacity, gradually reducing the leaf N and P
contents to levels consistent with those in the CK. The N:P ratio of the C. oleifera roots was
relatively low before and after spring shoot emergence, which was severely restricted by
N. At the later stage, the root N:P ratio gradually increased. At the fruit maturity stage,
large amounts of N and P were accumulated in the vegetative organs before girdle wound
healing, which were gradually transferred to the reproductive organs, flower buds, and
fruits at the later stage. Therefore, the N:P ratio in C. oleifera fruits and flower buds was
relatively high at the fruit maturity stage, which reduced the limitation of N in fruits and
flower buds to a certain extent. When the N:K ratio is less than 2.1, plant growth is mainly
limited by K [30]. The results of this experiment show that the N:K ratio in each organ of
C. oleifera at different stages was less than 2.1, indicating that the growth of C. oleifera plants
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was limited by K. However, changes in the N:K ratio in different organs at different stages
after girdling was the same as that in the N:P ratio, for roughly the same reasons.

4.3. Foliar Fertilizer-Induced Modification of the Effect of Girdling on the Nutrient Content of
C. oleifera Organs

Application of foliar fertilizer after girdling affected nutrient accumulation in roots,
increased the nutrient contents of fruits and flower buds, brought the N, P, and K contents
of leaves, roots, and fruits closer to those in the CK, and weakened the regulatory effect of
girdling on the contents of N, P, and K in C. oleifera. This result might be related to the vege-
tative growth of the above-ground parts of C. oleifera plants treated with foliar fertilizer [4];
the root system absorbed more nutrients. In addition, foliar fertilizer application after
girdling also weakened the effects of girdling on the distribution of N, P, and K in various
organs during the period from spring shoot emergence to fruit expansion and reduced
the deviation of tree nutrient distribution patterns from the control in this period. Foliar
fertilizer increased the relative contents of P and K in ripe fruits and flower buds of girdled
C. oleifera trees, which may be related to the less fruits treated with foliar fertilizer [31].

4.4. Key Nutrient Characteristics of Girdled C. oleifera Trees for Increasing Yield

Girdling improved the fruit yield and per-plant oil yield of C. oleifera, but it did not
increase the oil content of fresh fruit. It may be because girdling greatly increased the
number of fruits per plant, resulting in reduced seed kernel oil content. However, the
substantial increase in yield compensated for the reduction in seed oil content, leading to a
substantial increase in oil production per plant.

Path analysis of C. oleifera nutrient contents and per-plant oil and fruit yield revealed
that the root K content in August, fruit N:P ratio in August, and fruit N:K ratio in October
were important factors affecting per-plant oil production. In March, the leaf N:K ratio
had direct positive effects on oil production per plant, while the other three factors had
indirect negative effects. This indicates that the increase in the leaf N:K ratio in March could
directly and effectively promote the increase in oil yield per plant. Girdling promoted the
accumulation of N in C. oleifera leaves in March, increasing the leaf N:K ratio. At the same
time, girdling promoted a reduction in the K content of roots in August, and large amounts
of N and P were accumulated in leaves, which were later transported to fruits, but the N
and P contents of fruits were relatively low. In October, large amounts of N and K were
accumulated in leaves and roots, which were later transported to fruits, and the amount of
K transported was greater than that of N, resulting in low N and P contents of fruits.

5. Conclusions

Girdling and foliar fertilizer application affected the nutrient contents of C. oleifera
organs at the flowering stage. The improvement in the economic benefits of girdling on
C. oleifera is more obvious. In the girdling treatment, N was accumulated in leaves before
girdle wound healing. However, the accumulation of N and K in the roots was limited.
With the gradual healing of the girdle wound and the recovery of phloem transport capacity,
the underground plant parts began to accumulate N. P accumulated in the root system
before girdle wound healing. After wound healing, P began to accumulate in the leaves.
At the fruit ripening stage, three nutrients (N, P, and K) previously accumulated in the
vegetative organs were gradually transported to the reproductive organs (fruits and flower
buds), and the amount of K transported was greater than that of N and P, which promoted
flowering and fruiting. Compared with the girdling, the application of foliar fertilizer after
girdling weakened the overall effect of girdling on nutrient regulation in C. oleifera trees but
promoted the accumulation of a large amount of nutrients in roots, flower buds, and fruits.
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Abstract: Idesia polycarpa Maxim is a native dioecious tree from East Asia cultivated for its fruits and
as an ornamental plant throughout temperate regions. Given the economic potential, comparative
studies on cultivated genotypes are of current interest. This study aims to discover the dynamic
changes and potential functions of endogenous hormones in I. polycarpa, as well as the differences in
endogenous hormone contents in different growth stages among different I. polycarpa provenances.
We used High-Performance Liquid Chromatography (HPLC) to measure and compare the levels of
abscisic acid (ABA), indole-3-acetic acid (IAA), gibberellin A3 (GA3), and trans-Zeatin-riboside (tZR)
in the leaves, flowers, and fruits of I. polycarpa from various provenances between April and October.
Our findings indicated that changes in the ABA and GA3 content of plants from Jiyuan and Tokyo
were minimal from April to October. However, the levels of these two hormones in Chengdu plants
vary greatly at different stages of development. The peak of IAA content in the three plant materials
occurred primarily during the early fruit stage and the fruit expansion stage. The concentration
of tZR in the three plant materials varies greatly. Furthermore, we discovered that the contents of
endogenous hormones in I. polycarpa leaves, flowers, and fruits from Chengdu provenances were
slightly higher than those from Tokyo and Jiyuan provenances. The content of IAA was higher in
male flowers than in female flowers, and the content of ABA, GA3, and tZR was higher in female
flowers than in male flowers. According to the findings, the contents of these four endogenous
hormones in I. polycarpa are primarily determined by the genetic characteristics of the trees and are
less affected by cultivation conditions. The gender of I. polycarpa had a great influence on these four
endogenous hormones. The findings of this study will provide a theoretical foundation and practical
guidance for artificially regulating the flowering and fruiting of I. polycarpa.

Keywords: Idesia polycarpa; abscisic acid (ABA); indole-3-acetic acid (IAA); gibberellinA3 (GA3);
trans-Zeatin-riboside (tZR); High-Performance Liquid Chromatography (HPLC)

1. Introduction

Idesia polycarpa Maxim is a dioecious tree in the Salicaceae family, which is economically
significant and well-known throughout the temperate region [1,2]. There is only one species
of this genus in the world [1]. This species is native to East Asia, including China, Japan,
and Korea, and has since spread throughout the region [3]. There are obvious differences in
the growth form, development speed, environmental adaptability, and physiological and
biochemical characteristics of I. polycarpa due to long-term geographical isolation, natural
selection, and climate [4].

I. polycarpa is a tall deciduous tree that blooms from April to May. It has yellow-green
flowers with a fragrant scent. In the distribution area of I. polycarpa, the suitable annual
average temperature ranges from 13 ◦C to 21 ◦C [5,6]. I. polycarpa is also known as the
‘Beautiful Tree Oil Depot’ because its fruits have a high oil content, in addition to being
used as an ornamental and greening tree species [7]. The oil content in the flesh of the
fruits ranges between 28.38 and 48.35%. In comparison, the oil content of the seeds is
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approximately 12.6–28.17%, and the oil extracted from the fruit has high commercial and
medicinal value, with various applications, including edible oil, lubricating oil, biodiesel
production, and medicines to reduce cholesterol and blood pressure [8]. Because I. polycarpa
has an appealing color and shape and potential nutritional and medicinal value, more and
more areas are attempting to cultivate it artificially. However, most I. polycarpa is still in the
wild, and cultivation technology is not standardized or mature [9]. There are numerous
factors that influence plant growth and development, but endogenous hormones, such
as auxin (IAA), gibberellin (GA3), abscisic acid (ABA), and mitogen (tZR), play critical
regulatory roles in the growth and development of I. polycarpa [10]. Currently, most
I. polycarpa research focuses on ecology, cultivation, and breeding, with few studies on
endogenous hormones. Endogenous hormone changes during flowering and fruiting,
as well as their effects on the growth and development of I. polycarpa, remain unknown.
Therefore, it is intended to investigate the dynamic changes in the endogenous hormones
at various stages of the flowering and fruiting processes of I. polycarpa.

Plant hormones are a class of organic substances that are synthesized during plant
metabolism and are required for various physiological processes in plants [11]. Plant
growth regulators have been widely used in various developmental stages to improve
plant growth and development, as well as the yield and quality of fruits, due to the
importance of plant hormones to plant growth and regulation [12]. Previous research found
that plant hormones directly affect fruit formation and development [13]. Therefore, it is
essential to study the endogenous hormones of the sprouting, flowering, and fruiting of
I. polycarpa from different origins and then apply exogenous hormones based on the local
climate in the introduction and artificial planting process of this tree species to improve the
success rate.

Auxin is a plant hormone that is essential for plant growth and development [14].
Auxin biosynthesis is important in a variety of plant development processes, including
root development, embryogenesis, endosperm development, and flower development [15].
Similarly, IAA (indole-3-acetic acid) plays an important role in fruit formation and devel-
opment [16]. Auxin response factor (ARF) controls the fate of fruit initiation events by
controlling the level of gibberellin (GA) [17] and interacts with Aux/IAA proteins [18].

Abscisic acid (ABA) is a plant hormone derived from isoprene that accumulates as
a result of a lack of water and is associated with seed dormancy, maturity, and develop-
ment [19,20]. It also has a significant impact on plant responses to various abiotic stresses,
such as drought, high temperature, low temperature, and salt [21]. ABA is also an im-
portant ripening control factor, as demonstrated by the following: (1) the content of ABA
increased clearly in the early stages of apple fruit ripening [22]; (2) the content in peach and
grapefruit fruits increases before ethylene release [23]; (3) exogenous ABA can promote
the production of several metabolites related to fruit ripening [24]; (4) the fruits in tomato
mutants lacking ABA could not maintain the normal growth pattern [25]; and (5) the
maturation stage was delayed in ABA-deficient orange mutants [26].

Gibberellin (GA3) is a plant hormone that promotes cell division and proliferation [27].
GA3 is widely used in plant growth and development for a variety of purposes, including
promoting seed germination and coping with abiotic stress [28], enhancing fruit growth [29],
accelerating stem elongation [30], flowering [31], and other physiological effects caused by
interactions with other plant hormones [32].

Trans zeatin riboside is a type of cytokinin that can promote cell division during
tomato fruit development [33]. Liu et al. discovered that tZR has a significant impact on
cucumber fruit growth and development [34]. Similarly, Honda et al. discovered that tZR
plays an important role in pepper fruit expansion [35]. Furthermore, the content of tZR
increased significantly during hop development, indicating that tZR was closely related to
hop development [36].

It is well understood that phytohormones play an important role in seed germination.
However, there is a lack of studies on how various endogenous hormones play a role in
I. polycarpa and whether there are differences in the content of endogenous hormones in
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different growth stages of I. polycarpa from different provenances. The current study aims
to quantify the changes in IAA, ABA, GA3, and tZR concentrations in the leaves, flowers,
and fruits of I. polycarpa during different stages of development for three provenances
from the natural range of the species. The findings provide a theoretical foundation for
understanding the regulation of the flowering and fruiting period and the quantity of
I. polycarpa, with potential applications in breeding, phenological manipulation, optimized
cultivation, adequate harvesting activity planning, and performance evaluation.

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

Experiments were carried out at Henan Agricultural University’s Forestry Experiment
Station in Zhengzhou City, China (113◦38′ E, 34◦48′ N). The research site is located in the
warm temperate zone and has a temperate monsoon climate with an annual precipitation
of ~650 mm. The maximum, minimum, and annual mean temperatures are 43.0 ◦C,
−17.9 ◦C, and 14.2 ◦C, respectively, and the average annual sunshine duration is 2400 h
(Figure 1, Table 1). The accumulated temperature ≥10 ◦C is 4717 ◦C, with a frost-free
period of 215 d and a pH of about 7.0 in the experimental fields.
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Figure 1. Monthly, minimum, and maximum temperature in Zhengzhou City, China. Note: The data
come from https://www.tianqi24.com/zhengzhou/history2021.html (accessed on 2 January 2023).

Table 1. Monthly statistics of air quality in the experimental area.

Month NO2 CO SO2 O3

2021–04 31.3 ± 1.53 0.64 ± 0.08 9.17 ± 1.75 113.5 ± 2.36
2021–05 25.9 ± 3.06 0.61 ± 0.13 9.42 ± 2.16 143.8 ± 3.78
2021–06 23.7 ± 3.51 0.71 ± 0.19 6.81 ± 2.39 178.6 ± 4.31
2021–07 16.3 ± 1.27 0.56 ± 0.11 3.40 ± 0.86 134.3 ± 4.54
2021–08 17.6 ± 2.55 0.66 ± 0.24 4.47 ± 1.59 137.9 ± 3.21
2021–09 24.1 ± 4.51 0.75 ± 0.16 5.93 ± 2.13 126.4 ± 7.52
2021–10 42.9 ± 3.72 0.81 ± 0.21 8.74 ± 2.28 84.1 ± 4.14

Note: The data came from the Henan Meteorological Service.

The experimental material was I. polycarpa grown at Henan Agricultural University’s
Forestry Experiment Station. Jiyuan (112◦57′ E, 35◦08′ N), Tokyo (139◦69′ E, 35◦68′ N),
and Chengdu (104◦07′ E, 30◦67′ N) provided the plants. Tissue samples were collected
from leaves, flowers, and fruits at various stages of development between April and
October. The sampling period was divided into seven stages based on the stage of growth
and development (Table 2, Figure 2). The plant samples were stored at −80 ◦C in liquid
nitrogen. Furthermore, each sample was divided into three replicates.
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Table 2. Sampling Time of I. polycarpa.

Period Stage
Sample Time

Jiyuan Tokyo Chengdu

Initial Flower Early April–Late April I 24 April 2021 26 April 2021 26 April 2021
Full Bloom Late April–Early May II 28 April 2021 1 May 2021 1 May 2021

Flower Drop Early May III 4 May 2021 6 May 2021 6 May 2021
Initial Fruit Early May–Late May IV 13 May 2021 16 May 2021 16 May 2021
Expansion Late May–Middle August V 24 May 2021 26 May 2021 26 May 2021

Yellowing Middle August–Early
September VI 1 September 2021 3 September 2021 3 September 2021

Reddening Early September–Early
October VII 8 October 2021 10 October 2021 10 October 2021
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2.2. Extraction and Analysis of Phytohormones

The concentrations of IAA, ABA, GA3, and tZR were determined using High-Performance
Liquid Chromatography, which was slightly modified from Li [37]. We extracted the samples
using a C18 solid phase extraction cartridge and analyzed them by HPLC-ESI-MS/MS using
0.05% formic acid in methanol and H2O as mobile phases for HPLC because the plant samples
were different. Lyophilized samples were ground in liquid nitrogen, and 0.5 g powdered
samples were extracted with 5 mL acetonitrile extraction solvent containing 30 µg/mL antioxi-
dant. For 12 h, the extracted samples were refrigerated at 4 ◦C. After centrifuging the extract
(10,000 rpm for 20 min at 4 ◦C), the supernatants were collected and re-extracted with 5 mL of
extraction solvent before centrifuging the extraction solution (10,000 rpm for 10 min at 4 ◦C)
again. The supernatants were then combined and distilled in a rotary evaporator at 40 ◦C
before being dissolved in 4 mL of chloroform and 8 mL of phosphate buffer. The mixture was
then treated with 150 mg PVPP (polyvinylpyrrolidone) and centrifuged at 8000 rpm for 10 min
at 4 ◦C. The pH was adjusted to 3.0, and 3 mL of the mixture was treated with formic acid
and extracted three times with an equal volume of ethyl acetate. The extracted samples were
combined and distilled using a rotary evaporator (40 ◦C), after which they were redissolved in
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1 mL of methanol and filtered through a strainer (0.22 µm). Finally, each sample was injected
into the HPLC with 10 µL. The following were the mobile phase conditions: water—methanol
(52:48) with 0.5‰ formic acid; column temperature—40 ◦C; detection wavelength—254 nm;
injection volume—10 µL; flow rate—0.7 mL/min, constant gradient elution for 23 min.

Calculation Method of Endogenous Hormone Content

The standard curve was based on different peaks, and each peak time corresponds
to different concentrations of calibration samples corresponding to plant hormones; the
hormone content was calculated using the following method [38]:

Endogenous hormone content (µg·g−1) = As·V Css Vss/(Ass Ms·Vs)
As: Peak area of the sample; V: Volume of a final constant volume of sample pre-

treatment (mL); Css: Concentration of standard sample (g·L−1); Vss: Injection volume of
standard sample (µL); Ass: Peak area of the standard sample; Ms: Dry weight of the sample
(g); Vs: Injection volume of sample (mL).

2.3. Analytical Methods

Origin 2017 was used to create the graph for each hormone analysis. Using SPSS 24.0
software (IBM, Armonk, NY, USA), analysis of variance (ANOVA) and Duncan’s test at
p = 0.05 or p = 0.01 were used to compare the variations of endogenous hormone levels in
samples from different provenances and sample time treatments.

3. Results
3.1. Changes of Hormones in Female Leaves of I. polycarpa from Different Provenances

Endogenous concentrations of ABA, GA3, IAA, and tZR in female leaves of I. polycarpa
from various provenances were examined (Figure 3). There were no discernible differences
in the ABA content of plants from Jiyuan and Tokyo. On the contrary, the ABA content
of Chengdu plants decreased rapidly, particularly from stage I to stage II. Because ABA
biosynthesis is closely related to carotenoid synthesis, we infer that the decrease in ABA is
related to the orange deepening of mature fruits. During the developmental stage I, the
ABA content of plants from Chengdu was significantly higher than that of plants from the
other two provenances (p < 0.01).
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The change in trends of GA3 content was comparable to that of ABA within the Jiyuan
and Tokyo plants. The difference is that the GA3 content of plants from Chengdu exhibited
a “W” trend, which fluctuates significantly more than the other two provenances. GA3
levels were higher in stages IV (58.567 µg·g−1) and VII (71.450 µg·g−1), indicating that GA3
could promote fruit formation and development. In every stage of development, the ABA
content of Chengdu plants was significantly higher than that of the other two provenances
(p < 0.05).

The change in IAA content in Jiyuan provenance plants showed a rising and then
falling trend. The content of IAA increased and then decreased with the typical double
peak trend in the plants from Tokyo and Chengdu, but it fluctuated more pronouncedly in
the Chengdu plants. The plants’ IAA content was highest in stages II, IV, and V. IAA was
critical in regulating plant growth, particularly during the early stages of flowering and
fruiting. Lower IAA concentrations were required for fruit ripening. During stages, I and
II, the IAA content of Chengdu plants was significantly higher than that of the other two
provenances (p < 0.05).

The overall findings revealed that there were significant differences in the content of
tZR in plants from all three provenances. The highest concentration of tZR was found in
stage IV (0.218 µg·g−1) for Jiyuan plants and stage VII (0.214 µg·g−1) for Chengdu plants.
However, the level of tZR in the Tokyo plants was highest in stage VI, with a concentration
of 0.153 µg·g−1. The highest concentration of tZR content was found in the first three
stages of fruit development, indicating that tZR could promote cell division and was closely
linked to fruit development. During stage V, the tZR content of Chengdu plants was higher
than that of the other two provenances (p < 0.05).

3.2. Changes of Hormones in Male Leaves of I. polycarpa from Different Provenances

Figure 4 depicts the dynamic changes in hormones in male leaves of I. polycarpa from
April to October. Male leaf ABA content changes were comparable to female leaf ABA
content changes in Jiyuan and Tokyo. However, there was an unusual fluctuation in the
ABA content of Chengdu plants from stage II to stage IV, as shown in the figure. The
ABA content of Chengdu male leaves was significantly higher than that of the other two
provenances in stages I, II, and IV (p < 0.01).
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Changes in the GA3 content of female leaves were not visible in Jiyuan or Tokyo. The
GA3 content in Chengdu leaves was significantly higher at all stages than in the other two
provenances (p < 0.01), and the changing trend of the M-type was obvious.

The shift in IAA content was not immediately apparent from Tokyo. While the IAA
content of male leaves from Jiyuan and Chengdu was highest at stage V, the content of
other stages was comparable to Jiyuan. In stages IV and V, the IAA content from Tokyo
was significantly lower than that from the other two provenances (p < 0.01).

The tZR content in Jiyuan male leaves was highest in stage IV (0.243 µg·g−1), with the
greatest fluctuation. From stage I to stage VII, the content of tZR from Tokyo and Chengdu
had a smaller change trend, with a periodic rise and fall. In stage V, the tZR content of
male leaves from Jiyuan was significantly higher than that of the other two provenances
(p < 0.01).

3.3. Changes of Hormones in Female Flowers of I. polycarpa from Different Provenances

The levels of ABA, GA3, IAA, and tZR in female flowers differed statistically between
I. polycarpa provenances (Figure 5). Changes in the contents of ABA, GA3, IAA, and tZR
were not observed in female flowers from Jiyuan and Tokyo, but were observed in Chengdu
flowers. The maximum values of ABA, GA3, IAA, and tZR were in stages III (0.111 µg·g−1),
III (37.811 µg·g−1), I (0.357 µg·g−1), and III (0.873 µg·g−1), respectively. This indicated that
IAA promotes flower opening and fruit formation.
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Figure 5. Dynamic changes of hormones in female flowers of I. polycarpa from April to May.

The increasing ABA content in Chengdu flowers suggests that ABA is related to female
flower abscission in the later period. Similarly, the increasing content of GA3 in Chengdu
flowers suggests that GA3 is related to plant fruit setting. The increasing content of tZR
in the same Chengdu flowers, on the other hand, suggests that tZR can promote female
flower differentiation. In stages II and III, the content of ABA, GA3, and tZR in female
flowers from Chengdu was significantly higher than in the other two provenances (p <0.05).
Similarly, Chengdu’s IAA content in stage I was significantly higher than that of the other
two provenances (p < 0.05).

3.4. Changes of Hormones in Male Flowers of I. polycarpa from Different Provenances

Changes in the content of ABA, GA3, and IAA were not observed in male flowers
from Jiyuan and Tokyo, as shown in Figure 6, and the content of tZR decreased first and
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then increased. The ABA content of male flowers from Chengdu was higher in stages I
(0.114 µg·g−1) and II (0.099 µg·g−1), but lower in stage III (0.020 µg·g−1), possibly due
to ABA transfer from flowers to leaves. Chengdu flowers had significantly higher ABA
content in stages I and II than in the other two provenances (p < 0.01). The primary function
of ABA is to promote male flower differentiation and flowering.
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Figure 6. Dynamic changes of hormones in male flowers of I. polycarpa from April to May.

GA3 levels in Chengdu male flowers were highest in stages I (17.081 µg·g−1) and
II (17.476 µg·g−1). Furthermore, based on our findings, it was clear that the GA3 con-
tent in Chengdu flowers at all stages was significantly higher than that of the other two
provenances (p < 0.01).

The IAA content of male flowers from the Jiyuan and Tokyo provenances was low
throughout all stages; however, the IAA content of male flowers from Chengdu was highest
in stage II (0.683 µg·g−1), indicating that IAA promotes male flower flowering at this stage
of development. Furthermore, we discovered that the IAA content of Chengdu flowers in
stages I and II was significantly higher than that of the other two provenances (p < 0.01).

The content of tZR revealed that its peak levels of flowers from Jiyuan, Tokyo, and
Chengdu occurred in stage I, followed by a drop in stages II and III. This phenomenon
demonstrated that tZR was associated with the formation of male flowers. Overall, the tZR
content of the Chengdu flowers in stage II was significantly higher than that of the other
two provenances (p < 0.01).

3.5. Changes of Hormones in Fruits of I. polycarpa from Different Provenances

Figure 7 depicts the changes in hormone concentrations. The concentration of ABA
did not change significantly in fruits from Jiyuan and Tokyo, but it did fall and then rise in
Chengdu fruits. The ABA content of Chengdu fruits in stages VI and VII was significantly
higher than that of the other two provenances (p < 0.05). This phenomenon may be associated
with the production of stress-resistant proteins in response to external stress.
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The content of GA3 was unchanged in the fruits from Jiyuan and Tokyo, but increased
gradually and then decreased in the fruits from Chengdu. The highest level of GA3 in the
latter case was stage VI (0.043 µg·g−1). The GA3 content in Chengdu fruits in stages VI
and VII was significantly higher than in the other two provenances (p < 0.05).

The content of IAA in the fruits from Jiyuan did not change significantly, while the
content of IAA in the fruits from Tokyo and Chengdu had the highest peak values of
0.074 µg·g−1 and 0.138 µg·g−1 in stage IV, respectively. The lower IAA content in stage VI
suggested that fruit ripening is more sensitive to IAA, whereas higher IAA content could
have the opposite effect.

The content of tZR in the fruits from Tokyo and Chengdu had maximum values at
stage VII (0.151 µg·g−1) and stage IV (0.415 µg·g−1), respectively. In the case of the fruits
from Jiyuan, the maximum level was in stage VI, with a peak value of 0.100 µg·g−1. The
tZR content of Chengdu fruits in stages IV, VI, and VII was significantly higher than that
of the other two provenances (p < 0.05). The tZR content in the fruits from the three
provenances was similar in stage V, indicating that a certain amount of tZR could promote
fruit differentiation.

4. Discussion

The growth and development of I. polycarpa were the results of the combined action
of many endogenous hormones, including ABA, GA3, IAA, and tZR, each of which had
different effects on different organs and stages. The literature currently lacks information on
whether cultivation conditions affect the four endogenous hormones in different organs and
stages; thus, this study provides a research foundation for its cultivation and development.

Earlier research suggested that ABA could accelerate or delay the flowering time in
different plant species and developmental stages. In this study, the ABA content of female
flowers from Chengdu increased significantly during the falling flowers period. Many plant
hormones, such as abscisic acid, ethylene, and jasmonic acid, are important in regulating
organ aging and abscission mechanisms, according to Mohd Gulfishan [39]. In the study of
the molecular mechanism of ABA-induced leaf senescence [40], it was also demonstrated
that ABA can promote organ dormancy and abscission and has a role in modulating plant
stress resistance. Furthermore, the ABA content of Chengdu provenance fruits increased
over time. In woodland strawberries, ABA was found to play a coordinating role in fruit
growth and ripening [41].
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The content of GA3 increased in female flowers from Chengdu, but decreased in
male flowers during the falling flowers period, indicating that GA3 was related to fruit
setting and male flower differentiation. Watanabe et al. discovered that exogenous GA3
could promote apple fruit formation [42]. Gibberellin could activate and maintain cell
division of the ovary wall in citrus, leading to fruit setting [43]. Other research has found
that GA3 can promote vegetative growth and flower bud differentiation [44]. From the
initial fruit period to the fruit yellowing period, the content of GA3 in Chengdu fruits has
increased. Gibberellin was discovered to promote parthenocarpy and fruit expansion in
sweet cherries, as evidenced by the qPCR results of related genes, the fruit setting rate,
and the parthenocarpy fruit size [45]. More interestingly, high temperature promotes the
content of endogenous hormones for seed germination in I. polycarpa, causing the balance
of endogenous hormone content to break and the ratio of GA3/ABA to increase toward
seed germination. Our data showed that the content of GA3 and ABA in the fruit showed
an inverse trend and that in the later fruit, both were increased, implying that a balance
between them was achieved in the fruit.

The initial flowering stage and full flowering stage of Chengdu flowers had higher
IAA content. Physiological and molecular research on Arabidopsis thaliana revealed that
polar auxin transport was required for flower formation [46]. High-performance liquid
chromatography (HPLC) [47] was used to investigate the relationship between IAA and
flower formation, and it was discovered that high levels of IAA promoted flower bud
induction in apple trees (Malus pumila), whereas Liu et al. discovered that low levels of
IAA promote flowering in loquat (Eriobotrya japonica) [48]. Furthermore, endogenous auxin
concentration was the limiting factor in controlling apple fruit size [49]. Almudena Bermejo
discovered that IAA can regulate GA metabolism in citrus, resulting in significant changes
in the level of active GA1 in the ovule and pericarp and, ultimately, fruit setting [50].
Increased ethylene production, which directly regulates fruit ripening, necessitates higher
IAA concentrations for fruit ripening [51]. Our research also revealed that the IAA content
in the fruits of the three provenances was higher before the fruit turned yellow, but then
dropped until the fruit was fully ripe.

The tZR content of Jiyuan flowers was higher during the early flowering stage. tZR
typically promotes female flower development, as evidenced by the higher tZR content in
female flowers from the initial flowering stage to the falling flowers stage in a study on
Glycyrrhiza uralensis [52]. Male flowers had a relatively high tZR content at the start of flower
formation, which is supported by the fact that high IAA and tZR contents during the flower
bud differentiation stage are conducive to flower bud differentiation [53]. tZR also inhibited
many developmental processes, such as bud and root elongation, cell differentiation, bud
regeneration, and meristem activity [54,55].

Previous research has shown that high IAA and tZR contents promote flower bud
differentiation, whereas high GA and ABA contents promote flower and fruit abscission [52].
High levels of IAA and tZR regulate plant vegetative growth and flower induction [56].
Furthermore, ABA promotes flowering, whereas GA3 and IAA do not [57]. A similar study
on the changes in endogenous hormones during the flowering period of Gnetum parvifolium
found that high levels of GA3 and tZR promote male flower differentiation, while high
levels of IAA promote female flower differentiation [58]. The peak contents of different
plant organs’ endogenous hormones may be related to the transfer of such hormones to
different organs at different stages.

Plants can change their growth and development in response to their surroundings,
which is controlled by endogenous plant hormones. Several endogenous hormones, in-
cluding ABA, GA3, IAA, and tZR, act together to promote the growth and development
of I. polycarpa. Each hormone had a distinct effect on different organs and developmental
stages. The fluctuation was obvious, and the concentrations of several endogenous hor-
mones in various organs of the Chengdu provenance were significantly higher than those
of the other two provenances. Geographical location and environmental factors, such as
light intensity/availability, soil quality, and precipitation, may all have a causal relationship
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with endogenous hormone concentration variation. Nonetheless, these environmental
influences have a minor impact. According to the findings, the contents of these four
endogenous hormones in I. polycarpa are primarily determined by genetic characteristics of
the trees and are less affected by cultivation conditions. The gender in I. polycarpa had a
great influence on these four endogenous hormones.

5. Conclusions

The materials used in the experiment came from the Forestry Experimental Station of
Henan Agricultural University. The differences in hormone contents between provenances
could be due to genetic differences in I. polycarpa. The contents of various endogenous
hormones in different organs of the Chengdu provenance were significantly higher than
those of the other two provenances, with a clear fluctuation. This discovery may provide
insight into how differences in endogenous hormone concentration can lead to differences
in flowering and fruiting time and quantity, providing cultural direction. In the future, we
will increase the sample size and lengthen the period of observation to confirm the results.
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Abstract: Leaves are essential vegetative organs of plants. Studying the variations in leaf nutrient
content and microbial communities of male and female plants at reproductive stages helps us under-
stand allocation and adaptation strategies. This study aimed to determine the nutrient characteristics
and microbial differences in the leaves of male and female Idesia polycarpa at reproductive stages.
Seven-year-old female and male plants were used as test materials in this experiment. The samples
were collected at three stages: flowering (May), fruit matter accumulation (July), and fruit ripening
(October). The nitrogen (TN), phosphorus (TP), potassium (TK), carbon (TC), and the pH of the
female and male leaves were analyzed. In addition, the leaf microbial diversity and differential
metabolites were determined using the Illumina high-throughput sequencing method and the ultra-
high performance liquid chromatography–tandem mass spectrometry (UPLC–MS/MS) method at
the reproductive developmental stages. This study found that male and female plant leaves had
different TN and TK contents over time but no difference in TC and TP content. The significant
differences in bacterial diversity between male and female plants and the richness of the fungi of male
plants at the flowering and fruit maturity stages were observed. Proteobacteria, Pseudomonadaceae,
Ascomycota, and Aspergillus were the dominant bacteria and fungi in the Idesia polycarpa leaves. The
presence of microorganisms differed in the two sexes in different periods. Alphaproteobacteria and
Sordariomycetes were the indicator groups for male leaves, and Pseudomonas and Sordariomycetes
were the indicator groups for female leaves. Significant differences in phenolic acid were found
between male and female leaves. A KEGG enrichment analysis revealed that differential metabolites
were enriched in metabolic pathways, amino acid biosynthesis, and the nucleotide metabolism.
According to a correlation analysis, leaf TK and TP were strongly correlated with endophytic bacteria
abundance and differential metabolite composition. This study revealed the changes in substances
and microorganisms in the leaves of male and female plants in their reproductive stages. It provides a
theoretical basis for developing and utilizing the leaves of Idesia polycarpa and for field management.

Keywords: dioecious plant; reproductive stages; nutrient characteristics; endophytes; metabolite

1. Introduction

Plants, including dioecious plants, gradually evolved various breeding systems to
adapt to their natural environments. Dioecious plants show significant differences in
their morphological characteristics, physiological and biochemical responses, and gene
expression due to their different reproductive costs [1]. The length–width ratio of females
in Rhus typhina is significantly higher than that of males [2]. Another study showed that the
growth of females exceeded that of males in terms of length extension, diameter growth,
and leaf production [3]. Additionally, in the leaves of Excoecaria agallocha, total carotenoids,
phenolic compounds, and protein concentrations were higher in female plants [4]. The
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oil palm orthologs of acid phosphatase and deficiency showed male-specific expression
patterns [5]. Resource and growth microenvironment distribution between male and female
plants are significantly different.

Leaves are one of the main organs by which plants obtain and utilize resources.
Changes in the microenvironment of leaves can reflect the adaptation strategies of plants to
different environments [6]. The nutrient content in leaves can indicate the plant growth
status and habitat conditions. For example, nitrogen is an essential component of various
key cellular molecules such as proteins, nucleic acids, and secondary metabolites, which
are important for maintaining plant metabolism and growth [7]. Previous studies have
shown a significant relationship between leaf nutrient content and gender. For example,
the effective nitrogen content of female leaves of Fraxinus mandshurica, Populus davidiana
Dode, and Taxus cuspidata was higher than that of male leaves [8]. The content of nutrient
elements in the leaves of male Fraxinus velutina Torr plants was higher than that of female
plants at each stage of the growing season [9]. Therefore, it is important to clarify the
dynamic changes in leaf nutrients between dioecious plants for forest land management.
In addition, many microbial communities in plant leaves interact and coevolve.

Studies have found that some endophytic microorganisms perform various important
biological functions. For example, Zuo et al. [10] have confirmed that Bacillus velezensis
BHZ-29 in Shihezi cotton plants can increase the activity of defense-related enzymes in
cotton to varying degrees, as well as reduce the accumulation of MDA and thus enhance
the resistance of cotton plants to diseases. Abdul et al. [11] showed that the endophytic
strain Bacillus subtilis of Solanum lycopersicum could secrete IAA, which can significantly
increase the biomass of Solanum lycopersicum. Plants provide a stable living environment
and sufficient nutrients for endophytes. By measuring the endophytic bacterial community
of Lycium barbarum leaves in different periods, Gou et al. [12] found that the α diversity
and richness were the highest in young leaves, that it decreased with the growth of the
leaves, and that it reached its lowest in old leaves. However, the composition and structure
of endophytic microbial communities have differed in different periods [13], different
organs [14], and different varieties of plants [15]. There is great significance in revealing
their biological characteristics and disease control properties by exploring the differences
in endophytes between dioecious plants. Various secondary metabolites are produced in
leaf growth, and plant leaves become an essential source of plant bioactive substances
in interaction with microorganisms. Rattanawiwatpong et al. [16] showed that raspberry
leaves have vigorous antioxidant activity, and Staszowska-Karkut et al. [17] found that
raspberry leaves are rich in phenolic compounds with high development value. Rong
et al. [18] found that the chlorogenic acid in Arctium lappa leaves has a pan-antibacterial
effect. Analyzing the different metabolites found in dioecious plants can reveal specific
metabolites and provide a reference for leaf development and utilization.

Idesia polycarpa Maxim (Flacourtiaceae) is a deciduous broad-leafed tree. This species
is excellent for landscaping because of its unique characteristics, i.e., it is tall, has a straight
trunk, and produces bright fruit. [19]. This woody oil tree species has a high development
value [20] due to the high oil content in its fruit (77% unsaturated fatty acid content and
62.9% linoleic acid content). In addition, it has the potential to be useful in the preparation
of biodiesel [21]. The current state of research on Idesia polycarpa focuses mainly on seedling
breeding, physiological and biochemical studies, and oil extraction [22]. The lack of reports
on the growth differences between male and female plants make such studies even more
necessary in this dioecious species.

In this study, we attempted to determine the changes in leaf nutrients, leaf metabolite
content, and the differences in the endophytic bacteria community composition between
male and female plants in different growth periods. We hypothesized that: (1) Females
allocate more resources to reproduction than males. Therefore, the leaves of female plants
will accumulate more nutrients and carbohydrates. (2) In our daily observations, males
tend to be more resilient than females. Therefore, the endophyte community in male leaves
will be more abundant, and the accumulation of stress-resistant substances will be greater.
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2. Materials and Methods
2.1. Study Area

This study was undertaken at the experimental research station (112◦42′114◦14′ E,
and 34◦16′34◦58′ N) of the College of Forestry, Henan Agricultural University, Zhengzhou,
Henan Province, China, in 2021. The mean annual temperature of this site is 14.2 ◦C,
the frost-free period is 215 days, the mean annual precipitation of 650.1 mm, the annual
sunshine hours are about 2400 h, and the soil is slightly alkaline sandy loam.

2.2. Sample Acquisition

In March 2021, six seven-year-old female and male plants with average growth and
no apparent diseases and pests were selected. In May (flowering period), July (fruit matter
accumulation period), and October (fruit ripening period), 20 intact mature leaves (each
period) were collected from the east, west, north, and south side of the crown and brought
back to the laboratory in an ice box. They were fixed at 105 ◦C for 30 min and dried
at 80 ◦C until the sample weight was constant. The samples were then crushed using a
pulverizer, passed through a 100-mesh sieve, and sealed for nutrient analysis. A portion
of the sample was frozen in liquid nitrogen before being stored in a −80 ◦C ultra-low
temperature refrigerator to determine the endophytic bacteria and metabolites.

2.3. Determination of Leaf Nutrients and Analysis

The leaf nutrients were measured using three samples for each parameter (with
three replicates). The leaf pH was measured using an acidometer (LC-PH-3S, Shanghai
LiChen Bangxi Instrument Equipment Co., Ltd., Shanghai, China). The total carbon (TC)
and total nitrogen (TN) contents were measured using an automatic elemental analyzer
(Euro Vector EA3000, Shanghai Wolong Instrument Co., Ltd., Shanghai, China). The
total phosphorus (TP) content was determined using the molybdenum antimony anti-
colorimetric method, and the total potassium (TK) content was determined using the
flame photometer method [23]. Statistical analysis was performed using IBM SPSS v.
26 (IBM Corp., Armonk, NY, USA), and Origin 2017 (www.OriginLab.com (accessed on
30 November 2022)) was used to draw a histogram of nutrient content.

2.4. Determination of Endophytic Bacteria in Leaves
2.4.1. Total DNA Extraction, PCR Amplification, and Sequencing

The total DNA was extracted according to the instructions of the E.Z.N.A.® soil
kit (Omega Bio-Tek, Norcross, GA, USA). The DNA concentration and purity were de-
tected using NanoDrop2000, and the DNA extraction quality was detected using 1%
agarose gel electrophoresis. The V3–V4 region of the bacterial 16S rRNA gene was am-
plified by PCR using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′). The ITS1-ITS2 region of the fungi was amplified by
PCR using primers ITS5-1737F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2-2043R
(5′-GCTGCGTTCTTCATCGATGC-3′). PCR reaction conditions: 95 ◦C pre-denaturation
3 min, 27 cycles (95 ◦C denaturation 30 s, 55 ◦C annealing 30 s, 72 ◦C extension 30 s), 72 ◦C
extensions 10 min. The amplified products were purified, and a library was constructed.
After the library was qualified, it was sequenced using Illumina’s Miseq PE300 platform.
The DNA extraction, PCR amplification, and sequencing were entrusted to Wekemo Tech
Group Co., Ltd., Shenzhen, China.

2.4.2. Diversity Analysis of Endophytic Bacteria

The sequencing results were subjected to quality control and denoising using the
QIIME2 plug-in to obtain valid data. According to the similarity, the sequence was clustered
into the operational taxonomic unit (OTU), and species annotation was performed. The
alpha diversity index was calculated using QIIME software. LDA (linear discriminant
analysis) was performed on each sample using LEfSe software.
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2.5. Determination of Metabolites in Leaves
2.5.1. Metabolite Extraction

The leaf samples were placed in a freeze-dryer vacuum, freeze-dried, and ground
into a fine powder. Next, 100 mg of the powder was dissolved in 1.2 mL of 70% methanol
extract. Vortexing was performed for 30 s every 30 min a total of 6 times, and the material
was then placed in a 4 ◦C refrigerator overnight. The supernatant was centrifuged, filtered,
and stored in the sample for UPLC–MS/MS analysis.

2.5.2. The UPLC–MS/MS Analysis

Liquid chromatographic conditions: Agilent SB-C18 1.8 um, 2.1 mm× 100 mm; mobile
phase: ultra-pure water (with 0.1% formic acid) for phase A and acetonitrile (with 0.1%
formic acid) for phase B; elution gradient: 5% for phase B at 0.00 min, linearly increasing to
95% for phase B at 9.00 min and maintaining at 95% for 1 min. The B-phase ratio decreased
to 5% at 10.00–11.10 min and was equilibrated at 5% for 14 min; flow rate: 0.35 mL/min;
column temperature: 40 ◦C; injection: 4 uL.

Mass spectrometry conditions: electrospray ionization (ESI) source for bulk data
acquisition with the following operating parameters: the ion source, turbo spray: source
temperature 550 ◦C. Ion spray voltage (IS) positive ion mode 5500 V/negative ion mode
−4500 V; ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set to 50 psi,
60 psi, and 25 psi, respectively, and collision-induced ionization parameters were set at
high. Instrument tuning and mass calibration were performed in triple quadrupole (QQQ)
and linear ion trap (LIT) modes with 10 and 100 µmol/L polypropylene glycol solutions.
QQQ scans were performed using multiple reaction detection (MRM) mode with collisional
nitrogen set to medium. In QQQ, each ion pair was scanned for detection according to the
optimized declustering voltage (DP) and collision energy (CE).

2.6. Data Analysis

Based on the self-built database MWDB (metware database) of Maiwei Metabolic Co.,
Ltd., the secondary spectrum information and the metabolites were quantified using the
multi-reaction monitoring mode of triple quadrupole mass spectrometry. The metabolites
of the different samples were compared and analyzed, and the identified metabolites were
analyzed using a multivariate statistical analysis to explore the metabolic characteristics
of the different samples preliminarily. According to the variable importance projection
(VIP) score obtained by an orthogonal partial least squares discriminant analysis (OPLS-
DA), the metabolites with VIP ≥ 1, fold change ≥ 2, or fold change ≤ 0.5 were defined
as significantly changed metabolites (SCMs). In addition, the corresponding differential
metabolites were submitted to the KEGG (Kyoto Encyclopedia of Genes and Genomes)
database website, and R software (V4.1.0) was used to draw the heat map of the correlation
between the differential metabolites and the leaf nutrients.

3. Results
3.1. Leaf Nutrient Characteristics in Different Periods

The characteristics of the nutrient content in the leaves at the flowering, fruit matter
accumulation, and fruit repining stages were not significantly different. The pH values in
the leaves during the reproductive development stages did not differ, and the pH variation
range was 5.61–6.18. In addition, there were no significant differences in TC values and TP
contents between the male and female plants. The TC content was higher and TP content
was lower in female leaves than in male leaves. The TN and TK contents in the leaves of
the female plants were higher than in those of the male plants in different periods, and the
TN content at the flowering stage was significantly higher than that of the male plants. At
the fruit developing stage, TK content was considerably higher in the female plants than in
the male plants (Table 1).
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Table 1. The nutrient characteristics of Idesia polycarpa leaves in different reproductive stages. The
lowercase letters indicate significant differences. Abbreviations: CS, Female; XS, Male.

Period Sexuality pH Total Carbon
g·kg−1

Total Nitrogen
g·kg−1

Total Phosphorus
g·kg−1

Total Potassium
g·kg−1

May CS 5.70 ± 0.48 a 551.17 ± 43.57 a 34.15 ± 0.63 a 4.60 ± 0.17 a 10.78 ± 1.10 a
XS 5.73 ± 0.53 a 521.20 ± 13.67 a 29.32 ± 1.89 b 5.13 ± 0.1 a 8.80 ± 1.34 a

July CS 5.67 ± 0.04 a 446.13 ± 3.53 a 18.40 ± 1.98 a 4.37 ± 0.41 a 9.90 ± 2.98 a
XS 5.72 ± 0.09 a 439.39 ± 4.55 a 17.62 ± 2.14 a 3.17 ± 0.33 a 3.08 ± 0.58 b

October
CS 6.15 ± 0.03 a 489.20 ± 12.53 a 24.84 ± 2.57 a 6.82 ± 0.42 a 5.24 ± 0.03 a
XS 5.97 ± 0.05 b 492.86 ± 2.89 a 23.83 ± 2.21 a 7.96 ± 0.54 a 4.56 ± 0.39 a

3.2. Differences of Endophytes in Leaves at Different Stages
3.2.1. OTU Distribution and Alpha Diversity

After high-throughput sequencing, at the 97% similarity classification level, 1597 bac-
terial OTUs were annotated (Figure 1a). There were 25 OTUs in the leaves of the male and
female plants at the flowering stage and 24 OTUs at the fruit ripening stage. The number
of unique OTUs in the leaves of the male and female plants in each period was XS10 > CS5
> CS10 > XS5.
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Figure 1. OTU Venn diagram of endophytes in Idesia polycarpa leaves. (a) Bacteria and (b) fungi.
Abbreviations: CS10, leaves of the female plants in October; XS10, leaves of the male plants in October;
XS5, leaves of the male plants in May; CS5, leaves of the female plants in May.

A total of 767 fungal OTUs were annotated (Figure 1b). There were 13 OTUs in
the leaves of the male and female plants at the flowering stage and 21 OTUs at the fruit
maturity stage. The number of unique OTUs in the leaves of the male and female plants in
each period was XS5 > CS5 > XS10 > CS10. As a result, it was found that the endophytic
composition in the leaves of the male and female plants changed significantly over time.

In the alpha diversity comparison, “Goods coverage” refers to the coverage of each
sample library; the higher the value, the lower the probability that the sequence in the
sample is not measured. “ACE richness” indicates the flora’s richness; the smaller the
value, the lower the richness. “Shannon and Simpson” indicates the flora’s diversity; the
smaller the value, the lower the community diversity. The sparse curve of the OTU richness
of endophytic bacteria in the leaves of the male and female plants in different periods
showed that the number of OTUs of bacteria and fungi in the leaves tended to be stable
with the increase in sequencing depth (Figure 2). In addition, the coverage of bacteria
and fungi was above 99% (goods coverage), indicating that the sequencing depth of the
endophytic bacteria and fungi in the leaves of Idesia polycarpa met the requirements of the
diversity analysis. There was no significant difference in the ACE index between male and
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female plants (Table 2). Shannon and Simpson’s indices were significantly different at the
stage of fruit development, indicating that the bacterial diversity in the leaves of the male
and female plants increased significantly with their growth, but that the richness was not
changed. There were no significant differences in the Shannon, Simpson, or ACE indices
of fungi in the female leaves (Table 3). In contrast, the Shannon and Simpson of the male
leaves showed no significant difference, but the ACE showed a significant difference.
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the female plants in October; XS10, leaves of the male plants in October.

3.2.2. Phylum Level Analysis of Leaf Endophytic Bacteria Community

A total of 20 phyla of endophytic bacteria were detected in the leaves of the male
and female Idesia polycarpa plants at two growth stages (flowering and fruit ripening)
(Figure 3a). Proteobacteria was the dominant group of endophytic bacteria in the male
and female leaves, but the abundance was different in the leaves of each period. It was
95.70–99.76% in male and female leaves at the flowering stage and 68.09–74.87% at the
fruit ripening stage. The abundance of Firmicutes (1.90%) and Bacteroidetes (1.37%) in the
leaves of the female plants at the flowering stage was higher than 1.00%. The abundance of
Actinobacteria (17.71%), Thermi (11.54%), and Firmicutes (1.40%) in the leaves of the female
plants at the fruit ripening stage was higher than 1%. The abundance of Firmicutes (14.41%),
Bacteroidetes (9.32%), and Actinobacteria (1.01%) was higher than 1.00% in the male leaves.
Three phyla of endophytic fungi were detected (Figure 3b), among which Ascomycota
was the dominant group, accounting for 26.31–26.97% in the leaves of the female and
male plants at the flowering stage and 41.15–53.28% at the fruit ripening stage. Moreover,
Basidiomycota was more than 1.00% abundant in the leaves of the male plants at both
stages (flowering and fruit ripening), but only during the flowering stage in female plants.
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Table 2. Leaf bacterial α diversity index. Different lowercase letters in the same column indicate
significant differences. Abbreviations: CS5, leaves of the female plants in May; XS5, leaves of the male
plants in May; CS10, leaves of female plants in October; XS10, leaves of the male plants in October.

Samples Goods Coverage Shannon Simpson ACE Richness

CS5 1.00 ± 0.00 a 1.44 ± 0.6 bc 0.30 ± 0.06 c 197.38 ± 144.84 a
XS5 1.00 ± 0.00 a 0.93 ± 0.06 c 0.27 ± 0.01 c 55 ± 13.05 a

CS10 1.00 ± 0.00 a 5.18 ± 0.17 a 0.92 ± 0.01 a 157 ± 6.03 a
XS10 1.00 ± 0.00 a 3.51 ± 1.23 ab 0.69 ± 0.12 b 236.67 ± 78.56 a

Table 3. Leaf fungal α diversity index. Different lowercase letters in the same column indicate
significant differences. Abbreviations: CS5, leaves of the female plants in May; XS5, leaves of the male
plants in May; CS10, leaves of female plants in October; XS10, leaves of the male plants in October.

Samples Goods Coverage Shannon Simpson ACE Richness

CS5 1.00 ± 0.00 a 5.12 ± 0.25 a 0.95 ± 0.01 a 67.33 ± 1.45 ab
XS5 1.00 ± 0.00 a 5.14 ± 0.57 a 0.95 ± 0.02 a 105.33 ± 25.67 a

CS10 1.00 ± 0.00 a 3.85 ± 0.59 a 0.82 ± 0.09 a 67 ± 13.53 ab
XS10 1.00 ± 0.00 a 4.53 ± 0.14 a 0.92 ± 0.02 a 49.33 ± 3.33 b

3.2.3. Genus Level Analysis of Leaf Endophytic Bacteria Community

At the genus level, a total of 20 genera of endophytic bacteria were detected in the
leaves of the male and female plants at the flowering and fruit ripening stages (Figure 4a).
During the flowering period, Pseudomonadaceae (58.01–85.86%) was the most abundant
endophytic bacteria in the male and female leaves, followed by Ralstonia (6.38–29.91%)
and Stenotrophomonas (4.23–6.90%). The dominant endophytic bacteria in the leaves of
the female plants at the fruit ripening stage were Methylobacterium (40.66%), followed by
Deinococcus (11.52%) and Bradyrhizobium (6.11%). The dominant endophytic bacteria in
the leaves of the male plants were Ralstonia (50.67%), followed by Prevotella (3.91%) and
Sphingomonas (3.08%).
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In addition, a total of 19 genera of endophytic fungi were detected (Figure 4b). As-
pergillus (38.75–40.35%), Penicillium (16.50–21.07%), Alternaria (11.39–12.66%), and Can-
dida (8.29–9.34%) were the most abundant endophytic fungi in the male and female leaves
at the flowering stage. Colletotrichum (35.67–55.47%), Alternaria (16.53–39.62%), Penicil-
lium (3.08–28.63%), and Discosia (1.36–2.95%) were the most abundant endophytic fungi in
the leaves of the male and female Idesia polycarpa plants at the fruit ripening stage.
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3.2.4. Difference Analysis of Endophytes in Leaves

To screen out the biological indicator species that can represent the microbial com-
munity characteristics of the male and female leaves in each period, LEfSe (LDA effect
size) was used to analyze the differences in the abundance of endophytes in the leaves of
Idesia polycarpa at different growth stages (Figure 5). The LEfSe analysis of the endophytic
bacteria showed that there were eight differential indicator species in the XS5 samples,
among which Gammaproteobacteria and Pseudomonadales containing Pseudomonas were
the most significant groups. In the XS10 samples, the most significant taxonomic units
were Oxalobacteraceae, Burkholderiales, and Betaproteobacteria. In the CS10 samples,
16 indicator species were identified, among which Alphaproteobacteria, Rhizobiales, and
Methylobacterium accounted for the greatest percentage of significant differences. In the
CS5 samples, there was no difference in indicator species.

The LEfSe analysis of endophytic fungi revealed four differential indicator species in
the CS5 samples, mainly in Malasseziomycetes. In the XS5 samples, Eurotiomycetes and
Aspergillus containing Aspergilllaceae were the most significant genera. The most distinct
groups of indicator species in the CS10 samples were Sordariomycetes and Glomerellales
containing Glomerellaceae. The above results showed significant differences in the compo-
sition of endophytic bacteria in the leaves of the male and female plants at different growth
stages. Significant differences were found in the relative abundance of some dominant
genera in different fields.
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3.3. Leaf Metabolite Difference
3.3.1. Sample Principal Component Analysis

A principal component analysis (PCA) was applied to all samples, and the results
(Figure 6) showed that the contribution of the first principal component was 49.74%, and that
the contribution of the second was 19.39%. Regarding the clustering within the leaf groups
of the male and female Idesia polycarpa plants at different periods, the distance was small,
and the distinction between the sample groups was obvious and distant. On the one hand,
the results showed that the repeatability of the determination results was significant. In
addition, the leaf metabolites of the male and female plants differed significantly over time.
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The OPLS-DA method was used to analyze the differences in metabolites between
the male and female leaves in different periods (Figure 7). The results showed that the
separation effect between the male and female leaves was significant in two periods. Model
reliability verification showed that the four models are stable, and the results are highly
reliable.
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3.3.2. Screening of Differential Metabolites in Leaves

A total of 694 metabolites with significant differences were selected from the four
comparison groups and were screened based on the p value (p-value < 0.05) of the t-test
and the VIP (VIP > 1) of the OPLS-DA model, and most of them were phenolic acids. Each
group produced 87 to 254 significantly different metabolites. The top five significantly
different metabolites, ranked in descending order by the VIP values of the OPLS-DA model,
are shown in Table 4. The abundance of salireposide in the leaves of the male plants was
significantly higher than that in the leaves of the female plants at the flowering stage.
However, it became significantly lower than that in the leaves of the female plants in
October. Stearidonoyl-glycerol was significantly less abundant in the male and female
plants during the fruit ripening stage than in the flowering stage.
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Table 4. Top five differential metabolites according to their VIP value in the four comparison groups.

Comparison
Group

Total Number of
Differential
Metabolites

VIP Value Top Five Metabolites Log2 FC p-Value VIP Metabolite Types

CS5 vs. XS5 108

Cyclo (l-phe-l-pro) 9.671 0.000 1.288 Amino acids and
derivatives

2-Phenylethyl
beta-D-glucopyranoside 13.186 0.001 1.288 Phenolic acids

Salireposide 10.385 0.002 1.288 Phenolic acids

4-O-(6′-O-glucosyl-p-coumaroyl)-
4-hydroxybenzyl

alcohol
3.356 0.000 1.288 Phenolic acids

4-Ethoxyphenol 11.342 0.005 1.288 Phenolic acids

CS10 vs. XS10 87

3,4-Dimethoxyphenol 10.558 0.004 1.346 Phenolic acids

8-Hydroxyguanosine 11.931 0.004 1.346 Nucleotides and derivatives

Salireposide −10.336 0.005 1.346 Phenolic acids

Diethyl phosphate 9.431 0.004 1.346 Organic acids

Cordycepin (3′-Deoxyadenosine) 10.013 0.005 1.346 Nucleotides and derivatives

149



Life 2022, 12, 2041

Table 4. Cont.

Comparison
Group

Total Number of
Differential
Metabolites

VIP Value Top Five Metabolites Log2 FC p-Value VIP Metabolite Types

CS5 vs. CS10 245

1-Stearidonoyl-glycerol −15.663 0.000 1.175 Lipids

Cyclo(l-phe-l-pro) 8.051 0.000 1.175 Amino acids and
derivatives

4-Ethoxyphenol 12.138 0.001 1.175 Phenolic acids

Coniferaldehyde −12.447 0.001 1.175 Phenolic acids

Benzoic acid 11.595 0.001 1.175 Phenolic acids

XS5 vs. XS10 254

1-Stearidonoyl-glycerol −12.498 0.000 1.166 Lipids

4-(3,4,5-Trihydroxybenzoxy)
benzoic acid 3.737 0.000 1.166 Phenolic acids

1,18-Octadecanediol −10.018 0.001 1.166 Lipids

9,12-Octadecadien-6-ynoic acid −11.759 0.002 1.166 Lipids

4-Hydroxy-3-methoxymandelate −14.586 0.003 1.166 Organic acids

3.3.3. Metabolic Pathway Analysis

To determine the mechanism by which the differential metabolites vary from one
period to another in the leaves of the male and female Idesia polycarpa, we utilized the
KEGG database for functional annotation and pathway enrichment analysis. The 108
differential metabolites screened in the CS5 vs. XS5 group were annotated to 34 metabolic
pathways (Figure 8a). More metabolites were found in the metabolic pathways, followed
by the biosynthesis of amino acids, the nucleotide metabolism, and the 2-oxocarboxylic acid
metabolism. In the CS10 vs. XS10 group, the 87 differential metabolites were screened and
annotated to 35 metabolic pathways (Figure 8b). More metabolites were concentrated in
the metabolic pathways, followed by the ABC transporters and the nucleotide metabolism.

A total of 245 differential metabolites were identified in the CS5 vs. CS10 group
and annotated to 128 pathways (Figure 8c). The insulin resistance was significantly
enriched (p < 0.05). The differential metabolites involved in insulin resistance were D-
fuctose6-phosphate*, uridine 5′-diphospho-N-acetylglucosamine, D-glucose 6-phosphate*,
D-glucosamine 1-phosphate, and D-glucose*.

A total of 254 differential metabolites screened in the XS5 vs. XS10 group were
annotated to 124 pathways (Figure 8d). The alpha-linolenic acid metabolism, phenylalanine
metabolism, and linoleic acid metabolism were significantly enriched (p < 0.01), with 10, 11,
and 13 differential metabolites involved, respectively. The tyrosine metabolism, ubiquinone,
and other terpenoid–quinone biosynthesis pathways were significantly enriched (p < 0.05),
and eight and four differential metabolites were involved, respectively. In addition, a large
number of the differential metabolites of the male and female leaves were enriched. The
common pathways were the metabolic pathways, the biosynthesis of amino acids, and the
nucleotide metabolism.
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Figure 8. KEGG pathway map for leaf differential metabolites. Abbreviations: (a) CS5 vs. XS5, leaves
of the female plants in May vs. leaves of the male plants in May; (b) CS10 vs. XS10, leaves of the
female plants in October vs. leaves of the male plants in October; (c) CS5 vs. CS10, leaves of the
female plants in May vs. leaves of the female plants in October; (d) XS5 vs. XS10, leaves of the male
plants in May vs. leaves of the male plants in October.

3.4. Correlation Analysis of Leaf Nutrients with the Microbial Community and
Differential Metabolites

Idesia polycarpa leaves exhibit significantly different metabolites and nutrient contents
based on the correlation analysis of the top 30 endophytes. The results showed that the TK
content in the leaves had the most significant effect on the endophytic bacteria in leaves
(Figure 9a), and that these were significantly correlated (p < 0.05/0.01/0.001). The pH and
total phosphorus content in the leaves had a negative correlation with Proteobacteria and a
positive correlation with Actinobacteria. In addition, the total potassium and total nitrogen
contents correlated negatively with Proteobacteria and positively with Actinobacteria.
There was less correlation between the total carbon content in leaves and the endophytic
bacteria. The TK content in the leaves significantly affected the endophytic fungi (Figure 9b)
and showed a significant relationship. Colletotrichum was positively correlated with
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the TC, TN, and TK content in the leaves and negatively correlated with the pH and
TP content, while the opposite was true for Aspergillus. The TK content of the leaves
significantly affected the content of differential metabolites (Figure 9c). No significant
relationship was found between the TC content and the differential metabolites in the
leaves. Coniferaldehyde and 1-stearidonoyl-glycerol were positively correlated with TN
and TK, and significantly negatively correlated with pH and TP, while the opposite was
true for 4-ethoxyphenol. In general, the TK content in the leaves significantly affected the
endophytic bacteria and differential metabolites.
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Figure 9. Correlation analysis of leaf nutrients with the microbial community and differential
metabolites. (a) Bacteria. TP, total phosphorus; TK, total potassium; TC, total carbon, TN, to-
tal nitrogen. (b) Fungi. TP, total phosphorus; TK, total potassium; TC, total carbon, TN, total
nitrogen. (c) Metabolites; TP, total phosphorus; TK, total potassium; TC, total carbon, TN, to-
tal nitrogen; Cyo, Cyclo(l-phe-l-pro); 2-P, 2-Phenylethyl beta-D-glucopyranoside; Sal, Salirepo-
side; 4-O, 4-O-(6′-O-glucosyl-p-coumaroyl)-4-hydroxybenzyl alcohol; 4-E, 4-Ethoxyphenol; 3,4-,
3,4-Dimethoxyphenol; 8-H, 8-Hydroxyguanosine; Die, Diethyl phosphate; Cor, Cordycepin (3′-
deoxyadenosine); 1-S, 1-Stearidonoyl-glycerol; Con, Coniferaldehyde; Ben, Benzoic acid; 4-T, 4-(3,4,5-
Trihydroxybenzoxy)benzoic acid; 11O, 1,18-Octadecanediol; 91O, 9,12-Octadecadien-6-ynoic acid;
4-H, 4-Hydroxy-3-methoxymandelate. The single asterisk (*) mark represents p < 0.05 value; double
asterisk (**) marks represent p < 0.01 value; and triple asterisk (***) marks represent p < 0.001 value.
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4. Discussion
4.1. Nutrient Contents in Idesia Polycarpa Leaves

The growth and development of plants require nutrients such as carbon, the skeleton
element of cells, and nitrogen and phosphorus are essential elements in plant photosyn-
thesis [24]. There is a close correlation between the element characteristics of plant leaves
and the basic behavior and functions of plants. The nutrient composition of leaves can
also reflect the level of nutrient intake by plants [25]. In this study, there was no significant
difference between the male and female plants at different growth stages in terms of TC
or TP content. However, the TN content in the leaves of the female plants was signifi-
cantly higher than that in the leaves of the male plants at the flowering stage. The ratio
of carbon to phosphorus and nitrogen to phosphorus in leaves can reflect the ability of
a plant to assimilate carbon [26]. The period after flowering is when the plants begin to
reproduce. The female plant needs to pay higher reproductive costs than the male plant,
which may maintain its consumption by increasing the leaf nitrogen content and enhancing
its photosynthesis. Carbon is an important raw material for plant photosynthesis. There
was no significant difference in carbon content between the male and female leaves, and
the reasons for this need to be explored in more depth. The TK content in the leaves of
the female plants was significantly higher than that in the leaves of the male plants at the
fruit matter accumulation stage, and similar results were found by Fu Hao et al. [27] in
Zanthoxylum schinifolium. Potassium can promote the transport of assimilates [28], and thus
the accumulation of more potassium in female leaves can promote the accumulation of
fruit matter and fruit development.

4.2. Endophytes in Idesia Polycarpa Leaves

Leaf endophytes widely exist in various plants and affect plant growth, development,
and metabolic activities [29]. This paper used high-throughput sequencing technology to
analyze the community characteristics of endophytic microorganisms in the leaves of male
and female plants in different periods. The male and female plants produced different
diversity indices in the same period and composed fewer common OTUs in their leaves.
There were abundant and diverse microbial communities in the leaves of the male and
female plants. Further analysis showed that Proteobacteria, Pseudomonadaceae, Ascomy-
cota, and Aspergillus were the dominant bacteria and fungi in the leaves of Idesia polycarpa,
and these are similar to the endophytic bacteria found in other plants [30]. Previous studies
have shown that microorganisms such as Proteobacteria, Pseudomonadaceae, and As-
pergillus play an important role in enhancing plant resistance, promoting plant growth,
and preventing disease [31]. According to Liu et al. [32], phyllosphere bacteria differed at
the genus level between male and female Fraxinus chinensis. We found differences in the
composition of endophytes in the leaves of the male and female plants at different stages. At
the flowering stage, the relative abundance of Ralstonia was higher in female leaves, while
the relative abundance of Pseudomonadaceae was higher in male leaves. It is generally be-
lieved that Ralstonia is a pathogen that causes plant diseases [33]. Pseudomonadaceae can
increase the diversity of microbial communities and enhance plant resistance by improving
nutrient use efficiency [34]. During the fruit accumulation period, the relative abundance of
Methylobacterium and Deinococcus in the leaves of the female plants was higher. Methy-
lobacterium can secrete cytokinins to stimulate plant growth [35], and Deinococcus has
a strong pollution removal ability [36]. The more beneficial endophytes enriched in the
leaves of female plants can enhance plant resistance and ensure the normal development
of fruit. The relative abundance of Ralstonia and Prevotella in the leaves of male plants
was higher. Prevotella can produce antibiotics and enhance the chemical defense ability of
leaves [37]. Plants and these endophytes are mutually beneficial. Plant leaves provide a
stable environment and nutrients for endophytes, and endophytes help plants grow and
resist adverse conditions. In addition, abundant beneficial endophytic bacteria in the leaves
of Idesia polycarpa provide a good foundation for excavating functional strains.
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4.3. Metabolites in Idesia polycarpa Leaves

The leaf is the main component and a crucial vegetative organ of plants, and its
metabolite data can reflect the physiological characteristics of the whole plant [38]. This
paper found 694 metabolites with significant differences from the leaves of male and female
plants in different periods. There were 195 significantly different metabolites between the
male and female leaves, mainly phenolic acids, indicating that the leaves of the male and
female plants meet their own needs and adjust phenolic acids accordingly. Compared with
the female plants, the phenolic acid content in the leaves of the male plants increased at the
flowering and fruit ripening stages. Rabska Mariola et al. [39] conducted a pot experiment
on Juniperus communis L and found that under abiotic stress, the concentration of phenolic
compounds in the leaves of male and female Juniperus communis L plants decreased, and
that the concentration of phenolic compounds was higher in the female plants than in
the male plants. Zhang et al. [40] confirmed that the decrease in the number of phenolic
compounds in the leaves of Populus yunnanensis under drought stress was greater in female
plants than in male plants. The climate and water might be the reason for the difference in
phenolic compounds in the leaves of the male and female plants. Phenolic acids have a
variety of physiological functions, such as anti-oxidation, regulation of enzyme activity,
and resistance to pathogens [41]. This shows that the resistance of male plants is stronger
than that of female plants, which may be related to the fact that female plants use more
substances for reproduction. Using the leaves at the flowering stage as a control, the lipid
content of the leaves at the fruit ripening stage was observed to decreased significantly.
Lipids are crucial for plant energy conversion, carbon storage, signal transduction, and
stress responses [42]. This is consistent with the growth habit and environment of Idesia
polycarpa at the reproductive stage.

4.4. Leaf Nutrients with the Microbial Community and Differential Metabolites

It has been found that the dynamic changes in the endophytic bacteria community and
metabolite content in plants were affected by many factors, including plant species [43],
plant growth, and development stage [44]. Leaves are the environment for the survival of
endophytes and the basis for the existence of metabolites. Endophyte composition and
metabolite content are closely related to the nutritional content of the plant. Chen et al. [45]
found that nitrogen, phosphorus, and potassium in the environment had a significant
positive effect on the relative abundance of Sebacina sp. Zhang et al. [46] believed that an
appropriate amount of phosphate fertilizer could increase the content of chlorogenic acid
and total flavonoids in Chrysanthemi indici Flos. As the basic raw material of organic
matter, carbon is closely related to the synthesis and metabolism of organic matter. However,
this paper has demonstrated no significant correlation between the total carbon content and
the differential metabolites in the leaves of Idesia polycarpa plants, indicating the efficient
utilization of carbon in the leaves of the male and female plants. The TK content in leaves
was significantly related to the abundance of most endophytic bacteria and the content of
metabolites. This indicated that the potassium content in the leaves played an essential role
in constructing the internal environment of leaves, which was also consistent with the view
that potassium could improve plant resistance. In addition, the total phosphorus content in
the leaves had a positive correlation with Actinobacteria and phenolic acids and a negative
correlation with Ascomycota. Phosphate can promote plant growth and an increase in dry-
weight biomass [47], and one of the ways it does this might be by increasing the abundance
of beneficial endophytes and enhancing the level of metabolism. In production, the richness
and diversity of endophytes, the contents of beneficial microorganisms, and the resistant
substances in the leaves of Idesia polycarpa could be increased by using microbial potassium
and phosphorus fertilizers, thus promoting the growth of the Idesia polycarpa species.

5. Conclusions

In this study, the nutrient characteristics, endophytes, and metabolites were analyzed
in the leaves of male and female Idesia polycarpa at different reproductive stages. The
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results revealed differences in the absorption of nitrogen and potassium between the
male and female plants. We identified significantly different metabolites in the leaves of
the female and male plants based on their diversity and endophyte and phenolic acid
compositions. Through correlation, it was found that the leaf endophytes and significantly
different metabolites were most affected by the content of TK and TP in the leaves, but
were less affected by TC and TN content. For future use, this study provides a reference
for separating endophytic bacteria, excavating functional strains, developing and utilizing
leaves, and managing production.
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Abstract: Climate change affects crops development, pathogens survival rates and pathogenicity,
leading to more severe disease epidemics. There are few reports on early, simple, large-scale quantita-
tive detection technology for wheat diseases against climate change. A new technique for detecting
wheat stripe rust (WSR) during the latent period based on hyperspectral technology is proposed.
Canopy hyperspectral data of WSR was obtained; meanwhile, duplex PCR was used to measure
the content of Puccinia striiformis f.sp. tritici (Pst) in the same canopy section. The content of Pst
corresponded to its spectrum as the classification label of the model, which is established by dis-
criminant partial least squares (DPLS) and support vector machine (SVM) algorithm. In the spectral
region of 325–1075 nm, the model’s average recognition accuracy was between 75% and 80%. In
the sub-band of 325–1075 nm, the average recognition accuracy of the DPLS was 80% within the
325–474 nm. The average recognition accuracy of the SVM was 83% within the 475–624 nm. Corre-
lation analysis showed that the disease index of WSR was positively correlated with soil nitrogen
nutrition, indicating that the soil nitrogen nutrition would affect the severity of WSR during the
latent period.

Keywords: climate change; wheat stripe rust; hyperspectral remote sensing; identification model;
soil nitrogen

1. Introduction

The impact of climate change on agriculture is multi-level and multi-scale. It can
affect temperatures, precipitation, climate extremes, atmospheric CO2, crop yield, products
nutritional quality and plant pests and diseases [1]. For example, climate warming not only
shortens the growth period of crops and reduces the yield of corn and wheat, it also helps to
improve the survival rate, fecundity, and pathogenicity of pathogens [2]. Plant diseases are
one of the major threats to agriculture, which impact food production and natural systems,
especially under the influence of human activities (agronomic practices, plant material
movement) and climate change [3]. Plant diseases are the result of interaction between
pathogens, host plants and the environment; this interaction is a continuous process referred
to as the disease cycle. The quantification of the relationship between the disease cycle and
weather for a given plant disease is the basis for plant disease prediction models that can
be used to predict the timing and severity of plant disease in the future [4], that is, disease
prediction models have also simulated potential impacts of climate change [5]. Therefore,
climate change has a great influence on the plant disease risk.

Pathogens and host plants produce a series of interactions under environments, espe-
cially under climate change, and they will produce different response mechanisms. For
example, WSR resistance gene Yr39 is activated by both wheat developmental stages and
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climate changes [5]; climate warming leads to the expansion of wheat planting areas and
the suitable range of rust fungi (Pucciniales). Spore germination and colonization depends
on the temperature and humidity, the increase of winter temperature make for the spore
overwintering, which is in favor of pathogen reproduction and causes the disease spread
earlier and more serious yield loss in the following year [2]. At the same time, a suitable
climate is more conducive to the pathogens reproduction and spread, but it is difficult
to control the pathogens, especially in areas with high levels of inter-annual variability
in climate [6]. In addition to climatic factors, soil nutrients are also an important factor
affecting the occurrence of diseases. Some studies have pointed out that nitrogen applica-
tion will aggravate the occurrence of wheat powdery mildew and wheat scab. Excessive
nitrogen application leads to an increase in free amino acids, amides and soluble sugars,
a decrease in total phenols, flavonoids, and peroxidase activities in plants, and affects
the epidermal structure and metabolic activity of the host leaf [7], thereby weakening
crop disease resistance and aggravating the crop disease. Meanwhile, excess nitrogen
nutrition provides a favorable microclimate for the invasion, development and spread
of pathogens [8]. Therefore, climate warming and soil nutrients have created favorable
conditions for the outbreak of wheat diseases.

Wheat stripe rust (WSR) is caused by the fungus Puccinia striiformis f.sp. tritici (Pst) [9]
that is widely distributed in major wheat-producing regions of the world [10–12]. In China,
WSR causes an estimated 13.88 billion kg of loss every year [13]. Pst is a living obligate
parasite that can spread over long distances with atmospheric pathways [14]. The infection
process of Pst is divided into a contact period, an invasion period, a latent period, and
a symptom period. The latent period is an important stage during which Pst multiplies
and spreads in the host, and it cannot be directly perceived with the naked eye. Although
the wheat does not show symptoms at this time, the parasitic relationship between the
pathogen and the wheat will significantly affect the cell internal structure, pigment content,
and water content of the wheat [15]. After the latent period, the disease will enter the
symptom period in favorable conditions, and the fungus will rapidly expand, causing
serious damage for production [16]. The duration of the latent period is one of the most
important indicators for evaluating the resistance of crop cultivars [17], and it is also an
important parameter in the epidemics of diseases [18]. Early detection and estimation of
the dynamic of WSR during the latent period under climate change, could be obtained
with more time to take prevention measures and minimize losses before the disease has
become widespread.

With the rapid development of information technology, remote sensing has become
increasingly used in agriculture [19–22]. Different plants have different spectral features
due to their unique morphology and composition. The spectral features of plants comprise
comprehensive spectral information generated by their continuous interactions with en-
vironmental factors (including biological and non-biological factors) during the growth
process, and hyperspectral technology can identify the changes in the characteristic spec-
trum to determine the corresponding stress factors [23,24]. For example, plant disease
caused by the fungal pathogenes destroyed the physical structure and physiology of crops,
and manifested typical symptoms, such as foliar chlorosis, wilting or necrosis, and poor
growth and development. Hyperspectral technologies have a nanometer-scale spectral
resolution, which can respond to the unique disease spectrum, so the hyperspectral remote
sensing is gradually applied to detect plant diseases [8,25,26]. However, traditional disease
investigation techniques such as manual field scouting and quantitative PCR analysis after
manual sampling [27], which has higher accuracy, is labor-intensive, inefficient, expen-
sive and subjective, making it difficult to adapt to large-scale, non-destructive, real-time
predictions of disease risk [28].

The objectives of this study were: (1) detecting the field infestation of Pst via the wheat
canopy hyperspectral during the latent period, and (2) confirming the relationship between
soil nitrogen nutrition and the severity of WSR during the latent period and symptom
period. The proposed method can accurately, efficiently, and timely monitor the potential
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spread of WSR during the latent period, and thus is of great significance for forecasting
and controlling epidemics of WSR under climate change, while also providing theoretical
foundation for the optimization of nitrogen fertilizer application during the epidemic
of WSR.

2. Materials and Methods
2.1. Experimental Material

The wheat cultivars used were Mingxian 169, a variety highly susceptible to Pst,
Beijing 0045, a variety moderately susceptible to Pst, and Nongda 195, a variety highly
resistant to Pst. The test strains were three races of Pst, CYR31, CYR32, and CYR33, that
were mixed in equal proportions. The gradients of Pst spore suspension in 2016–2017 were
2 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, and 0.125 mg/mL; in 2017–2018, these
were 80 mg/L, 40 mg/L, 20 mg/L, and 10 mg/L. The above materials were provided by
the Plant Disease Epidemiology Laboratory of China Agricultural University.

2.2. Experimental Designs

The experiment was conducted at the Kaifeng Experimental Station (34.5◦ N, 114.2◦ E)
of China Agricultural University during 2016–2018. The Kaifeng Experimental Station is
located in Kaifeng, Henan Province, China. There was no source of foreign stripe rust; thus,
the location was suitable for artificial inoculation experiments.

A total of 54 plots (3 m × 4 m) were designed for field experiments during 2016–
2017 (five inoculation concentration treatments and one healthy controls) and 2017–2018
(four inoculation concentration treatments and two healthy controls). Figure 1 showed
the distribution of field plots in this study. The experiment was designed as a complete
randomized block with three replicates, and there were protection rows between the plots,
with an interval of 1.5 m. The sowing rate was about 225 g/plot, planted in mid-October in
2016 and 2017. Mingxian 169 was planted in the center of the community as an artificial
source of induced inoculation. The field inoculation was carried out on 13 March 2017.
On the 26th day after inoculation, field investigations revealed that the inoculated wheat
had urediniospores, indicating that Pst was successfully inoculated. Therefore, the latent
period of WSR in this year was 25 days. During the entire latent period, five spectroscopic
measurements were performed, one day before inoculation and on the 5th, 10th, 15th, and
20th day after inoculation. The field was treated by spraying a spore suspension, carried
out on20 March 2018. On the 21st day after inoculation, the presence of urediniospores
was observed, and the latent period of WSR in 2018 was 20 days. During the entire latent
period, five spectroscopic measurements were performed, one day before inoculation and
on the 1st, 7th, 14th, and 19th day after inoculation. Meanwhile, the 0–20 cm soils of four
inoculation concentration treatments with 3 replicates for each treatment were collected to
analyze the correlation between the soil nitrogen and the disease index of WSR. The soil
total nitrogen was determined by the semi-micro Kjeldahl method. Statistical analysis was
performed using SAS v. 9.0 (SAS Institute INC., Cary, NC, USA). The framework of the
study is shown in Figure 2.
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2.3. Hyperspectral Data Acquisition and Preprocessing

An ASD spectrometer (ASD FieldSpec® HandHeld™ 2, ASD Inc., Boulder, CO,
USA) was used to collect wheat canopy hyperspectral data in the wavelength range of
325–1075 nm with a bandwidth of 3 nm. The wavelength accuracy was ±1 nm; the field of
view was 25◦, and the minimum integration time was 8.5 ms. All hyperspectral data were
collected during cloudless weather between 11:30 and 14:30 (Beijing Time). The sampling
height was 1.3 m.

In this study, canopy spectrum data were collected three times for each sample, and
the average value was used as the canopy spectrum of the sample. During 2016–2017, a
total of 4050 canopy spectra were collected in the field experiments, including 810 healthy
canopy spectra before inoculation, 540 healthy canopy spectra during the same period
(control), and 2700 canopy spectra of different concentration treatments during the latent
period. A total of 4320 canopy spectra were obtained in 2017–2018, including 1080 canopy
spectra of healthy wheat before inoculation, 1080 canopy spectra of healthy wheat during
the same period (control), and 2160 canopy spectra of different concentration treatments
during the latent period.

Hyperspectral reflectance is susceptible to environmental and background noise that
will affect the accuracy of the signal recognition. Therefore, it was necessary to preprocess
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the hyperspectral data. The derivative transformation can be used to remove low-frequency
background noise spectra [29]. At the same time, the logarithmic transformation of the
original spectrum not only reduces the impact of changes in illumination [30] but also
enhances the hyperspectral difference in the visible region [31]. In this study, the wheat
canopy hyperspectral curve was processed using the ViewSpecPro software and converted
into the original hyperspectral reflectance values, and the first derivative and second
derivative of the hyperspectral reflectance values were calculated according to Formulas
(1) and (2). There were six parameters: reflectance (R), the first derivative of R (R_1st.dv),
the second derivative of R (R_2nd.dv), the logarithm of the reciprocal of R (log10 (1/R)),
the first derivative of log10 (1/R) (log10(1/R)_1st.dv), and the second derivative of log10
(1/R) (log10(1/R)_2nd.dv), as the first type of hyperspectral feature. The log10 (1/R) is also
called the pseudo absorption coefficient, as it can reflect the absorption characteristics of
objects [24]. There were 22 vegetation indices, and trilateral variable parameters were used
as the second type of spectral feature (refer to references [32]). At the same time, to be able
to find the waveband that represented the most effective information, the 325–1075 nm
wavelength range was divided into five spectral regions of the same size as the third type
of spectral feature. The above three types of spectral features were modeled according to
different ratios of the training set to the testing set. The hyperspectral data were statistically
analyzed by ViewSpecPro (ASD), SAS 9.0, and Excel 2003.

R
′
(λi) =

dR(λi)

dλ
=

R(λi+1)− R(λi−1)

2∆λ
, (1)

R”(λi) =
d2R(λi)

dλ2 =
R
′
(λi+1)− R

′
(λi−1)

2∆λ
=

R(λi+2)− 2R(λi) + R(λi−2)

4(∆λ)2 , (2)

2.4. Pst Detection by Duplex Real-Time PCR during Latent Period

DNA of wheat leaves was extracted from 30 leaves per sampling point according
to [33], and the DNA of Pst was processed as described in [34].

The primers and probes of Pst and wheat are refer to references [35,36]. The 20 µL
reaction system of duplex PCR comprised 2.0 µL DNA template (500 pg), 2.0 µL Buffer
(Mg2+ Free), 4.0 µL MgCl2 (25 µM), 2.0 µL dNTP (2500 µM), four primers of Pst and wheat
0.4 µL (10 µM) each, two probes 0.3 µL (10 µM) each, 0.4 µL (5 U/µL) Tag enzyme, and
7.4 µL ddH2O. The reaction conditions were 94 ◦C for 3 min pre-denaturation; 94 ◦C for
20 s, 57 ◦C for 30 s, 72 ◦C for 20 s, 40 reaction cycles, and fluorescence signal collection
at the end of each cycle. The fluorescence intensity thresholds used for threshold cycle
(CT) value collection were all set to 100. The equipment used was a MyiQTM2 instrument
(Bio-Rad, Hercules, CA, USA). The DNA concentration of Pst was calculated according to
Equation (3):

y = −0.2573x + 5.4837
(

R2 = 0.9739
)

, P < 0.01, (3)

The DNA concentration of wheat was calculated according to Equation (4):

y = −0.2863x + 8.811(R2 = 0.9696, P < 0.01), (4)

where x is the CT value; y is the logarithm (log10C) value of the DNA concentration. The
minimum content detection limits of Pst DNA and wheat DNA were 0.4 pg and 0.5 ng,
respectively [34].

The molecular disease index (MDI) of Pst was calculated according to Equation (5):

MDI = PstDNA(pg)/WheatDNA(ng), (5)
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MDI reflects the DNA content of Pst in the latent period. The area under the disease
progress curve (AUDPC) reflects the cumulative effect of the development of the disease
within a certain period [37]. AUDPC can be obtained with Equation (6).

AUDPC = ∑n−1
i=1

(
Yi + Yi+1

2

)
(ti+1 − ti), (6)

where Yi represents the MDI after inoculation, and ti represents the inoculation time.

2.5. Field Disease Index Acquisition

After the symptoms of wheat leaves appeared, the five-point sampling method was
used to investigate the field diseases, and 30 plants were marked with GPS. For each
plant, we surveyed the antepenult leaves, penultimate leaves, and flag leaves for a total
of 90 leaves per point. The investigation was performed every seven days until the wheat
was mature.

The incidence (I) and severity (S) of disease in the symptomatic period were recorded.
Incidence is an indicator reflecting the epidemic degree of a disease and was quantified
using Equation (7):

I =
n
N
× 100, (7)

where I is the incidence; n is the number of diseased leaves, and N is the total number of
leaves investigated. Severity (S) refers to the degree of damage to plants in the field, and
is described in [33]. The severity of WSR was measured every seven days; the average
severity was calculated according to Equation (8):

S =
∑(S× ni)

n
× 100, (8)

where S is the average severity; S is the severity; ni is the number of diseased leaves
corresponding to the severity of the disease; and n is the total number of diseased leaves.
Disease Index (DI) is a comprehensive index that considers the incidence and severity given
by Equation (9):

DI = I × S× 100, (9)

where DI is the disease index; I is the incidence; and S is the average severity. AUDPC
is quantified using Equation (6). SAS 9.0 software was used to analyze the correlation
between MDI-AUDPC and DI-AUDPC to verify whether the MDI during the latent period
of WSR could predict the actual disease’s occurrence during the symptoms period.

2.6. Recognition Model

On the sampling points marked by GPS, the Pst DNA content and the canopy hy-
perspectral data were obtained at the same time, and the canopy hyperspectral data were
matched with MDI point-to-point. The MDI was converted into a classification label of the
model. The hyperspectral data were randomly divided into a training set and a testing set.
The ratios of the training set to testing set were equal to 1:1, 2:1, 3:1, 4:1, or 5:1 to compare
the influence of different ratios on modeling. The DPLS and SVM methods were used to
classify healthy and diseased wheat using the three types of spectral features listed above.
DPLS is effective in processing data with a small sample size, high dimensionality, and
multicollinearity [38] due to its dimension reduction effect [39]. Therefore, the amount of
calculation can be reduced, and the calculation efficiency can be improved. SVM can better
solve the problems of small samples, over-learning, nonlinearity, high dimensionality, and
local minima [40]. These two recognition models were constructed based on MATLAB v.8.2
(R2013b) software (Mathworks, Natick, MA, USA). The model performance was evaluated
using the overall identification accuracy.
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3. Results
3.1. Wheat Canopy Spectra

During the latent period, after averaging the canopy spectral data of the four sampling
times, the spectral curve is shown in Figure 3. The variation trends of the wheat canopy
spectral curves at the four sampling times were similar, and there were large differences in
the range of 720–1075 nm. In the first 14 days of the latent period, the reflectance increased
with the time increase, and reached the maximum on the 14th day; the reflectance values
on the 19th day were lower than the 14th day. This phenomenon may be due to the rapid
accumulation of Pst, breaking through the leaf epidermis to release spores, which changes
the physiological structure and biochemical components of wheat leaves, thereby affecting
the spectral reflectance. It showed that hyperspectral technology can effectively detect the
latent period of WSR.
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Figure 3. Wheat leaf spectra curves of four sampling times during latent period.

3.2. Correlation between MDI and DI

This study used MDI-AUDPC and DI-AUDPC for correlation analysis. The results
are shown in Table 1. There was a significant correlation between MDI-AUDPC and the
DI-AUDPC in 2016–2018. This indicated that the MDI of Pst in the latent period could
predict the DI symptoms period of WSR.

Table 1. Correlation analysis between MDI-AUDPC and DI –AUDPC in different years.

Year Correlation
Coefficient Significance Level Regression

Equation R2 Root Mean
Square Error

2016–2017 0.84840 <0.0001 y = 0.0415 + 11.973X 0.7198 0.1221
2017–2018 0.90056 <0.0001 y = 0.6176 + 6.4193X 0.8110 3.1608

3.3. WSR Recognition with Hyperspectral Features in the 325–1075 nm Waveband

The disease recognition results during 2016–2018 are shown in Figures 4 and 5. The
average recognition accuracy values of the models built using DPLS in 2016–2017 and
2017–2018 were 78.56% and 74.42%, respectively. The average recognition accuracy values
of the models built using SVM in 2016–2017 and 2017–2018 were 79.58% and 77.39%,
respectively. The accuracy of the model built by the SVM was superior to that built using
DPLS. The average accuracy of the first type of spectral feature and the second type of
spectral feature in 2016–2018 was 77.49% and 68.17%, respectively. Therefore, the average
accuracy and the stability of the first type of spectral feature were better than the second
type of spectral feature.
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Figure 4. Prediction average accuracy of models resulting from different spectral features and
different sampling ratios of the training set to testing set based on DPLS and SVM in all wavebands
during 2016–2018.
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Figure 5. Prediction accuracy of models resulting from different spectral features and modeling
methods in the 325–1075 nm waveband.

Tables 2 and 3 show that the recognition accuracy of the best models using DPLS
and SVM methods were both in the range of 80–85%. The results demonstrated that it
was feasible to use the wheat canopy hyperspectral data and the MDI of Pst to establish a
mathematical model to detect the occurrence of WSR.

Table 2. Prediction accuracy of the best models based on DPLS in the 325–1075 nm waveband.

Year Spectral
Features

The Ratio of the
Training Set to

Testing Set

The Principal
Component

Number
Accuracy F1 Score

Matthews
Correlation
Coefficient

2016–2017 log10(1/R) 4: 1
4: 1

30 84.57 84.21 82.75
2017–2018 R 30 82.29 81.82 80.84

Table 3. Prediction accuracy of the best models based on SVM in the 325–1075-nm waveband.

Year Spectral
Features

The Ratio of the
Training Set to

Testing Set

Optimal Parameter
Accuracy F1 Score

Matthews
Correlation
CoefficientBest c Best g

2016–2017 R_1st.dv 3: 1 6.9644 64 83.17 83.15 82.23
2017–2018 R_1st.dv 4: 1 2.2974 64 84.03 83.65 82.19
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3.4. WSR Recognition with Hyperspectral Features in the Sub-Waveband Range
3.4.1. Recognition Results of the DPLS Model in 2016–2017

The 325–1075 nm waveband was divided into five spectral regions (325–474 nm,
475–624 nm, 625–774 nm, 775–924 nm, and 925–1075 nm) of the same size. The DPLS
algorithm was used to identify WSR based on different ratios of the training set to testing
set and different spectral features during 2016–2017. It can be seen in Figures 6 and 7 that
the accuracy of the DPLS model built by the pseudo absorption coefficient was relatively
good in all wavebands, and the average accuracy of the testing set was 80.45%.
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Figure 6. The testing sets average accuracy based on different spectral features and the same
waveband using DPLS in 2016–2017.
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The recognition accuracy of the DPLS model had the highest values at the waveband
range 325–474 nm when using R as the spectral feature, where the average accuracy of the
testing set was 81.66%. These values were given priority as the candidate waveband and
spectral feature for model establishment. The best model was based on 325–474 nm with
R as the spectral feature, with a sampling ratio of 4:1. The accuracy of the testing set was
85.19%.
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3.4.2. Recognition Results of SVM Model in 2016–2017

When the R_1st.dv was used as the spectral feature in all wavebands, the average
accuracy of the testing set was 82.37%. When log10(1/R)_1st.dv was used as the spectral
feature, the model showed a peak within the 475–624 nm range, and the average accuracy
of the testing set was 83.32% (Figures 8 and 9). These values were used as the preferred
waveband and spectral feature for the model establishment. The best model was charac-
terized by the R_2nd.dv in the range of 325–474 nm. When the sampling ratio was 4:1,
the optimal parameters of the model were c = 588.1336; g = 1024, and the accuracy of the
testing set was 87.04%.
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Figure 8. The testing sets average accuracy based on different spectral features and the same
waveband using SVM in 2016–2017.
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3.4.3. Recognition Results of DPLS Model in 2017–2018

The recognition accuracy of the model built by R was relatively good in all wavebands,
and the average accuracy of the testing set was 79.57%. When the waveband range was
325–474 nm and R was the spectral feature, the average accuracy of the model was the best
at 80.14% (Figures 10 and 11), and these values can be given priority as the candidate wave-
band and spectral feature for model establishment. The best model comprised 325–474 nm
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as the range; the original spectrum was the spectral feature; the sampling ratio was 4:1, the
accuracy of the testing set was 81.60%.
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3.4.4. Recognition Results of SVM Model in 2017–2018

When the R_1st.dv was used as the spectral feature, the recognition accuracy was
the best in all wavebands, and the average accuracy of the testing set was 82.05%. When
the first derivative of the absorption coefficient was used as the spectral feature within
the range 475–624 nm, the average accuracy of the model was the highest at 83.56%
(Figures 12 and 13), and thus these values could be prioritized as the candidate wave-
band and preferred spectral feature for model establishment. The best model used the
325–474 nm range, the original spectrum as the feature, and a sampling ratio of 4:1; the
optimal parameter c was 2.2974; g was 337.7940, and the accuracy of the model on the
testing set was 85.76%.
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3.5. Correlation between Soil Nitrogen Nutrition and WSR Severity

The correlation between the severity of WSR and soil nitrogen nutrition of different
inoculation concentrations of pathogens and different varieties of wheat during the latent
period and symptom period were analyzed (Table 4). The results showed that the severity
of WSR was positively correlated with soil nitrogen nutrition under artificial inoculation
conditions. The correlation between different inoculation concentrations and soil nitrogen
nutrition was extremely significant. The correlation between the symptom period and
soil nitrogen was slightly higher than the latent period. As the inoculation concentration
increased, the severity of the disease gradually increased. With the decrease of inoculation
concentration, the correlation between disease index and soil nitrogen nutrition gradually
decreased. The disease severity of different wheat resistant varieties under artificial inoc-
ulation conditions showed the same regularity as the natural incidence. The susceptible
varieties (Mingxian169) had the higher correlation coefficient. Middle-resistant varieties
and resistant varieties showed a weaker correlation. Correlation analysis showed that
soil nitrogen nutrition was correlated with the occurrence of WSR during the latent and
symptom period, but the inoculation concentration and variety had a greater impact on it.
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Table 4. Correlation between soil total nitrogen nutrition and disease index of WSR.

Growth
Stage

Inoculation
Concentration (mg/L)

Mingxian169
Disease Index

Beijing0045
Disease Index

Nongda195
Disease Index

Latent 80 0.916 ** 0.574 0.517
Period 40 0.922 ** 0.493 0.513

20 0.801 * 0.354 0.487
10 0.599 0.277 0.101

Symptom 80 0.982 ** 0.673 0.599
Period 40 0.895 ** 0.54 0.466

20 0.838 * 0.13 0.084
10 0.711 0.063 0.058

Note: *, ** Indicate significant differences at the 5% and 1% levels, respectively.

4. Discussion
4.1. Recognition of Wheat Stripe Rust with Hyperspectral Remote Sensing

Based on the results, it appears feasible to establish models based on the DPLS and
SVM methods to identify WSR during the latent period in field settings. Meanwhile, the
spectral ranges and spectral characters were good candidates for the fingerprint method
for the rapid estimation of Pst-infected wheat leaves.

The two-year test results showed that, based on the R spectral feature, the average
recognition accuracy of the DPLS algorithm was about 80% in the bands of 325–474 nm.
Based on the first derivative of the absorption coefficient as the spectral feature within the
475–624 nm range, the average recognition accuracy of the SVM algorithm was about 83%.
In other words, the visible part of the spectrum (400–680 nm) was relevant in distinguishing
between the latent period and the symptomatic period of WSR, suggesting that Pst infection
alters the spectral properties of wheat leaves. For fresh plants, leaf reflectance in the
visible spectrum is usually low due to the absorption of pigments (e.g., chlorophyll and
anthocyanin) in leaves. However, in the latent period of Pst infected wheat leaves, although
the external morphology has not changed, internal changes have occurred that destroy
leaf pigments, leading to changes in the color of plant leaves and increases in spectral
reflectance [41]. Each host–pathogen interaction is unique, and the resulting spectral
changes are also unique. By monitoring these spectral changes it is possible to analyze
the severity and spread of diseases. This analysis has further confirmed that the canopy
spectrum of WSR has a very significant correlation with the disease index.

The highest recognition accuracy rate was 87.04% in 2016–2017, and the highest
rate was 85.76% in 2017–2018. The recognition accuracy of the model built in the field
experiments was generally lower than for the indoor experiment model [42]. The reason
may be due to the complex field environment, the many interference factors, such as
illumination intensity, and soil nutrients. Therefore, continuing to optimize the model
parameters, wavebands, and spectral characters can improve the model’s recognition
accuracy. Meanwhile, the detection limit of Pst by measuring the hyperspectral data of the
wheat canopy with a spectrometer will be the focus of our further studies.

4.2. Correlation between Soil Nitrogen Nutrition and WSR Severity

Climatic factors are the direct factors leading to the WSR, because of its airborne.
Additionally, a warmer climate will lead to more days for sporulation, shorter latent period
and higher spore reproductive rate will lead to more spores produced in the suitable
temperatures [2]. Therefore, it is particularly important to be able to perform a high-
throughput screening WSR during the latent period. However, there are many factors
affecting the severity of the disease, such as varieties, fertilization, and soil environment.
When the crop reaches the optimal “nutrient balance” for growth, the disease resistance is
the strongest, but it will change as the nutrient status deviates from the optimal growth
degree [43]. Reasonable fertilization promotes the balance of various nutrients in wheat,
which is conducive to the control of WSR. It has been reported that high nitrogen application
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results in increased wheat rust severity [2], and wheat rust disease and N deficiency both
cause changes in foliar pigments that result in chlorosis [44]. Therefore, it is crucial for
hyperspectral remote sensing to distinguish disease infection from nitrogen nutrient effects
during the latent period. We will continue to verify the influence of different nitrogen
application levels on disease severity, spectral diagnosis, and the effects of WSR and soil
nitrogen interaction on spectral characteristics of wheat during the latent period.

5. Conclusions

In this study, we developed a high degree of accuracy approach for high-throughput
detection WSR directly during the latent period.

1. In the 325–1075 nm waveband, the average recognition accuracy of the model built by
SVM was better than that using DPLS. The average accuracy of the model built by
the first type of spectral feature was better than the model using the second type of
spectral feature. The average accuracy values of the DPLS and SVM methods were
75–80%, and the accuracy of the best-performing model was between 80–85%.

2. In the sub-wavebands, the models built based on the DPLS method with the best
accuracy in two years were all concentrated in the 325–474 nm range using the
original spectrum (R) as the spectral character. The models built based on the SVM
method with the best recognition accuracy in the two years were concentrated in
the 475–624 nm range using the first derivative of the pseudo absorption coefficient
(log10(1/R)_1st.dv) as the spectral feature.

3. There was a significant positive correlation between wheat stripe rust and soil nitro-
gen nutrients during latent period and symptom period, which also provided the
theoretical basis for more accurate remote sensing monitoring on the wheat stripe rust.
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Abstract: Meadow soil is a vital ecosystem component and can be influenced by meadow vegetation.
Evaluating soil quality in mountain meadows subjected to different levels of tourism disturbance is
essential for scientific research, ecological restoration, and sustainable management. This study aimed
to evaluate meadow soil quality at different tourism-disturbance levels and attempted to establish
a minimum data set (MDS) with compatible indicators for soil quality assessment of subtropical
mountain meadows. We analyzed fifteen soil physical, chemical, and biological indicators in control
check (CK), light disturbance (LD), medium disturbance (MD), and severe disturbance (SD) meadow
areas in Wugong Mountain, west of Jiangxi, China. In addition, a soil quality index (SQI) was
determined using the established MDS based on the integrated soil quality index. Average soil
permeability, soil pH, available nitrogen (AN), available phosphorus (AP), and number of fungal
OTUs were finally introduced into the MDS to evaluate meadow soil quality at different tourism-
disturbance levels. The study found that the soil of the Wugong Mountain meadow was acidic,
the bulk density was loose, and the nutrient content was rich. Additionally, SQI decreased with
increase in tourism-disturbance level. The mean SQI values of the Wugong Mountain meadow areas
were: CK, 0.612; LD, 0.493; MD, 0.448; and SD, 0.416. Our results demonstrate that the SQI based
on the MDS method could be a valuable tool with which to indicate the soil quality of mountain
meadow areas, and the SQI can be regarded as a primary indicator of ecological restoration and
sustainable management.

Keywords: minimum data set; mountain meadow; soil quality index; Wugong Mountain;
tourism disturbance

1. Introduction

Soil is the basis for the survival of humans, animals, and plants [1], as well as the
living space for numerous microorganisms [2]. Soil quality is the comprehensive expression
of soil’s physical, chemical, biological, and other properties. If only analyzed from a
single aspect, the differences in soil quality under the action of different environments
or external factors cannot be effectively represented [3]. Domestic and foreign scholars
have conducted studies on soil quality evaluation using different methods [4–8]. The
comprehensive quality evaluation model method has been used to analyze the soil quality
of an abandoned mine residue area, and it was considered that pH value, organic carbon,
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total phosphorus, calcium, and sulfur were the key factors [9]. Geographic information
system (GIS) technology was used to analyze the soil quality of Sopron Town in Hungary
and it was reckoned that heavy metal pollution was the key factor affecting the soil quality
of the town; soil quality risk was determined for an urban park area, which laid a foundation
for a follow-up study [3].

The soil quality of a Phyllostachys heterocycle (Carr.) Mitford cv. Pubescens forest,
characterized by different woodland densities, was evaluated using the multi-index method
and a reasonable density of Phyllostachys heterocycla (Carr.) Mitford cv. Pubescens forest
was the key measure in controlling soil quality [10]. Currently, there is no unified method
to evaluate the consistency of soil quality. Most calculation functions are determined
according to the different index profiles of a given study area, and various scientific
research evaluations are carried out according to different regional locations, environmental
conditions, and evaluation purposes. The concept is to determine specific evaluation
indicators and then conduct comprehensive screening, using different statistical methods
for comprehensive calculation. A minimum data set (MDS) can reflect soil quality with a
small number of indicators, which is useful for soil quality evaluation and detection [11]
and has the advantage of reducing data redundancy and subjective human factors [12].
The MDS method was used to analyze 41 soil physicochemical and biological indicators of
cold waterlogged paddy fields in Fujian Province and six factors were selected, including
carbon and nitrogen ratio, bacteria, microbial biomass nitrogen, total reducible matter,
physical sand, and total phosphorus, to form a MDS for use in analyzing soil quality in
different regions [13]. In addition, soil quality was analyzed in Irish grassland under
different management intensities; soil organic carbon, total nitrogen, soil particle density,
bulk density, available potassium, and carbon-nitrogen ratio constituted the MDS for soil
quality evaluation and it was determined that high-intensity artificial intervention would
have adverse effects on the soil quality of the grassland [14].

The Wugong Mountain meadow in Jiangxi is a typical representative of subtropical
mountain meadows. It has typicality and particularity in the vertical belt spectrum of
vegetation in East China due to its vast area and low distribution datum altitude [15].
In recent years, mountain landscapes, such as southern mountain meadows, have been
widely developed, with sharp increases in the numbers of tourists. The meadow ecosystem
has been degraded to varying levels due to human trampling, and the grassland plants
appear to be dwarf, poor, and sparse. Some even become bare surfaces, resulting in
weakened ecosystem functions and reduced resilience [16,17]. In addition, with regard
to the hyperspectral characteristics of several kinds of vegetation in this region, it was
found that the spectral reflectance of vegetation exhibited the following order: Carex
chinensis > Arundinella anomala > Miscanthus sinensis > Sinarundinaria nitida > Fimbristylis
wukunnshanensis [15]. Studies have reported that under high-temperature conditions, the
CO2 and N2O emission rates of Miscanthus sinensis soil in this area were lower than those of
Carex chinensis and Fimbristylis wukunnshanensis [18,19]. Furthermore, the total amount of
inorganic phosphorus in meadow soil was found to increase significantly with increasing
elevation [20]. The content of alkali-hydrolyzable nitrogen in this region’s surface layer of
meadow soil was greater than that in deep soil [21].

It should be noted that there are abundant mountain meadow resources in subtropi-
cal areas. While studying this type of ecosystem, previous scholars have focused on the
development strategies and suggestions of the animal husbandry industry. In addition,
southern meadows are characterized by poor palatability to livestock and are prone to
ecological degradation due to thin turf. As a typical representative of the southern meadow
ecosystem, Wugong Mountain has been the subject of relevant reports on the impact of
tourism development, utilization, and flora research in recent years. However, the research
on the particular mountain meadowland of Wugong Mountain has not attracted enough
attention. We have made relevant analyses with regard to different aspects, such as vegeta-
tion characteristics, individual physical and chemical characteristics of soil, and tourism
marketing strategies, but there is still a lack of more in-depth and systematic research.
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To our knowledge, systematic studies on the soil quality evaluation of subtropical
mountain meadows have been less well documented. For this study, we selected as
the scope of our research the core tourist areas, and fifteen soil physical, chemical, and
biological indicators were determined. Our research attempted to establish an MDS with
compatible indicators for soil quality assessment of subtropical mountain meadows. This
study is a new attempt to demonstrate the variation in soil properties under different
tourism-disturbance levels and verify the effectiveness of the MDS in this study area.
The primary objectives of this study were: (1) to identify the variation in soil properties
under three different tourism-disturbance levels, (2) to establish an MDS with the proper
indicators for soil quality assessment, and (3) to evaluate the soil quality of different tourism-
disturbance levels in the Wugong Mountain region using the SQI method and determine
the controlling indicators in order to identify whether the MDS is useful for soil quality
evaluation in meadow ecosystems and as a theoretical basis for practical applications
related to sustainable ecological restoration and management.

2. Materials and Methods
2.1. Study Site

Wugong Mountain (114◦10′–114◦17′ E, 27◦25′–27◦35′ N) is at the junction of three
administrative regions (Jian, Pingxiang, and Yichun City) of Jiangxi Province, China. It
is the watershed of the Xiangjiang and Ganjiang river systems and stretches for about
120 km, with a total area of about 970 km2. The annual average temperature is 14–16 ◦C,
and the highest temperature in summer is 23 ◦C. The average annual sunshine duration
is 1580–1700 h, the average annual evaporation is 1360–1700 mm, the average annual
humidity is 70–80%, and the average annual rainfall is 1350–1570 mm. Wugong Mountain
rock types are mainly granite and gneiss, and the peak Baihefeng (Jinding) is about 1918.3 m
above sea level [22]. Mountain meadows are distributed at an altitude of 1600 m to the
top of the mountain range. The soil is subtropical mountain meadow soil, the vegetation
mainly Miscanthus sinensis, Arundinella anomala, Perotis indica, etc., with a small number
of Polygonaceae, Rosaceae, Labiatae, and Cruciferae plants. One of the most widespread
species in the region is Miscanthus sinensis [23,24].

2.2. Experimental Design and Sample Collection
2.2.1. Plot Setting

The Jinding (main peak) area of Wugong Mountain is one of the typical tourism-
disturbance areas. In the meadow area, the vegetation grows well in the absence of tourists,
and there is no other disturbance behavior except tourism activities. Therefore, tourism
activities directly lead to the degradation of meadow vegetation coverage in the study
area. In October 2019, the altitude (1900 m) range was selected under the condition of
excluding differences in altitude, terrain, and other natural factors, with reference to the
national standard (GB 19377—2003) of “grading index of natural grassland degradation,
desertification and salinization” issued by the Administration of Quality Supervision,
Inspection and Quarantine (AQSIQ) in 2004 [25] and the research results of relevant scholars
on the grading standard of degraded grassland [26–28]. Based on tourism disturbance,
the vegetation coverage rate (CR) decreases the relative percentage (%). A total of four
samples were set up in this study; the samples were: control check (CK, CR ≥ 90%), light
disturbance (LD, 60% ≤ CR < 90%), medium disturbance (MD, 30% ≤ CR < 60%), and
severe disturbance (SD, CR < 30%). The three 10 m× 10 m repeated plots were randomly set
for each sample to assess the soil quality of mountain meadows with different disturbance
levels. A basic overview of the different research treatments and sample plots of mountain
meadows is shown in Table 1.
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2.2.2. Sample Collection and Determination

(1) The methods for the collection and determination of soil chemical properties, soil
enzymes, and microorganisms

In each 10 m × 10 m quadrat, five sampling points were carried out along two di-
agonal lines and their intersection points. The samples were collected from each point
at a soil depth of 0–20 cm, and the samples were mixed. About 500 g of soil was re-
moved by the quartering method (a 100 g soil sample from each sampling point) and
put into fresh-keeping bags. Two circular knives were used for sampling (the circular
knives were stainless, the upper and lower covers were aluminum, the specification was
50.46 mm × 50 mm, and the cubage was 100 cm3). The study was conducted according to
the standard list of experiments and calculation methods [29,30]. The soil samples were
returned to the laboratory for natural air-drying, and plants, animal residues, and stones
were removed. The soil was carefully crushed, and samples were prepared for chemical
indicator and soil enzyme analysis. Soil pH, organic matter (OM), total nitrogen (TN),
total phosphorus (TP), total potassium (TK), available nitrogen (AN), available phosphorus
(AP), available potassium (AK), and other chemical indicators were determined by con-
ventional analysis methods [31]. Soil enzymes were determined by the Guansongmeng
method [32], sucrase by invertase 3,5-Dinitrosalicylic acid colorimetry, soil catalase by the
volumetric method, and urease by indophenol blue colorimetry. In addition, about 50 g of
soil was taken, and the samples were immediately put into a dry ice low-temperature box.
Afterward, the samples were entrusted to the Beijing Nohe Zhiyuan Biological Information
Technology Co., Ltd. for high-throughput sequencing of microbial diversity. Soil bacteria
were analyzed using 16S rDNA amplicon sequencing technology, with the V3 and V4
areas selected for amplification, and in fungal 18S rDNA sequences were analyzed. The
sample attribution was first determined at higher levels, followed by lower-level attribution
analysis based on ITS1 sequences. Bacteria and fungi were all sequenced on a Illumina
HiSeq2500 sequencing platform using the paired-end sequencing (paired-end) method to
construct small fragment libraries for double-end sequencing, filtered by splicing on reads,
OTU (operational taxonomic units) clustering, and, later, species and diversity analysis [33].
Since some OTU results could not be annotated when species interpretation was conducted
(to avoid information loss), the diversities of bacteria and fungi were represented by their
respective OTU numbers.

(2) Methods for the collection of soil samples and the determination of soil physical properties

In each 10 m × 10 m sample plot, three sampling points were selected according to
the shape of the “pin” or along the diagonal line. The spacing of each point was about 5 m.
Sampling was conducted with two ring knives in a 0–20 cm soil layer (the ring cutter body
was made of stainless steel, and the upper and lower covers were made of aluminum). The
specification was 50.46 mm (diameter) × 50 mm (height), and the volume was 100 cm3.
This was in accordance with the experimental operation and calculation methods listed
in the forestry industry standards of the People’s Republic of China, “Determination of
forest soil water-physical properties [30]” and “Determination of forest soil percolation
rate [29]”, combined with the research results of relevant scholars [34]. Drying and infiltra-
tion methods were used to measure sample volume weight and average infiltration rate.
The following formula was used:

The average infiltration rate =
The total amount of seepage at the time of steady infiltration

The time when the steady infiltration reached

Since the permeability rate of all soil samples reached a stable level before 60 min, for
the convenience of comparisons, the total amount of infiltration was the same as that in the
previous 60 min.
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2.3. Calculation Method for the Soil Quality Comprehensive Index
2.3.1. Collation of Basic Data Sets

The results of the fifteen indicators in meadow soil were summarized using Microsoft
Excel v. 2016 (Microsoft Corp., Redmond, WA, USA). In addition, the basic data set for
soil quality evaluation, the SPSS v. 26 (IBM Corp., Armonk, NY, USA) program used for
descriptive statistics, principal component analysis, and the functional model were used to
determine the overall soil quality.

2.3.2. Construction of the Minimum Data Set

The SPSS program was used to analyze the principal components of fifteen indicators
in the basic data set and calculate the principal components whose characteristic roots were
greater than 1. The indicators with a principal component factor load greater than or equal
to 0.5 in each column were divided into groups. If an indicator load was greater than or
equal to 0.5 in two groups of principal components, the index was merged into the group
with a lower correlation with other indicators. We calculated each group’s norm value,
selected the index whose norm value was less than 10% of the highest score, and analyzed
the correlation of the selected indicators in each group. If a high correlation (r > 0.5) was
found, the index with a high score was determined to enter the MDS to obtain the final
MDS. The norm value represents the ability to interpret comprehensive information, and
the calculation formula used was as follows:

Nik =

√√√√ k

∑
i=1

(
u2

ikλk
)

(1)

In the formula, Nik is the comprehensive load of the i-th variable on the first k principal
components whose eigenvalue is greater than 1; uik is the load of the i-th variable on the
k-th principal component; and λk is the characteristic root of the k-th principal component.

2.3.3. Comprehensive Evaluation Index of Soil Quality

The formula used for the soil quality comprehensive evaluation index was as
follows [10,11]:

SQI =
n

∑
i=1

Wi × Ni (2)

In the formula, the soil quality index (SQI) is the comprehensive evaluation index of
soil quality; Wi is the index weight coefficient; and the Person correlation analysis in SPSS
21.0 was used to calculate the correlation coefficient of each index. The ratio of the average
value of the correlation coefficient between an indicator and other indicators to the average
value of the correlation coefficient of all evaluation indicators is the weight coefficient of
the index; Ni is the membership degree, and n is the number of indicators.

Since changes in soil indicators are continuous, the continuous membership function
was used to standardize the indicators, and the ascending and descending properties of the
membership functions were determined by using the positive and negative characteristics
of the load of the principal component factors.

The formula of the “S” ascending membership function is:

F(X) =





1 (X ≥ Xmax)

0.9× X−Xmin
Xmax−Xmin

+ 0.1 (Xmax ≥ X ≥ Xmin)

0.1 (X ≤ Xmin)

(3)
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The formula of the “S” descending membership function is:

F(X) =





1 (X ≥ Xmax)

0.9× Xmax−X
Xmax−Xmin

+ 0.1 (Xmax ≥ X ≥ Xmin)

0.1 (X ≤ Xmin)

(4)

In the formula, Xmin and Xmax are the minimum and maximum values of soil evalua-
tion indicators.

3. Results
3.1. Descriptive Statistics of Soil Physicochemical Properties, Microorganisms, and Enzyme
Activities in the Mountain Meadow

The physical properties of mountain meadow soil with different tourism-disturbance
levels in the Wugong Mountain region are shown in the descriptive statistical results
presented in Table 2. The mean volume of the bulk density increased with the disturbance
level, while the average permeability shows that the disturbance meadow area was reduced
compared to CK. Regarding chemical properties, the mean value of soil pH decreased with
the increase in disturbance level. The mean values of organic matter, total nitrogen, total
phosphorus, and available nitrogen were slightly higher than CK in the disturbance area.
The total potassium levels in the MD and SD regions were lower than the corresponding CK
and LD levels. Available phosphorus in the disturbance areas increased with the increase
in disturbance level, but the average values for the LD and MD regions were lower than the
value for CK. Available potassium decreased with the increase in disturbance level, but the
LD area value was slightly higher than that of the CK area. The individual contributions
of the various meadow soil properties in areas of different tourism-disturbance levels are
shown in Figure 1.

Table 2. Descriptive statistics for meadow soil characteristics in areas with different tourism-
disturbance levels.

Index CK LD MD SD

Soil bulk density (g·cm−3) 0.6 ± 0.03 a 0.81 ± 0.02 b 0.83 ± 0.05 b 0.89 ± 0.03 b

Average infiltration rate (mm·min−1) 10.64 ± 8.46 a 4 ± 0.43 ab 4.39 ± 1.04 ab 2.25 ± 1.59 b

Soil pH 4.74 ± 0.01 a 4.67 ± 0.05 a 4.54 ± 0.1 a 4.47 ± 0.1 b

Organic matter (g·kg−1) 90.52 ± 13.15 ab 87.96 ± 7.58 abc 119.03 ± 19.26 bc 115.16 ± 20.13 c

Total N (g·kg−1) 3.84 ± 0.22 ab 4.24 ± 0.41 abc 5.18 ± 0.56 c 4.9 ± 0.64 bc

Total P (g·kg−1) 1.02 ± 0.11 ab 1.01 ± 0.1 ab 1.4 ± 0.18 ab 1.53 ± 0.22 a

Total K (g·kg−1) 47.67 ± 5.85 a 48.25 ± 1.5 a 38.75 ± 1.53 ab 41.42 ± 1.8 ab

Available nitrogen (mg·kg−1) 282.24 ± 82.13 abc 337.92 ± 144.18 ab 382.02 ± 93.13 a 295.47 ± 74.19 abc

Available phosphorus (mg·kg−1) 27.42 ± 9.84 ab 19.71 ± 1.18 b 25.59 ± 4.46 ab 39.23 ± 15.82 c

Available potassium (mg·kg−1) 82.67 ± 17.13 a 89.95 ± 22.68 a 76.06 ± 27.09 a 70.2 ± 29.91 a

Sucrase (mg·g−1) 80.42 ± 4.45 a 59.74 ± 15.43 a 67.47 ± 22.72 a 54.8 ± 16.54 a

Catalase (mg·g−1) 0.07 ± 0.01 b 0.07 ± 00.01 b 0.07 ± 0.01 b 0.05 ± 0.02 a

Urease (mg·g−1) 0.55 ± 0.27 a 0.37 ± 0.08 a 0.37 ± 0.16 a 0.41 ± 0.04 a

Bacterial OTU number 1635 ± 73 a 1620 ± 37 a 1544 ± 21 a 1722 ± 93 b

Fungal OTU number 1112 ± 97 a 1177 ± 352 a 1174 ± 71 a 1252 ± 118 a

Notes: CK: control check (no disturbance); LD: light disturbance; MD: medium disturbance; SD: severe disturbance.
Data are mean values ± SE. Different lowercase letters with in the same raw for each index indicate a significance
differences at p < 0.05, respectively.

Regarding soil biological characteristics, the activities of soil invertase in the distur-
bance areas were significantly lower than in the CK area. The catalase activities in the LD
and MD areas were equal to that in the CK area, but the activity was lower in the SD region.
Soil urease activity in the disturbance areas was significantly lower than in the CK region.
The number of soil bacterial OTUs decreased with the disturbance level, but in the SD,
the value was increased. The number of soil fungal OTUs increased with the disturbance
levels. The coefficients of variation for each index showed weak variation (CV ≤ 10%) or
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moderate variation (10% < CV ≤ 100%). On the whole, the soil in the study area was acidic
and bulk density was loose, while nutrient contents and bacterial and fungal presence were
relatively rich. The effect of different tourism-disturbance levels on the soil properties was
different. It was necessary to take the data for each index as a basis for comprehensively
evaluating the quality of meadow soil in different disturbance areas.
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3.2. Determination of the MDS for Soil Quality Evaluation of Mountain Meadows

The results of the principal component analysis showed that the eigenvalues of the first
five principal components were 5.809, 2.474, 2.025, 1.474, and 1.117, respectively (Table 3).
The variance contribution rates were 38.728%, 16,491%, 13,499%, 9.825%, and 7.446%. The
total cumulative contribution rate was 85,989%, while the cumulative contribution rate of
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the first four principal components reached 78,542%, which is greater than 70% and meets
the requirements for explaining system variation information.

Table 3. Calculation results for the principal component load matrix and norm values.

Index
Principal Component Load Matrix Grouping Norm Value

PC1 PC2 PC3 PC4 PC5

A1 0.652 −0.227 −0.135 0.442 0.345 1 1.749
A3 −0.932 −0.051 0.136 −0.031 −0.200 1 2.266
A4 0.803 0.134 0.247 −0.426 0.229 1 2.060
A5 0.882 −0.074 0.416 −0.107 0.026 1 2.215
A6 0.874 0.128 0.133 −0.109 0.067 1 2.131

A11 −0.682 0.075 −0.307 −0.152 0.340 1 1.751
A12 −0.731 −0.168 0.286 0.076 0.445 1 1.889
A7 −0.482 0.523 0.388 0.304 −0.333 2 1.610

A10 −0.160 −0.587 0.400 0.112 −0.490 2 1.269
A13 −0.335 0.775 0.333 0.148 0.127 2 1.553
A14 0.264 0.747 −0.237 0.418 −0.017 2 1.469
A9 0.620 0.627 −0.110 −0.171 −0.315 2 1.840
A2 −0.493 0.318 0.587 −0.093 0.330 3 1.580
A8 0.417 −0.194 0.843 0.216 0.043 3 1.616

A15 0.295 −0.192 −0.122 0.811 0.097 4 1.268
Characteristic root 5.809 2.474 2.025 1.474 1.117

Variance contribution rate (%) 38.728 16.491 13.499 9.825 7.446
Cumulative contribution rate (%) 38.728 55.218 68.717 78.542 85.989

According to the load data for the principal component factors, the factors with an
absolute value greater than 0.5 were selected and grouped. The indicators entered into the
first group were bulk density (A1), pH (A3), organic matter (A4), total nitrogen (A5), total
phosphorus (A6), sucrase (A11), and catalase (A12). The indicators entered into the second
group were total potassium (A7), available potassium (A10), urease (A13), and bacterial
OTU number (A14). The third group’s indicators were average infiltration rate (A2) and
available nitrogen (A8). Finally, the fourth group was the number of fungal OTUs (A15).
Since, for the first four principal components, the load of each factor belonging to the group
was greater than the value of the fifth principal component, the basic data set was divided
into four groups.

Combining the feature of each indicator factor loading and characteristic root, the
norm value for each variable was calculated. It can be seen that the highest norm value
for the first group was 2.266 (A3), while that for the second group was 1.84 (A9), that for
the third group was 1.616 (A8), and that for the fourth group was 1.268 (A15). In each
group, the indicator which was less than 10% of the highest norm value of the group was
taken and combined with the correlation indicator (Table 4). If the absolute value of the
correlation coefficient between the indicators in the same group was greater than 0.5, the
indicator with the higher norm value was retained. Finally, five indicators, such as average
soil permeability (A2), pH (A3), available nitrogen (A8), available phosphorus (A9), and
fungal OTU quantity (A15), were determined to be entered in the MDS for soil quality
evaluation of mountain meadows.
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Table 4. Correlation coefficient matrix of soil indicators.

Index A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15

A1 1.00
A2 −0.45 1.00
A3 −0.67 * 0.49 1.00
A4 0.37 −0.08 −0.72 ** 1.00
A5 0.47 −0.22 −0.76 ** 0.83 ** 1.00
A6 0.47 −0.22 −0.84 ** 0.79 ** 0.84 ** 1.00
A7 −0.34 0.39 0.51 −0.45 −0.33 −0.36 1.00
A8 0.30 0.17 −0.29 0.42 0.73 ** 0.40 0.09 1.00
A9 0.04 −0.28 −0.58 * 0.53 0.49 0.70 * 0.04 0.01 1.00
A10 −0.19 0.07 0.31 −0.26 0.03 −0.03 0.07 0.33 −0.31 1.00
A11 −0.44 0.34 0.51 −0.49 −0.68 * −0.37 0.08 −0.60 * −0.28 −0.05 1.00
A12 −0.30 0.53 0.56 −0.52 −0.48 −0.54 0.33 0.02 −0.69 * 0.14 0.60 * 1.00
A13 −0.34 0.57 0.31 −0.07 −0.25 −0.22 0.67 * 0.04 0.17 −0.35 0.18 0.21 1.00
A14 0.20 0.04 −0.34 0.05 0.03 0.31 0.28 −0.18 0.58 −0.44 −0.12 −0.33 0.36 1.00
A15 0.49 −0.26 −0.31 −0.12 0.15 0.19 −0.21 0.23 −0.03 0.14 −0.14 −0.17 −0.09 0.27 1.00

Note: * and ** represent significance differences at p < 0.05 and p < 0.01, respectively.

3.3. The Comprehensive Evaluation of the Soil Quality of Mountain Meadows at Different
Tourism-Disturbance Levels

The soil in the study area was mountainous meadow soil; good soil permeability
represents a better water conservation function. The data analysis results showed that soil
pH and average permeability are the core factors in the soil quality evaluation of mountain
meadows. While the soil was generally acidic, the increase in pH indicated a benign trend
in soil quality. The amounts of available nitrogen, available phosphorus, and fungal OTUs
in the soil were all positive indicators of soil fertility. Therefore, the membership value for
mountain meadow soil quality evaluation had an “S” ascending function, and, according
to the correlation coefficients between each indicator in the MDS, the weight coefficient was
calculated by referring to the following method (Table 5). From the data analysis results, it
can be seen that soil pH and average permeability are the core factors in the soil quality
evaluation of mountain meadows.

Table 5. Weight coefficient of soil quality evaluation index.

Index Weight Coefficient Subordinate Function

A2 0.228 F(X) =





1 (X ≥ X20.35)

0.9× X−X0.99
X20.35−X0.99

+ 0.1 (X20.35 ≥ X ≥ X0.99)

0.1 (X ≤ X0.99)

A3 0.317 F(X) =





1 (X ≥ X4.75)

0.9× X−X4.36
X4.75−X4.36

+ 0.1 (Xmax ≥ X ≥ X4.36)

0.1 (X ≤ X4.36)

A8 0.132 F(X) =





1 (X ≥ X504.39)

0.9× X−X233.18
X504.39−X233.18

+ 0.1 (Xmax ≥ X ≥ X233.18)

0.1 (X ≤ X233.18)

A9 0.167 F(X) =





1 (X ≥ X50.85)

0.9× X−X18.39
X50.85−X18.39

+ 0.1 (Xmax ≥ X ≥ X18.39)

0.1 (X ≤ X18.39)

A15 0.156 F(X) =





1 (X ≥ X1441)

0.9× X−X777
X1441−X777

+ 0.1 (Xmax ≥ X ≥ X777)

0.1 (X ≤ X777)

According to the membership value and weight coefficient of the MDS index for soil
quality evaluation, the soil quality indexes of mountain meadows subjected to different
levels of tourism disturbance were calculated according to Formula (2) (Figure 2). The
results showed that the ranking of soil quality for mountain meadow areas subjected to
different levels of tourism disturbance was CK > LD > MD > SD, and the soil quality indexes
were 0.612, 0.493, 0.448, and 0.416, respectively, indicating that soil quality decreased with
the increase in disturbance level and that only the soil quality of the CK area was in the
middle-to-high level. The soil quality at each disturbance level decreased; the quality index
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of LD was 19.45%, that of MD was 26.80%, and that of SD was 32.00%—all lower than that
of CK.
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disturbance levels. Abbreviations: CK, control check; LD, light disturbance; MD, medium disturbance;
SD, severe disturbance.

4. Discussion
4.1. Soil Quality Evaluation of Mountain Meadows

This study considered fifteen indicators of soil physical, chemical, and biological
properties in typical subtropical mountain meadow areas of Wugong Mountain. On the
basis of mathematical statistics and analysis, five indicators (average soil permeability, pH,
available nitrogen, available phosphorus, and fungal OTUs) were selected for a minimum
data set (MDS) to obtain a comprehensive index of meadow soil quality given different
tourism-disturbance levels in the Wugong Mountain region. The results showed that the
meadow soil in the study area was acidic, that bulk density was loose, and that the soil
organic matter, total nitrogen, available nitrogen, and other nutrient contents and microbial
presences were rich. If the comprehensive index of soil quality is greater than 0.5, this
indicates that the soil quality is good [35]. The SQI of the meadow in the study area without
tourism disturbance was greater than 0.5, while it was less than 0.5 in the tourism-disturbed
areas. The comprehensive index of soil quality decreased with the increase in disturbance
levels. As a result, the soil quality of meadows in tourism-disturbed areas is worse than in
meadows without tourism disturbance.

Studies have reported that comprehensive soil quality was significantly decreased
with increase in tourism disturbance [36,37], which was consistent with the results of this
study. The mountain meadow was rich in terms of the root system and there was a large
amount of humus in the soil. Due to the low temperature, slow microbial decomposition,
and high organic matter content, the soil bulk density was loose, but the nutrient content
was rich [38]. The source of soil nutrients is mainly the return of nutrients from surface
vegetation and underground roots. A previous study [20] has shown that the distribution
of soil nutrients in Wugong Mountain meadowland shows strong surface aggregation.

However, the disturbance behavior of tourists has reduced the soil surface vegetation
of mountain meadows in Wugong Mountain, affected the source of soil nutrient return, and
destroyed the soil structure, which has had a negative impact on soil bulk density, porosity,
and permeability. The changes in soil quality with different disturbance levels are com-
prehensively reflected through the five indicators included in the MDS. In disturbed areas
with low comprehensive indexes of soil quality, appropriate methods should be selected
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for vegetation restoration to prevent further degradation of soil quality, which results in
the loss of the survival basis of vegetation and the deterioration of regional ecologies.

4.2. Soil Quality Evaluation Method Based on the MDS and the SQI Model

The combination of the MDS and the SQI can enable the effective evaluation of soil
quality under different environmental or external factors. However, there is no unified
standard for the determination of a minimum data set [35], including the membership
function and weight value in the process of calculating the comprehensive evaluation index
of soil quality, and there is also a lack of a unified calculation process [10]. In practice,
the calculation function is usually determined according to different indicator profiles of
the study area. However, the calculation function has been based on different calculation
methods for soil quality evaluation [39,40], such as fuzzy mathematics, artificial neural
networks, grey system theory, principal component analysis, etc. Different evaluations of
the soil quality of a certain region may obtain different data, but the overall results should
be similar [12,35].

In the Wugong Mountain meadow distribution area, previous studies have analyzed
different characteristics of or indicators in the soil [41,42], and conclusions have also been
based on certain aspects of research [43]. There is a lack of a systematic and representative
evaluation metric, but the minimum data set (MDS) can be used to reflect soil quality
statistically, ensuring a more accurate evaluation of soil quality [12].

5. Conclusions

The meadow soil in Wugong Mountain was found to be acidic, loose in terms of bulk
density, and rich in nutrients. Five indicators, including average soil permeability, pH,
available nitrogen, available phosphorus, and number of fungal OTUs, can be used as a
minimum data set (MDS) to obtain a comprehensive index of soil quality for areas subjected
to different levels of tourism disturbance in the Wugong Mountain region. Among the
indicators, soil average permeability and pH are the core factors in soil quality evaluation.
Comprehensive soil quality indexes decreased with increase in tourism-disturbance level.
The soil quality index ranking with respect to different tourism-disturbance levels was
CK > LD > MD > SD, and the soil quality indexes were 0.612, 0.493, 0.448, and 0.416,
respectively. Based on the relevant experimental basis and data indicators, this study
analyzed the impact of tourism disturbance on the soil of Wugong Mountain meadowland
and made an objective evaluation. At present, though limited in terms of timescale and
research scope, the research results can be used as an essential reference for short-term
scientific research and productive work. A long-term study with a more extensive range
and including more indicators is required to further optimize and improve the evaluation
method and system for the analysis of subtropical mountain meadow soils.
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