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Abstract: The breeding of laying hens and broilers in China has increased tremendously. Wet
organic fertilizer prepared from hen manure using high-temperature container fermentation preserves
high levels of nutrients and a diverse microbial community. We applied low doses of organic
fertilizer to peanuts in the black soil area of China’s northeastern region. Based on the calculation of
nitrogen content, treatments were set as follows: chemical fertilizer (PCF), organic fertilizer (POF,
4500 kg·ha−1), and replacement of 50% chemical fertilizer with organic fertilizer (PR, 2250 kg·ha−1).
Compared to the plots with chemical fertilizers, the use of organic fertilizer and replacing 50% of
the chemical fertilizers with organic fertilizer significantly increased peanut yields. Both the organic
fertilizer and replacing 50% of the chemical fertilizers with organic fertilizer did not significantly
affect the activities of the most tested soil enzymes related to carbon transformation and the absolute
abundance of microorganisms. However, they did significantly enhance soil dehydrogenase and
α-glucosidase. The community abundance ratio of fungi/bacteria trended downward, leading to
soil with a high-fertility bacterial composition. The replacement of 50% chemical fertilizer with
organic fertilizer significantly enhanced the species richness and diversity of the bacterial and
fungal communities. Organic fertilizer treatment significantly increased the relative abundance of
Gemmatimonas and Sphingomonas. The relative abundance of Mycobacterium in the treatment where
50% of the chemical fertilizers were replaced with organic fertilizer was significantly lower than
that in the organic fertilizer treatment. PCoA results showed that the low-dose organic fertilizer
treatment, replacing 50% of the chemical fertilizers with organic fertilizer, had a significant impact on
the composition of soil bacterial communities.

Keywords: hen manure; organic fertilizer; soil physicochemical property; soil enzyme; microbial
community

1. Introduction

Over the past 70 years, exploitative practices have been implemented in the black
soil of Northeast China, including rotary tillage, single chemical fertilizer application,
straw cleaning, and straw burning [1,2]. High outputs of intensive agricultural activity
without organic material incorporation has led to organic matter reduction, black soil layer
thinning, cultivation layer shallowing, and a sharp decline in effective nutrient contents.
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Arable soil has encountered degradation issues such as nutrient imbalance, properties
deteriorating, and biological health declining [3–5]. The pool and utilization potential of
soil nutrients has also decreased. These issues have hindered the sustainable development
of the region’s nature, society, and economy, jeopardizing food security and the ecological
environment [4,6,7]. Organic fertilizer (OF) application is essential for sustainable farmland
management and green agriculture [8–10].

The livestock and poultry industry in China has developed rapidly and extensively
in the past decade, and substantial manure has accumulated [11]. The large quantities
of manure have not only caused environmental pollution but also facilitated pathogen
spread. It is urgent and important to convert manure into fertilizers effectively and quickly
in China. Using the China National Knowledge Infrastructure (CNKI, from July 2013 to
July 2023), we found 1227 articles about OF substitution for chemical fertilizer technology.
Research on OF substitution has increased over the last 10 years, and particularly rapidly
in the last 5 years (Figure 1a). Based on a statistical analysis of the literature, we found
that OF substitution for chemical fertilizer technology constituted a large proportion of
the basic trial category. OF substitution technology is a growing and dominating research
direction and hotspot (Figure 1b). Most research has focused on the study of crop yields,
fertilizer utilization, soil fertility, and environmental responses with the partial or total
replacement of chemical fertilizers with OFs [12,13]. Many studies confirmed that OF
application enhanced the health of agricultural systems and ultimately achieved better
economic and environmental benefits [14–16]. OF applications were found to promote
organic carbon storage and sequestration rates; regulate soil C/N ratios; stabilize soil pH
levels; decrease soil bulk density; enhance soil porosity; increase soil nutrient holding
capacity; improve soil fertility; enhance fertilizer efficiency; improve the root microbial
environment; stimulate crop root systems and secreted organic acids, amino acids, and
sugars; and boost crop nutrient uptake (e.g., nitrogen, phosphorus, potassium, etc.) [17–19].
OF application also enhanced enzymatic reactions and microbial activity related to soil
carbon, nitrogen, and phosphorus transformations; facilitated the spread of beneficial
microorganisms; and improved soil microbiota reproduction [20–22].
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More attention has been paid to the potential for reducing chemical fertilizers through
technological advancements. Various devices have been widely used to manage livestock
and poultry manure in China [23,24]. OF prepared through different techniques varies
widely. Using “Web of Science” and the China National Knowledge Infrastructure (CNKI),
we found that few studies reported the preparation of organic fertilizers using reactors.
Further research on OF preparation by reactors is necessary (Figure 1c). Compared to the
traditional static composting technology (CCT), the high-temperature aerobic fermentation
technique (HTC) has a broader range and offers more advantages [8,25]. HTC involves
exposing livestock and poultry manure and microbial agents to ample oxygen at elevated
temperatures above 60 ◦C, which facilitates decomposition rapidly and thoroughly. Auto-
mated high-temperature composting (HTC) technology improves compost maturity, speeds
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up organic matter degradation, preserves more nitrogen, enhances the inactivation rate of
pathogenic microorganisms, and stabilizes the quality of organic fertilizer products [8–10].
At the same time, HTC maintains a stable temperature, accurately shortens the fermen-
tation cycle, occupies a small land area, and maximizes the efficiency of fermentation.
The superiority of HTC technology includes its low cost, environmental protection, and
high-efficiency automation, which have promoted its application. Compared to static
compost products, OF produced using HTC technology contained more NPK nutrients
and microbial flora. Soil microbial population, activity, and bio-prophylaxis functions were
enhanced by applying wet organic fertilizers [26–28]. It is necessary to comprehensively
study the effects of low-dose wet organic fertilizers with high nutrient levels on crops
and soils.

As is well known, the impact mechanism of organic fertilizer on different soils varies
greatly [29–31]. Peanut is an oilseed crop with the highest yield potential and holds a
significant position in the national economy [32]. The degradation of soil in Northeast
China seriously constrains peanut yield and quality [33,34]. The present study aimed to
investigate the effect of organic and chemical fertilizer application with different ratios
on soil characteristics in the peanut system of the northeast region. Three treatments
included using chemical fertilizer alone, a combination of chemical fertilizer and wet
organic fertilizers prepared with HTC, and wet organic fertilizers without any additional
fertilizer. We investigated peanut yield, soil physicochemical properties, and microbial
activity, quantity, and community composition. We hypothesized that OF substitution for
chemical fertilizer at low doses has the potential to enhance peanut yield, maintaining
soil quality and restoring soil health. We also predicted that our data should provide a
theoretical basis for regulating the degraded arable land quality in China’s black soil region.

2. Materials and Methods
2.1. Experimental Site Overview and Experimental Design

The experiment was conducted in the spring of 2022 in Fujia Town, Changtu County,
Tieling City, Liaoning Province. The location is in the northwestern part of Changtu
(43◦30′ N, 123◦79′ E), with an average annual temperature of 7 ◦C, an average annual
precipitation of 639.2 mm, and an elevation of approximately 500 m above sea level.
Additionally, the region experiences an annual frost-free period of about 143 days. The soil
type is aeolian sandy soil with a sandy loam texture.

The present study involved three treatments: chemical fertilizer (PCF), organic fertil-
izer replacing 50% of the chemical fertilizer (PR), and organic fertilizer alone (POF). Each
treatment set had three replicates, and each experimental area was 500 m2. Fertilizers
were applied as base fertilizers before seeding. The PCF treatment was applied using
a commercially available potassium sulfate compound fertilizer (12–18–15) at a rate of
750 kg·ha−1: Urea, 200 kg·ha−1; P2O5, 300 kg·ha−1; and K2O, 250 kg·ha−1. The PR organic
substitution treatment involved a combination of chemical fertilizers and organic fertilizers
derived from chicken manure sources produced through high-temperature aerobic fermen-
tation. In this case, potassium sulfate compound fertilizers were used at a treatment rate
of 375 kg·ha−1, while organic fertilizers were applied at a rate of 2250 kg·ha−1. POF plots
were applied with organic fertilizers at a rate of 4500 kg·ha−1. Specific fertilizer application
rates are shown in Table 1.

Table 1. Fertilizer rates in each treatment (kg·ha−1).

Treatment
N (kg·ha−1) P2O5 (kg·ha−1) K2O (kg·ha−1)

F OM F OM F OM

PCF 200 0 300 0 250 0
PR 100 106.9 150 123.9 125 68.6

POF 0 213.8 0 247.8 0 137.2
NOTE: F: fertilizer; OM: organic material.
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The tested peanut variety was “308”. Chemical fertilizers were purchased from local
agricultural stores. Organic fertilizers were provided by Liaoning ChengNuo Agricultural
Development Technology Co., Tieling, China. The experimental site was managed using
local peanut cultivation practices. The chemical properties of the tested soils and organic
fertilizers are shown in Table 2.

Table 2. Chemical properties of tested soil and organic fertilizer.

Treatment pH
SOC TN TP TK AN AP AK

g·kg−1 mg·kg−1

Soil 6.38 5.00 // // // 41.06 51.85 104.55
Organic Fertilizer 8.1 393.0 47.5 55.1 30.5 // // //

NOTE: SOC: organic carbon; TN: total nitrogen content; TP: total phosphorus content; TK: total potassium content;
AN: alkali-hydrolyzed nitrogen; AP: available phosphorus content; AK: available potassium content.

2.2. Sample Collection and Processing

We collected peanut samples and soil samples in October 2022.
Peanut Sample Collection: Three sample squares were randomly selected in each

treatment plot, and a sample area of 1 m × 1 m was designated for collecting peanut
samples. Peanut samples were weighed after removing impurities. The moisture content
of the peanuts was determined using a moisture meter. The yield was calculated as follows:
Theoretical yield (kg·ha−1) = Yield per plant × Number of plants ÷ 666.7.

Soil Sample Collection: We randomly collected soil at approximately 10 points from
each plot and combined it to create a soil sample. After removing peanut crop residues
from the soil surface, soil samples (0–20 cm depth) were collected using a 3 cm diameter
soil auger.

We removed stones, stalks, and root fragments from the soil samples, and then ho-
mogenized and sieved the soil samples (<2 mm). Soil samples were divided into three
parts. The first part was placed in a self-sealing bag and stored in a box filled with dry ice
(CO2). It was then promptly sent to the laboratory for the extraction of soil microbial DNA
and the determination of microbial abundance and diversity. The second part was stored
in a refrigerator (4 ◦C) for the determination of soil enzyme activity within two weeks.
The third part was air-dried and then divided into two subsamples. One subsample was
prepared for the determination of soil physiochemical properties, while another subsample
was ground using a ball mill and sieved to <0.15 mm for the analysis of soil total nitrogen,
phosphorus, and potassium.

2.3. Analysis of Soil Physical and Chemical Properties

Soil pH was measured (water–soil ratio: 2.5:1) using a pH meter. The total carbon
and total nitrogen content in the soil were determined using an elemental analyzer (Vario
MACRO cube, Elementar, Germany). The soil organic carbon (SOC) content was deter-
mined using the K2Cr2O7 oxidation method [35].

A total of 0.1 g of air-dried soil (<0.149 mm) was mixed with 2 mL hydrofluoric acid,
1.5 mL hydrochloric acid, and 4.5 mL nitric acid, and the digest was prepared using an in-
ductively coupled plasma–optical emission spectrometer (Milestone ETHOS UP Microwave
Dissolver, Nanjing, China) [36]. The total phosphorus content was determined using the
molybdenum blue colorimetric method at 880 nm [37]. The total potassium content was
determined using a flame photometer.

Soil alkali-hydrolyzable nitrogen was determined using the Alkaline Dissolution
Diffusion Method [38]. The available phosphorus content of the soil was determined using
the molybdenum blue colorimetric method at 880 nm [37]. The available potassium content
in the soil was determined with a flame brightness meter [39].
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2.4. Analysis of Soil Enzyme Activity

We investigated the activities of several soil extracellular enzymes closely related to
soil carbon accumulation, including α-1,4-glucosidase, β-1,4-N-acetylaminoglucosidase,
β-1,4-glucosidase, polyphenol oxidases (PODs), and peroxidases (PPOs). Enzymes play a
crucial role in the bodies of microorganisms. They break down organic matter, synthesize
biomolecules, and regulate the intracellular environment. Dehydrogenase (DHA) activity
was determined using the 2,3,5-triphenyl tetrazolium chloride (TTC) method as a substrate.
The samples were incubated at 37 ◦C for 24 h, and the colorimetric analysis was performed
at 485 nm [40]. Soil β-1,4-glucosidase catalyzes the terminal reactions in soil organic matter
(SOM) decomposition. α(β)-glucosidase (αG, βG), α(β)-galactosidase (αGal, βGal), and
N-acetyl-β-D-amino glucosidase were tested using p-nitrophenyl-α(β)-D-glucoside, p-
nitrophenyl-α(β)-D-galactoside, and β-N-acetyl-aminoglucoside as substrates, respectively.
The enzymes were incubated at 37 ◦C for 1 h, and the colorimetry was determined using
a colorimetric method at 400 nm. Cellulase activity was measured at 710 nm using a
colorimetric assay with carboxymethyl cellulose sodium salt as the substrate, and incubated
for 24 h at 37 ◦C. Xylanase (XYL) was measured using colorimetry at 710 nm after incubation
at 50 ◦C for 24 h with xylan as the substrate [39]. Polyphenol oxidase and peroxidase (POD)
were measured using colorimetry at 485 nm. The enzymes were incubated with L-3,4-
dihydroxyphenylalanine and acetate buffer at 25 ◦C for 0.5 h [41].

2.5. DNA Extraction and High-Throughput Sequencing

Microbial DNA was extracted from cryopreserved soil samples using the E.Z.N.A.®

Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s proto-
cols. The V4-V5 region of the bacteria 16S rDNA was amplified by PCR (95 ◦C for 2 min;
followed by 25 cycles at 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s; and a final
extension at 72 ◦C for 5 min) using primers 515F (5′-barcode-GTGCCAGCMGCCGCGG-
3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′), where the barcode was an eight-base
sequence unique to each sample. Fungi ITS was amplified using the primers ITS1 (5′-
CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-TGCGTTCTTCATCGATGC-3′).

PCR reactions were performed in triplicate using a 20 µL mixture containing 4 µL of
5 × FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of each primer (5 µM), 0.4 µL of FastPfu
Polymerase, and 10 ng of template DNA. Amplicons were extracted from 2% agarose gels
and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, USA) following the manufacturer’s instructions.

2.6. Statistical Analyses

We used Tukey’s test to conduct a one-way ANOVA. Multiple comparisons were con-
ducted using the LSD method to identify statistical differences among various treatments; a
significance level of p < 0.05 was considered. All statistical analyses were performed using
SPSS 21.0 software (SPSS, Chicago, IL, USA).

Microbial communities were represented based on stacked bar plots and histograms,
which provided significant insight into the variability between species. The alpha diversity
index was calculated using the R package “vegan”. PCoA was conducted using the
“ape” package in R. To assess the impact of organic fertilizer on microbial beta diversity,
we employed alternative principal components derived from distances other than the
Euclidean distance to detect variations in the composition of the sample communities
through dimensionality reduction. The correlation analysis heatmap was generated using
the “pheatmap” package in the R language. Correlation thermograms were more effective in
analyzing the relationships between soil physicochemical properties, soil enzyme activities,
and microbial diversity.
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3. Results
3.1. Effects of Low-Dose Organic Fertilizer on Soil Microbial Activities and Absolute Abundances

Compared to the PCF treatment, the POF and PR treatments showed similar effects
on soil dehydrogenase activity. The soil dehydrogenase activity of the PR treatment was
significantly higher, by 1.6%, compared to the POF treatment (Figure 2a). Compared with
the PCF treatment, the PR and POF treatments tended to decrease the absolute abundance
ratio of fungi and bacteria (Figure 2b), although there were no significant differences in the
absolute abundance of soil bacteria and fungi among the three treatments (Figure 2c,d).
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The activity of the most tested soil enzymes related to carbon transformation did
not vary significantly under the PR and POF treatments, including β-glucosidase, β-N-
acetyl-glucosaminidase, α-galactosidase, β-galactosidase, polyphenol oxidase, peroxidase,
xylanase, and cellulase (Figure 3b–i). The activity of α-glucosidase in the PR plots was
significantly higher than that in the POF plots. There were no significant differences in soil
α-glucosidase activity between the PCF and PR or POF plots.

3.2. Effects of Low-Dose Organic Fertilizer on Soil Microbial Diversity and Structures

Both the POF and PR treatments significantly enhanced the α-diversity of the bacterial
and fungal communities. Compared to the chemical fertilizer application, the PR and POF
applications significantly increased the α-diversity index of the soil bacteria and fungi
(Figure 4). The PR treatment increased the Chao1 index, the Shannon index, the observed
species index, and the PD faith index of the soil bacteria, as well as the observed species
index of the soil fungi community. The POF treatment increased the observed species
index and PD faith index of the soil bacteria, as well as the observed species index of the
soil fungi.
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polyphenol oxidase. Different lowercase letters indicate significant differences between treatments
(p < 0.05).
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The predominant phylum of soil bacteria in the three treatments was similar. The main
bacterial communities at that time included Proteobacteria, Acidobacteria, Actinobacteriota,
Chloroflexi, Bacteroidetes, Gemmatimonadota, Myxococcota, Firmicutes, Verrucomicro-
biota, and Patescibacteria (Figure 5a). Compared with the PCF treatment, the PR treatment
significantly increased the relative abundance of Chloroflexi (p < 0.05), and the POF treat-
ment significantly increased the relative abundance of Gemmatimonadetes (p < 0.05). The
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soil bacteria genera in the test treatments mainly included Bradyrhizobium, Mycobacterium,
Gemmatimonas, Sphingomonas, Haliangium, RB41 bacterial genus, and Candidatus Solibacter
(Figure 5b). The POF treatment significantly increased the relative abundance of Gemmati-
monas and Sphingomonas. The PR treatment significantly decreased the relative abundance
of Mycobacterium compared to the POF treatment (p < 0.05) (Figure 5b).
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There were three dominant phyla in the fungi community in the PCF, PR, and POF
treatments, including Ascomycota, Basidiomycota, and Mucoromycota (Figure 6a). The
POF treatment decreased the relative abundance of soil Mucoromycota and Basidiomycota
significantly. The PR treatment also decreased the relative abundance of soil Mucoromycota.
The PR and POF treatments significantly increased the relative abundance of Ascomycota
(p < 0.05) (Figure 6a). At the genus level, there were eight species of dominant fungal
genera, including Tausonia, Ascobolus, Mortierella, Leptosphaerulina, Fusarium, Trichocladium,
Cryptococcus, Epicoccum, and Pseudombrophila (Figure 6b). The PR and POF treatments
significantly decreased the relative abundance of soil Trichocladium (p < 0.05). The POF
treatment decreased the relative abundance of Mortierella. The PR treatment significantly
decreased the relative abundance of Cryptococcus and increased the relative abundance
of soil Leptosphaerulina (p < 0.05). The POF and PR treatments did not distinctly affect
Ascobolus and Fusarium.
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3.3. Correlation Analysis between Soil Microbial Communities, Chemical Properties, and
Enzyme Activities

According to the heatmap of the correlation analysis, the results revealed that soil
DHA activity was significantly positively affected by the total potassium content, while
it was negatively affected by pH (Figure 7a). The activities of soil α-Gal, peroxidase, and
polyphenol oxidase were significantly positively affected by the pH, total phosphorus, and
available potassium. The activities of soil β-Glucosidase, N-acetyl-glucosaminidase, and
xylosidase were positively correlated with available phosphorus. The activities of soil α-
Gal, NAG, and XYL were positively correlated with the available potassium content. There
were no significant correlations between microbial community diversity and structure,
except for a significant negative correlation between the soil organic carbon content and
fungal Shannon index (p < 0.05) (Figure 7b). A principal coordinate analysis (PCoA) could
account for 64% of the variation in the soil bacterial population among the test treatments
(Figure 7c). In contrast, the three fertilization treatments were not significantly different on
the PC2 axis, which accounted for only 14% of the variation in the bacterial community.
On the first principal component axis, a statistically significant separation was observed
between the fertilizer treatment and the replacement organic fertilizer treatment. This was
confirmed by a p-value of 0.017, which is below the 0.05 threshold. The PCoA of the soil
fungal communities from the test treatments revealed that the two principal components
accounted for 36% of the variation in fungal communities (Figure 7d). The test treatments
did not show significant differentiation on either the PC1 or PC2 axes. Moreover, the
p-value (0.087) was found to be greater than 0.05 (Figure 7d).
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Figure 7. Correlation analysis between soil chemical properties and enzyme activities (a). Correlation
analysis between soil chemical properties and microbial communities (b). Principal coordinate
analysis (PCoA) of bacteria and fungi in organic fertilizer-applied soil. Note: PCF: chemical fertilizer
application; POF: organic fertilizer application; PR: organic fertilizer replaces 50% chemical fertilizer.
SOC: organic carbon; TN: total nitrogen content; TP: total phosphorus content; TK: total potassium
content; AP: available phosphorus content; AK: available potassium content; DHA: dehydrogenase;
αGlu: α-glucosidase; βGlu: β-glucosidase; αGAL: α-galactosidase; βGAL: β-galactosidase; NAG: β -
N-acetyl-glucosaminidase; XYL: xylanase; CEL: cellulase; PPO: polyphenol oxidase; POD: peroxidase;
BChao1: Bacterial Chao1; FChao1: Fungus Chao1; BShannon: Bacterial Shannon; FShannon: Fungus
Shannon. Different lowercase letters indicate significant differences between treatments (p < 0.05).

The soil chemical properties and enzyme activities were considered as explanatory
variables, while the relative abundance of dominant phyla was used for redundancy analy-
sis (Figure 8). The explanatory rate of RDA 1 in the redundancy analysis of the dominant
soil bacteria and chemical properties was 72.79%, while the explanatory rate of RDA 1 in the
redundancy analysis was 80.84%. These rates exceeded 70% and are suitable for redundancy
analysis. TP exhibited a significant correlation with the predominant bacteria, suggesting
that TP exerted a pronounced influence on Gemmatimonadota (Figure 8a). Additionally,
α-galactosidase activity was positively correlated with β-N-acetyl-glucosaminidase activity.
Both α-galactosidase activity and β-N-acetyl-glucosaminidase activity showed a significant
relationship with the dominant bacteria (Figure 8b) (p < 0.05).



Agronomy 2024, 14, 765 11 of 17
Agronomy 2024, 14, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 8. Redundant Disk Array Controller (RDA) of microbial principal components and environ-
mental factors and enzyme activities in organic fertilizer-applied soil. βGlu: β-glucosidase; NAG: β-
N-acetyl-glucosaminidase; αGAL: α-galactosidase; XYL: xylanase; CEL: cellulase; POD: peroxidase; 
PPO: polyphenol oxidase. TC: total carbon content; TP: total phosphorus content; TK: total potas-
sium content; AP: available phosphorus content; AK: available potassium content; AN: alkali-hy-
drolyzed nitrogen content. 

4. Discussion 
4.1. Effect of Organic Fertilizer Treatment on Basic Chemical Properties and Enzyme Activities 
of Soil 

Compared to the chemical fertilizer treatment in the present study, the PR and POF 
treatments significantly increased peanut yield (Figure S2), which was attributed to OF 
application, which resulted in improvements in soil properties [42–44]. Previous studies 
indicated that OF treatment improves soil physicochemical properties, creates a favorable 
soil environment, activates effective soil nutrients, and provides essential nutrients for 
plant growth and microbial activity [45,46]. The present study showed that both the or-
ganic fertilizer (POF) and organic fertilizer replacement (PR) treatments at low doses in-
creased soil pH and TP significantly, while the soil organic matter content increased in-
significantly (Figure S1). Both the nutrients provided by the OF treatments and applied 
for microbial growth resulted in a direct increase in soil TP [47–51]. OFs are rich in organic 
matter, which generates various organic acids during the decomposition process, contrib-
uting to a buffering effect on soil pH [52–54]. Maintaining appropriate soil pH is crucial 
for the normal growth and development of crops [55–57]. Excessive or insufficient soil pH 
affects crop nutrient absorption and utilization. As is well known, soil extracellular en-
zyme activities are closely related to soil fertility. OF treatments increase soil α-gluco-
sidase activities related to soil carbon accumulation even with low-dose applications [58–
61]. Soil α-glucosidase plays an important role in soil by catalyzing the hydrolysis of glu-
cosidic bonds, providing energy and essential nutrients for plants, and thereby promoting 
plant growth and development [62,63]. OF application in our experiment had relatively 
little impact on most soil enzymes, which was attributed to the low dose of the OF appli-
cation [64,65]. OF amendments supply specific amounts of available nitrogen, phospho-
rus, carbon, and other sources to the oligotrophic environment, altering both biotic and 
abiotic (temperature, moisture, pH, nutrient availability) factors. Correlation analysis re-
vealed that soil pH positively affected the activities of soil α-Gal, POD, and PPO, but neg-
atively affected soil DHA activity. Variations in microbial activity were driven by both 
abiotic and biotic factors [66]. Essential nutrients required for microbial growth and af-
fecting microbial community composition were provided by enzymatic degradation 
[67,68]. OF at low doses led to the activation of numerous minor potentially active micro-
organisms that responded quickly to additional substrate input [69]. 

Figure 8. Redundant Disk Array Controller (RDA) of microbial principal components and environ-
mental factors and enzyme activities in organic fertilizer-applied soil. βGlu: β-glucosidase; NAG:
β-N-acetyl-glucosaminidase; αGAL: α-galactosidase; XYL: xylanase; CEL: cellulase; POD: peroxidase;
PPO: polyphenol oxidase. TC: total carbon content; TP: total phosphorus content; TK: total potassium
content; AP: available phosphorus content; AK: available potassium content; AN: alkali-hydrolyzed
nitrogen content.

4. Discussion
4.1. Effect of Organic Fertilizer Treatment on Basic Chemical Properties and Enzyme Activities
of Soil

Compared to the chemical fertilizer treatment in the present study, the PR and POF
treatments significantly increased peanut yield (Figure S2), which was attributed to OF
application, which resulted in improvements in soil properties [42–44]. Previous studies
indicated that OF treatment improves soil physicochemical properties, creates a favorable
soil environment, activates effective soil nutrients, and provides essential nutrients for
plant growth and microbial activity [45,46]. The present study showed that both the organic
fertilizer (POF) and organic fertilizer replacement (PR) treatments at low doses increased
soil pH and TP significantly, while the soil organic matter content increased insignificantly
(Figure S1). Both the nutrients provided by the OF treatments and applied for microbial
growth resulted in a direct increase in soil TP [47–51]. OFs are rich in organic matter,
which generates various organic acids during the decomposition process, contributing
to a buffering effect on soil pH [52–54]. Maintaining appropriate soil pH is crucial for
the normal growth and development of crops [55–57]. Excessive or insufficient soil pH
affects crop nutrient absorption and utilization. As is well known, soil extracellular enzyme
activities are closely related to soil fertility. OF treatments increase soil α-glucosidase
activities related to soil carbon accumulation even with low-dose applications [58–61]. Soil
α-glucosidase plays an important role in soil by catalyzing the hydrolysis of glucosidic
bonds, providing energy and essential nutrients for plants, and thereby promoting plant
growth and development [62,63]. OF application in our experiment had relatively little
impact on most soil enzymes, which was attributed to the low dose of the OF applica-
tion [64,65]. OF amendments supply specific amounts of available nitrogen, phosphorus,
carbon, and other sources to the oligotrophic environment, altering both biotic and abiotic
(temperature, moisture, pH, nutrient availability) factors. Correlation analysis revealed
that soil pH positively affected the activities of soil α-Gal, POD, and PPO, but negatively
affected soil DHA activity. Variations in microbial activity were driven by both abiotic and
biotic factors [66]. Essential nutrients required for microbial growth and affecting microbial
community composition were provided by enzymatic degradation [67,68]. OF at low doses
led to the activation of numerous minor potentially active microorganisms that responded
quickly to additional substrate input [69].
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4.2. Effect of Organic Fertilizer Treatments on Soil Microbial Community Activity, Abundance,
Diversity, and Composition

Soil microorganisms play a crucial role in decomposing organic matter and driving
nutrient cycling in agroecosystems [70,71]. Soil microorganisms’ activity was characterized
as soil dehydrogenase activity in the present study [72–74]. Compared to the chemical fer-
tilizer treatment, the POF and PR treatments did not significantly alter soil dehydrogenase
activity, although the soil dehydrogenase activity of the PR treatment was significantly
higher than that of the POF treatment. The present study did not reveal significant changes
in soil bacterial and fungal populations among the treatments. The absence of significant
variations in the abundance of soil fungi and bacteria indicated that OF incorporated at a
low dose had an inconspicuous impact on the population of soil microorganisms. The aeo-
lian sandy soil studied in the present experiment is a typical barren soil, which has a large
soil particle diameter and small pore space, resulting in poor water-holding and nutrient-
holding capacity. Additionally, aeolian sandy soil has relatively low organic matter content,
which results in a reduced microbial population [75–77]. The unfavorable conditions hin-
dered microbial reproduction and survival. Fungi convert organic matter into simpler
substances in the initial decomposition stage, and bacteria further break down the simpler
substances released in the decomposition products of fungi and other microorganisms in
subsequent stages. On the other hand, the downward trend of the ratio of fungi/bacteria
(F/B) in the POF and PR treatments indicated that the soil organic matter decomposition
and nutrient cycling speed were accelerated, leading to enhanced soil fertility [78,79]. OFs
provide nutrients, create a suitable environment, and enhance soil management., further
promoting microbial survival and activity [80,81].

The present study applied OF at a low dose in aeolian sandy soil, and our results
regarding soil microorganisms were consistent with many previous studies [31,82,83]. The
POF and PR treatments increased the community richness, observed species index, PD
faith index, and α-diversity index of the soil bacteria significantly. Additionally, the POF
and PR treatments also increased the observed species index and PD faith index of the
soil fungi.

The low-dose OF treatment did not alter soil microbial community composition signif-
icantly, but it did vary the main dominant communities after half a year. Proteobacteria
had the highest abundance in the present study. Proteobacteria is composed of mesophilic
and neutrophilic bacteria. Proteobacteria belong to Gram-negative bacteria and reproduce
rapidly [84]. Proteobacteria play a role in the biological cycling of essential mineral nutri-
ents in soil. A high proportion of Proteobacteria in soil is beneficial for maintaining soil
fertility and promoting plant growth [85]. Acidobacteria represent about 20% of the total
soil bacterial communities. Actinobacteria are widely distributed in arid and semi-arid
regions, exhibiting heat and drought resistance. The mycelium of Actinobacteria degrades
insoluble substances in soil, provides nutrients for cells, and plays an important role in
the cycling of carbon, nitrogen, and other elements, thereby improving soil productivity.
Chlorobacteria are involved in soil carbon cycling processes, including CO2 fixation, CO
oxidation, and CH4 oxidation (supported by metagenomic evidence), and the degradation
of macromolecules such as cellulose. Chlorobacterium also plays a role in the biogeochemi-
cal cycling of elements such as nitrogen (N) and sulfur (S). Post-remediation (PR) treatment
notably elevated the relative abundance of Chloroflexi. The Bacteroidetes phylum effi-
ciently utilizes soil organic matter. Organic fertilizers provide the necessary nutrients for
the growth and reproduction of Bacteroidetes. The POF treatment significantly increased
the relative abundance of Gemmatimonadota, indicating enhanced soil nitrogen fixation,
secretion of antibiotics, production of hormone-like substances, and biological control
functions, as well as the ability to decompose organic matter [63]. Gemmatimonadetes
produce various secondary metabolites that effectively inhibit pathogenic microorgan-
isms [86–88]. Many Firmicutes have good halophilic and alkaline characteristics, produce
spores with high salt tolerance, and adapt to drought and saline–alkali stresses. Unlike most
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agricultural soils, the test soil contained no Planctomycetes; instead, it had Myxococcota
and Patescibacteria.

The genera of the soil bacteria in the test treatments were mainly Bradyrhizobium, My-
cobacterium, Gemmatimonas, Sphingomonas, Haliangium, RB41 bacterial genus, and Candidatus
Solibacte. The genus Bradyrhizobium of Proteobacteria is best known for its N2-fixing
members that nodulate legumes. The POF treatment significantly increased the relative
abundance of Gemmatimonas and Sphingomonas, indicating efficient metabolic regulation
mechanisms, enormous potential for environmental remediation, and the promotion of
plant growth. The POF treatment significantly increased the relative abundance of Mycobac-
terium compared to the PR treatment.

Ascomycota was the most prevalent major fungal phylum, followed by Basidiomycota
and Mucoromycota. Ascomycetes dominated in each treatment, and both the PR and POF
treatments significantly increased the relative abundance of Ascomycota, which aligns
with the findings of [89]. The ecological adaptability of soil dominated by Ascomycota
is strong due to its rapid evolution speed and rich species diversity. The PR and POF
treatments significantly decreased the relative abundance of soil Mucoromycota, and
the POF treatment also decreased Basidiomycota. Among the dominant fungal genera,
Ascobolus, Epicocum, Leptosphaerulina, Fusarium, Cryptococcus, and Pseudomycohila belong to
Ascomycota, further indicating that Ascomycota was the main dominant fungal phylum in
the study soil. The relative abundance of fungal genera was less affected by the application
of organic fertilizers compared to bacteria.

PCoA indicated that both the POF and PR treatments had a significant impact on the
composition of soil bacterial communities. However, there were no notable variations in
soil fungal community composition following the application of organic fertilizers. The
response of soil bacterial communities to low-dose organic fertilizer application was faster
than that of soil fungi. The soil is developing towards a eutrophication environment. The
low-dose application of organic fertilizer with high nutrient levels improved the structure
of the soil bacterial community and enhanced the metabolic activity of soil microorganisms.

Organic fertilizer application enhanced soil enzyme activity to a certain extent, strongly
affecting the composition of soil microbial communities, while having a weaker impact
on soil physical and chemical properties and microbial activity, quantity, and diversity.
Low-dose application of organic fertilizers with high nutrient levels only lasts for one
growing season. Further research on organic fertilizers with high nutrient levels produced
by high-temperature container fermentation is needed.

5. Conclusions

Our results indicated that low-dose organic fertilizer prepared from the manure of
laying hens and broilers activated certain microbial metabolic pathways, positively af-
fecting soil microbial diversity. The application of low-dose organic fertilizer enhanced
specific enzyme activity such as α-glucosidase and increased the species richness and
α-diversity of soil bacteria and fungi. Low-dose organic fertilizer and its alternative treat-
ment increased peanut yield significantly. The nutrients and other components supplied
by organic fertilizers, as well as the nutrients released, promoted the soil microbial com-
munities’ activity and proliferation and affected the soil chemical properties and enzyme
activities, thereby promoting crop growth. The impact of low-dose organic fertilizer on soil
chemical properties, microbial activity, microbial gene copy numbers, most soil enzyme
activities, and soil fungal communities was relatively small. However, the overall effect
indicated that low-dose organic fertilizer prepared from the manure of laying hens and
broiler by high-temperature fermentation technology should be considered as a sustainable
soil amendment. Organic fertilizers prepared from the manure of laying hens and broilers
have higher nutrient content, play an important role in providing nutrients for crops, and
have the potential to enhance soil microbial community activity and improve soil health;
therefore, they could largely replace chemical fertilizers.
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There are various sources of organic fertilizers, and different techniques should also
be used to treat the raw materials. Researchers and farmers should classify and apply
organic fertilizers accurately based on their type, crop needs, and soil conditions. Proper
application of organic fertilizers is essential to achieve better enhancement effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14040765/s1, Figure S1: Effects of low-dose organic
fertilizer produced by high-temperature aerobic fermentation on soil physicochemical properties.
Figure S2: Effects of low-dose organic fertilizer produced by high-temperature aerobic fermentation
on peanut yields.

Author Contributions: X.Z. and P.L.: data curation, formal analysis, visualization, and writing—
original draft. M.Z., S.W., B.S., Y.W., Z.C., H.X. and T.L.: investigation and methodology. Y.Z. and N.J.:
funding acquisition, conceptualization, resources, supervision, project administration, and review
and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Key RD Program (grant number NK202218020203), the
Strategic Priority Research Program of the Chinese Academy of Sciences (grant number XDA28090100),
the Major Program of the Institute of Applied Ecology, Chinese Academy of Sciences (grant num-
ber IAEMP202201), and the Liaoning Provincial Department of Science and Technology Project
“Liaoning Rural Science-Technology Specialised Action Plan” (grant number 2023JH5/10400146 and
2023JH5/10400149).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank the reviewers and editor for their insightful comments and
constructive suggestions.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lu, S.; Bai, X.; Zhang, J.; Li, J.; Li, W.; Lin, J. Impact of virtual water export on water resource security associated with the energy

and food bases in Northeast China. Technol. Forecast. Soc. Chang. 2022, 180, 121635. [CrossRef]
2. Guo, Y.; Tong, L.; Mei, L. The effect of industrial agglomeration on green development efficiency in Northeast China since the

revitalization. J. Clean. Prod. 2020, 258, 120584. [CrossRef]
3. Wang, H.; Yang, S.; Wang, Y.; Gu, Z.; Xiong, S.; Huang, X.; Sun, M.; Zhang, S.; Guo, L.; Cui, J.; et al. Rates and causes of black soil

erosion in Northeast China. Catena 2022, 214, 106250. [CrossRef]
4. Zhao, R.; Li, J.; Wu, K.; Kang, L. Cultivated land use zoning based on soil function evaluation from the perspective of black soil

protection. Land 2021, 10, 605. [CrossRef]
5. Gu, Z.; Xie, Y.; Gao, Y.; Ren, X.; Cheng, C.; Wang, S. Quantitative assessment of soil productivity and predicted impacts of water

erosion in the black soil region of northeastern China. Sci. Total Environ. 2018, 637, 706–716. [CrossRef] [PubMed]
6. Ma, C.; Nie, R.; Du, G. Responses of Soil Collembolans to Land Degradation in a Black Soil Region in China. Int. J. Environ. Res.

Public Health 2023, 20, 4820. [CrossRef] [PubMed]
7. Li, W.; Wang, D.; Li, Y.; Zhu, Y.; Wang, J.; Ma, J. A multi-faceted, location-specific assessment of land degradation threats to

peri-urban agriculture at a traditional grain base in northeastern China. J. Environ. Manag. 2020, 271, 111000. [CrossRef] [PubMed]
8. Ajmal, M.; Shi, A.; Awais, M.; Zhang, M.; Xu, Z.; Shabbir, A.; Faheem, M.; Wei, W.; Ye, L. Ultra-high temperature aerobic

fermentation pretreatment composting: Parameters optimization, mechanisms and compost quality assessment. J. Environ. Chem.
Eng. 2021, 9, 105453. [CrossRef]

9. Zhang, Z.; Yang, H.; Wang, B.; Chen, C.; Zou, X.; Cheng, T.; Li, J. Aerobic co-composting of mature compost with cattle manure:
Organic matter conversion and microbial community characterization. Bioresour. Technol. 2023, 382, 129187. [CrossRef]

10. Fuchs, W.; Wang, X.; Gabauer, W.; Ortner, M.; Li, Z. Tackling ammonia inhibition for efficient biogas production from chicken
manure: Status and technical trends in Europe and China. Renew. Sustain. Energy Rev. 2018, 97, 186–199. [CrossRef]

11. National Bureau of Statistics of China. China Statistical Yearbook; Various Issues; National Bureau of Statistics of China: Beijing,
China, 2015.

12. Li, H.; Zhang, Y.; Sun, Y.; Liu, P.; Zhang, Q.; Wang, X.; Wang, R.; Li, J. Long-term effects of optimized fertilization, tillage and crop
rotation on soil fertility, crop yield and economic profit on the Loess Plateau. Eur. J. Agron. 2023, 143, 126731. [CrossRef]

13. Lin, B.; Li, R.; Liu, K.; Oladele, O.; Xu, Z.; Lal, R.; Zhao, X.; Zhang, H. Management-induced changes in soil organic carbon and
related crop yield dynamics in China’s cropland. Glob. Chang. Biol. 2023, 29, 3575–3590. [CrossRef] [PubMed]

14. Akdeniz, N. A systematic review of biochar use in animal waste composting. Waste Manag. 2019, 88, 291–300. [CrossRef]

https://www.mdpi.com/article/10.3390/agronomy14040765/s1
https://www.mdpi.com/article/10.3390/agronomy14040765/s1
https://doi.org/10.1016/j.techfore.2022.121635
https://doi.org/10.1016/j.jclepro.2020.120584
https://doi.org/10.1016/j.catena.2022.106250
https://doi.org/10.3390/land10060605
https://doi.org/10.1016/j.scitotenv.2018.05.061
https://www.ncbi.nlm.nih.gov/pubmed/29758427
https://doi.org/10.3390/ijerph20064820
https://www.ncbi.nlm.nih.gov/pubmed/36981729
https://doi.org/10.1016/j.jenvman.2020.111000
https://www.ncbi.nlm.nih.gov/pubmed/32778286
https://doi.org/10.1016/j.jece.2021.105453
https://doi.org/10.1016/j.biortech.2023.129187
https://doi.org/10.1016/j.rser.2018.08.038
https://doi.org/10.1016/j.eja.2022.126731
https://doi.org/10.1111/gcb.16703
https://www.ncbi.nlm.nih.gov/pubmed/37021594
https://doi.org/10.1016/j.wasman.2019.03.054


Agronomy 2024, 14, 765 15 of 17

15. Pedizzi, C.; Noya, I.; Sarli, J.; González-García, S.; Lema, J.; Moreira, M.; Carballa, M. Environmental assessment of alternative
treatment schemes for energy and nutrient recovery from livestock manure. Waste Manag. 2018, 77, 276–286. [CrossRef] [PubMed]

16. Roohi, M.; Arif, M.S.; Guillaume, T.; Yasmeen, T.; Riaz, M.; Shakoor, A.; Farooq, T.; Shahzad, S.; Bragazza, L. Role of fertilization
regime on soil carbon sequestration and crop yield in a maize-cowpea intercropping system on low fertility soils. Geoderma 2022,
428, 116152. [CrossRef]

17. Yin, H.; Zhao, W.; Li, T.; Cheng, X.; Liu, Q. Balancing straw returning and chemical fertilizers in China: Role of straw nutrient
resources. Renew. Sustain. Energy Rev. 2018, 81, 2695–2702. [CrossRef]

18. Chen, Y.; Fu, X.; Liu, Y. Effect of farmland scale on farmers’ application behavior with organic fertilizer. Int. J. Environ. Res. Public
Health 2022, 19, 4967. [CrossRef] [PubMed]

19. Jiang, Y.; Li, K.; Chen, S.; Fu, X.; Feng, S.; Zhuang, Z. A sustainable agricultural supply chain considering substituting organic
manure for chemical fertilizer. Sustain. Prod. Consum. 2022, 29, 432–446. [CrossRef]

20. Tao, R.; Liang, Y.; Wakelin, S.A.; Chu, G. Supplementing chemical fertilizer with an organic component increases soil biological
function and quality. Appl. Soil Ecol. 2015, 96, 42–51. [CrossRef]

21. Ji, L.; Wu, Z.; You, Z.; Yi, X.; Ni, K.; Guo, S.; Ruan, J. Effects of organic substitution for synthetic N fertilizer on soil bacterial
diversity and community composition: A 10-year field trial in a tea plantation. Agric. Ecosyst. Environ. 2018, 268, 124–132.
[CrossRef]

22. Yan, B.; Zhang, Y.; Wang, Y.; Rong, X.; Peng, J.; Fei, J.; Luo, G. Biochar amendments combined with organic fertilizer improve maize
productivity and mitigate nutrient loss by regulating the C–N–P stoichiometry of soil, microbiome, and enzymes. Chemosphere
2023, 324, 138293. [CrossRef] [PubMed]

23. Yang, F.; Zeng, Y.; Feng, Z.; Liu, Z.; Li, B. Research Status on Environmental Control Technologies and Intelligent Equipment for
Livestock and Poultry Production. Bull. Chin. Acad. Sci. (Chin. Version) 2019, 34, 163–173.

24. Zhao, Y.; Hao, H.; Zhang, Y. Intelligent control system of integrated environmental protection equipment for livestock and poultry
manure treatment. In Proceedings of the Second International Conference on Sustainable Technology and Management (ICSTM
2023), SPI.E., Dongguan, China, 21–23 July 2023; pp. 13–18.

25. Mengqi, Z.; Shi, A.; Ajmal, M.; Ye, L.; Awais, M. Comprehensive review on agricultural waste utilization and high-temperature
fermentation and composting. Biomass Convers. Biorefinery 2021, 13, 5445–5468. [CrossRef]

26. Hu, W.; Zhang, Y.; Rong, X.; Fei, J.; Peng, J.; Luo, G. Coupling amendment of biochar and organic fertilizers increases maize yield
and phosphorus uptake by regulating soil phosphatase activity and phosphorus-acquiring microbiota. Agric. Ecosyst. Environ.
2023, 355, 108582. [CrossRef]

27. Jin, X.; Cai, J.; Yang, S.; Li, S.; Shao, X.; Fu, C.; Li, C.; Deng, R.; Huang, J.; Ruan, Y.; et al. Partial substitution of chemical fertilizer
with organic fertilizer and slow-release fertilizer benefits soil microbial diversity and pineapple fruit yield in the tropics. Appl.
Soil Ecol. 2023, 189, 104974. [CrossRef]

28. Jin, N.; Jin, L.; Wang, S.; Li, J.; Liu, F.; Liu, Z.; Luo, S.; Wu, Y.; Lyu, J.; Yu, J. Reduced chemical fertilizer combined with bio-organic
fertilizer affects the soil microbial community and yield and quality of lettuce. Front. Microbiol. 2022, 13, 863325. [CrossRef]
[PubMed]

29. Kiflu, A.; Beyene, S. Effects of different land use systems on selected soil properties in South Ethiopia. J. Soil Sci. Environ. Manag.
2013, 4, 100–107. [CrossRef]

30. Kara, O.; Bolat, I. The effect of different land uses on soil microbial biomass carbon and nitrogen in Bartın province. Turk. J. Agric.
For. 2008, 32, 281–288.

31. Wu, W.; Chen, G.; Meng, T.; Li, C.; Feng, G.; Si, B.; Siddique, K. Effect of different vegetation restoration on soil properties in the
semi-arid Loess Plateau of China. Catena 2023, 220, 106630. [CrossRef]

32. Punithavathi, M.; Vasanthakumar, R.; Mariappan, V.N. Studies on drought tolerant and high yielding groundnut varieties in
Perambalur district. Int. J. Bio-Resour. Stress Manag. 2021, 12, 64–67. [CrossRef]

33. Huang, Z.; Zhang, J.; Ren, D.; Hu, J.; Xia, G.; Pan, B. Modeling and assessing water and nitrogen use and crop growth of peanut
in semi-arid areas of Northeast China. Agric. Water Manag. 2022, 267, 107621. [CrossRef]

34. Yang, D.; Liu, Y.; Wang, Y.; Gao, F.; Zhao, J.; Li, y.; Li, X. Effects of soil tillage, management practices, and mulching film application
on soil health and peanut yield in a continuous cropping system. Front. Microbiol. 2020, 11, 570924. [CrossRef] [PubMed]

35. Nelson, D.W.; Sommers, L.E. Total carbon, organic carbon, and organic matter. In Methods of Soil Analysis: Part 2 Chemical and
Microbiological Properties; ASA-SSSA: Madison, WI, USA, 1983; Volume 9, pp. 539–579.

36. Kuo, S. Phosphorus. In Methods of Soil Analysis; Kuo, S., Ed.; ASA-SSSA: Madison, WI, USA, 1996; pp. 869–919. [CrossRef]
37. Koralage, I.; Silva, N.; De Silva, C. The determination of available phosphorus in soil: A quick and simple method. OUSL J. 2015,

8, 1–17.
38. Bai, X.; Dippold, M.A.; An, S.; Wang, B.; Zhang, H.; Loeppmann, S. Extracellular enzyme activity and stoichiometry: The effect of

soil microbial element limitation during leaf litter decomposition. Ecol. Indic. 2021, 121, 107200. [CrossRef]
39. Lehmann, J.; Kleber, M. The contentious nature of soil organic matter. Nature 2015, 528, 60–68. [CrossRef] [PubMed]
40. Tabatabai, M.A. Soil enzymes. In Methods of Soil Analysis: Part 2 Microbiological and Biochemical Properties; Soil Science Society of

America: Madison, WI, USA, 1994; Volume 5, pp. 775–833.
41. Sinsabaugh, R.L.; Hill, B.H.; Shah, J.J.F. Ecoenzymatic stoichiometry of microbial organic nutrient acquisition in soil and sediment.

Nature 2009, 462, 795–798. [CrossRef] [PubMed]

https://doi.org/10.1016/j.wasman.2018.04.007
https://www.ncbi.nlm.nih.gov/pubmed/29685601
https://doi.org/10.1016/j.geoderma.2022.116152
https://doi.org/10.1016/j.rser.2017.06.076
https://doi.org/10.3390/ijerph19094967
https://www.ncbi.nlm.nih.gov/pubmed/35564361
https://doi.org/10.1016/j.spc.2021.10.025
https://doi.org/10.1016/j.apsoil.2015.07.009
https://doi.org/10.1016/j.agee.2018.09.008
https://doi.org/10.1016/j.chemosphere.2023.138293
https://www.ncbi.nlm.nih.gov/pubmed/36870619
https://doi.org/10.1007/s13399-021-01438-5
https://doi.org/10.1016/j.agee.2023.108582
https://doi.org/10.1016/j.apsoil.2023.104974
https://doi.org/10.3389/fmicb.2022.863325
https://www.ncbi.nlm.nih.gov/pubmed/35531292
https://doi.org/10.5897/JSSEM2013.0380
https://doi.org/10.1016/j.catena.2022.106630
https://doi.org/10.23910/1.2021.2161
https://doi.org/10.1016/j.agwat.2022.107621
https://doi.org/10.3389/fmicb.2020.570924
https://www.ncbi.nlm.nih.gov/pubmed/33424781
https://doi.org/10.2136/sssabookser5.3.c32
https://doi.org/10.1016/j.ecolind.2020.107200
https://doi.org/10.1038/nature16069
https://www.ncbi.nlm.nih.gov/pubmed/26595271
https://doi.org/10.1038/nature08632
https://www.ncbi.nlm.nih.gov/pubmed/20010687


Agronomy 2024, 14, 765 16 of 17

42. Rahman, L.; Whitelaw-Weckert, M.; Orchard, B. Consecutive applications of brassica green manures and seed meal enhances
suppression of Meloidogyne javanica and increases yield of Vitis vinifera cv Semillon. Appl. Soil Ecol. 2011, 47, 195–203. [CrossRef]

43. Agegnehu, G.; Nelson, P.N.; Bird, M.I. Crop yield, plant nutrient uptake and soil physicochemical properties under organic soil
amendments and nitrogen fertilization on Nitisols. Soil Tillage Res. 2016, 160, 1–13. [CrossRef]

44. Gopinath, K.; Saha, S.; Mina, B.; Pande, H.; Kundu, S.; Gupta, H.S. Influence of organic amendments on growth, yield and quality
of wheat and on soil properties during transition to organic production. Nutr. Cycl. Agroecosystems 2008, 82, 51–60. [CrossRef]

45. Bhatt, M.K.; Labanya, R.; Joshi, H.C. Influence of long-term chemical fertilizers and organic manures on soil fertility—A review.
Univers. J. Agric. Res. 2019, 7, 177–188.

46. Sharma, A.; Chetani, R. A review on the effect of organic and chemical fertilizers on plants. Int. J. Res. Appl. Sci. Eng. Technol 2017,
5, 677–680. [CrossRef]

47. Yan, X.; Wang, D.; Zhang, H.; Zhang, G.; Wei, Z. Organic amendments affect phosphorus sorption characteristics in a paddy soil.
Agric. Ecosyst. Environ. 2013, 175, 47–53. [CrossRef]

48. Liu, J.; Shu, A.; Song, W.; Shi, W.; Li, M.; Zhang, W.; Li, Z.; Liu, G.; Yuan, F.; Zhang, S.; et al. Long-term organic fertilizer
substitution increases rice yield by improving soil properties and regulating soil bacteria. Geoderma 2021, 404, 115287. [CrossRef]

49. Han, J.; Dong, Y.; Zhang, M. Chemical fertilizer reduction with organic fertilizer effectively improve soil fertility and microbial
community from newly cultivated land in the Loess Plateau of China. Appl. Soil Ecol. 2021, 165, 103966. [CrossRef]

50. Belay, A.; Claassens, A.; Wehner, F. Effect of direct nitrogen and potassium and residual phosphorus fertilizers on soil chemical
properties, microbial components and maize yield under long-term crop rotation. Biol. Fertil. Soils 2002, 35, 420–427.

51. Káš, M.; Mühlbachová, G.; Kusá, H.; Pechová, M. Soil phosphorus and potassium availability in long-term field experiments with
organic and mineral fertilization. Plant Soil Environ. 2016, 62, 558–565. [CrossRef]

52. Sa, X.; Li, M. Effects of different fertilization treatments on inter-root soil nutrients and fungal communities of ‘Cabernet
Sauvignon’ grapes. Microbiol. Bull. 2023, 50, 4876–4893.

53. Kaur, K.; Kapoor, K.K.; Gupta, A.P. Impact of organic manures with and without mineral fertilizers on soil chemical and biological
properties under tropical conditions. J. Plant Nutr. Soil Sci. 2005, 168, 117–122. [CrossRef]

54. Esteves, C.; Fangueiro, D.; Mota, M.; Martins, M.; Braga, R.P.; Ribeiro, H. Partial replacement of chemical fertilizers with animal
manures in an apple orchard: Effects on crop performance and soil fertility. Sci. Hortic. 2023, 322, 112426. [CrossRef]

55. Hartemink, A.E.; Barrow, N. Soil pH-nutrient relationships: The diagram. Plant Soil 2023, 486, 209–215. [CrossRef]
56. Fernández, F.G.; Hoeft, R.G. Managing soil pH and crop nutrients. Ill. Agron. Handb. 2009, 24, 91–112.
57. Fageria, N.K.; Nascente, A.S. Management of soil acidity of South American soils for sustainable crop production. Adv. Agron.

2014, 128, 221–275.
58. Cui, Y.; Fang, L.; Guo, X.; Wang, X.; Wang, Y.; Zhang, Y.; Zhang, X. Responses of soil bacterial communities, enzyme activities,

and nutrients to agricultural-to-natural ecosystem conversion in the Loess Plateau, China. J. Soils Sediments 2019, 19, 1427–1440.
[CrossRef]

59. Monreal, C.M.; Bergstrom, D. Soil enzymatic factors expressing the influence of land use, tillage system and texture on soil
biochemical quality. Can. J. Soil Sci. 2000, 80, 419–428. [CrossRef]

60. Barrios, E. Soil biota, ecosystem services and land productivity. Ecol. Econ. 2007, 64, 269–285. [CrossRef]
61. Alkorta, I.; Aizpurua, A.; Riga, P.; Albizu, I.; Amézaga, I.; Garbisu, C. Soil enzyme activities as biological indicators of soil health.

Rev. Environ. Health 2003, 18, 65–73. [CrossRef]
62. Utobo, E.; Tewari, L. Soil enzymes as bioindicators of soil ecosystem status. Appl. Ecol. Environ. Res. 2015, 13, 147–169.
63. Gurung, N.; Ray, S.; Bose, S.; Rai, V. A broader view: Microbial enzymes and their relevance in industries, medicine, and beyond.

BioMed Res. Int. 2013, 2013, 329121. [CrossRef]
64. Cole, J.; Smith, M.; Penn, C.; Cheary, B.S.; Conaghan, K.J. Nitrogen, phosphorus, calcium, and magnesium applied individually

or as a slow release or controlled release fertilizer increase growth and yield and affect macronutrient and micronutrient
concentration and content of field-grown tomato plants. Sci. Hortic. 2016, 211, 420–430. [CrossRef]

65. Yang, X.; Zhang, C.; Ma, X.; Lin, Q.; An, J.; Xu, S.; Xie, X.; Geng, J. Combining organic fertilizer with controlled-release urea to
reduce nitrogen leaching and promote wheat yields. Front. Plant Sci. 2021, 12, 802137. [CrossRef]

66. Semenov, M.; Krasnov, G.; Semenov, V.; Ksenofontova, N.; Zinyakova, N.B.; van Bruggen, A.H.C. Does fresh farmyard manure
introduce surviving microbes into soil or activate soil-borne microbiota? J. Environ. Manag. 2021, 294, 113018. [CrossRef]
[PubMed]

67. Bowles, T.M.; Acosta-Martínez, V.; Calderón, F.; Jackson, L.E. Soil enzyme activities, microbial communities, and carbon and
nitrogen availability in organic agroecosystems across an intensively-managed agricultural landscape. Soil Biol. Biochem. 2014, 68,
252–262. [CrossRef]

68. Zheng, Q.; Hu, Y.; Zhang, S.; Noll, L.; Böckle, T.; Dietrich, M.; Wanek, W. Soil multifunctionality is affected by the soil environment
and by microbial community composition and diversity. Soil Biol. Biochem. 2019, 136, 107521. [CrossRef] [PubMed]

69. He, M.; Tian, G.; Semenov, A.M.; Bruggen, A.H.C. Short-term fluctuations of sugar beet damping-off by Pythium ultimum in
relation to changes in bacterial communities after organic amendments to two soils. Phytopathology 2012, 102, 413–420. [CrossRef]
[PubMed]

70. Strickland, M.S.; Rousk, J. Considering fungal: Bacterial dominance in soils–methods, controls, and ecosystem implications. Soil
Biol. Biochem. 2010, 42, 1385–1395. [CrossRef]

https://doi.org/10.1016/j.apsoil.2010.12.006
https://doi.org/10.1016/j.still.2016.02.003
https://doi.org/10.1007/s10705-008-9168-0
https://doi.org/10.22214/ijraset.2017.2103
https://doi.org/10.1016/j.agee.2013.05.009
https://doi.org/10.1016/j.geoderma.2021.115287
https://doi.org/10.1016/j.apsoil.2021.103966
https://doi.org/10.17221/534/2016-PSE
https://doi.org/10.1002/jpln.200421442
https://doi.org/10.1016/j.scienta.2023.112426
https://doi.org/10.1007/s11104-022-05861-z
https://doi.org/10.1007/s11368-018-2110-4
https://doi.org/10.4141/S99-088
https://doi.org/10.1016/j.ecolecon.2007.03.004
https://doi.org/10.1515/REVEH.2003.18.1.65
https://doi.org/10.1155/2013/329121
https://doi.org/10.1016/j.scienta.2016.09.028
https://doi.org/10.3389/fpls.2021.802137
https://doi.org/10.1016/j.jenvman.2021.113018
https://www.ncbi.nlm.nih.gov/pubmed/34144322
https://doi.org/10.1016/j.soilbio.2013.10.004
https://doi.org/10.1016/j.soilbio.2019.107521
https://www.ncbi.nlm.nih.gov/pubmed/31700196
https://doi.org/10.1094/PHYTO-07-11-0189
https://www.ncbi.nlm.nih.gov/pubmed/22150210
https://doi.org/10.1016/j.soilbio.2010.05.007


Agronomy 2024, 14, 765 17 of 17

71. Rasche, F.; Cadisch, G. The molecular microbial perspective of organic matter turnover and nutrient cycling in tropical
agroecosystems-What do we know? Biol. Fertil. Soils 2013, 49, 251–262. [CrossRef]

72. Wolińska, A.; Stępniewska, Z. Dehydrogenase activity in the soil environment. Dehydrogenases 2012, 10, 183–210.
73. García, C.; Hernandez, T.; Costa, F. Potential use of dehydrogenase activity as an index of microbial activity in degraded soils.

Commun. Soil Sci. Plant Anal. 1997, 28, 123–134. [CrossRef]
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