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Abstract: A long-term experiment (38 years) was conducted to elucidate the effects of long-term
N addition on the net N mineralization in both paddy and upland soils, based on their initial soil
N status, with and in connection with soil microbial biomass and N cycling extracellular enzyme
activities. Two treatments without N addition CK (No fertilizer) and K (inorganic potassium fertilizer)
and two treatments with N addition (inorganic nitrogen fertilizer) and NK (inorganic nitrogen and
potassium fertilizer) were placed in incubation for 90 days. Results showed that the total N and soil
organic carbon (SOC) contents were higher in the treatments with N application compared to the
treatments without N in both paddy and upland soils. The SOC content of paddy soil was increased
relative to upland soil by 56.2%, 45.7%, 61.1% and 62.2% without N (CK, K) and with N (N and NK)
treatments, respectively. Site-wise, total N concentration in paddy soil was higher by 0.06, 0.10, 0.57
and 0.60 times under the CK, K, N and NK treatments, respectively, compared with upland soil. In
paddy soil, soil microbial biomass nitrogen (SMBN) was higher by 39.6%, 2.77%, 29.5% and 31.4%,
and microbial biomass carbon (SMBC) was higher by 11.8%, 11.9%, 10.1% and 12.3%, respectively,
in CK, K, N and NK treatment, compared with upland soil. Overall, compared to upland soil, the
activities of leucine-aminopeptidase (LAP) were increased by 31%, 18%, 20% and 11%, and those of
N-acetyl-b-D-glucosaminidase (NAG) were increased by 70%, 21%, 13% and 18% by CK, K, N and
NK treatments, respectively, in paddy soil. A significantly linear increase was found in the NO3

−-N
and NH4

+-N concentrations during the 90 days of the incubation period in both soils. NK treatment
showed the highest N mineralization potential (No) along with mineralization rate constant, k (NMR)
at the end of the incubation. SMBC, SMBN, enzyme activities, NO3

−-N and NH4
+-N concentrations

and the No showed a highly significant (p ≤ 0.05) positive correlation. We concluded that long-term
N addition accelerated the net mineralization by increasing soil microbial activities under both soils.

Keywords: nitrogen mineralization; extracellular enzymes; upland and paddy soil; soil microbial
biomass; long-term N addition
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1. Introduction

Nitrogen (N) mineralization potential (No) of soil has been described as the extent of
soil organic N that is capable of being mineralized [1]. N mineralization is a key mechanism
influencing the fertility of soil [2,3] and is needed to be mastered and understood when it
comes to meeting the N demands of the crops [4]. Crops use N in the form of: (i) mineral
N application; (ii) decomposition of organic amendments or plant residues; and (iii) soil
organic N mineralization [5]. N mineralization produces NH4

+-N and NO3
−-N, which are

taken up by the plants, and also controls the supply and magnitude of the mineral N from
the soil system to the plants as well [6,7].

Fertilization is a popular recommended practice to improve and sustain the fertility of
the arable lands and is also assumed to increase the soil’s capacity of the nutrient supply
and maintaining soil organic carbon (SOC) levels, which helps to sustain higher crop
yields [8]. It controls soil microbial activities and the relevant functions which play an
important role in soil nutrient cycling and soil organic matter decomposition [9]. Significant
impacts of soil-available nutrients on N mineralization have been well documented in
several studies [10,11].

Soil microorganisms and microbial extracellular enzymes involved in N cycling play
a crucial role in sustaining soil quality, ecosystem processes, including the acquisition of
essential soil nutrients [12], decomposition of organic matter [13], nitrogen (N) cycling
and carbon (C) cycling [14]. These are measured as microbial biomass nitrogen (SMBN)
and carbon (SMBC), primarily known as “biological traits”, which are key indicators
of soil health [15,16] and are also stated as the sensitive indicators of organic matter
decomposition and N mineralization [17,18]. Nutrient supply in the soil is mainly governed
by the microbial biomass nutrient pool [19,20] and plays a vital role in the nutrient storage
capability of the soils [21]. It improves the soil quality and also serves as a source of
plant-available nutrients [22]. Soil microbial activities are strongly affected by nutrient
availability. For example, some studies have shown that N fertilizer addition can increase
the enzymatic activity, microbial biomass and soil C mineralization rate [23,24].

Soil extracellular enzymes which are involved in N mineralization (NAG and LAP)
are usually taken as the sensitive N mineralization indexes and can also contribute to
providing an insight into the vital soil biochemical processes [25]. All the above processes
are mediated by the soil enzymes, which are straight away produced from the viable
microbial cells, or they can be produced from those enzymes which, after their production,
get stable in the soil system but remain catalytic [26]. Microbial nutrient demands reflected
by enzyme activities are explored by the stoichiometry of elements with different microbial
communities [11,27]. Microorganisms residing in the soil can get the nutrients by producing
the extracellular enzymes as a result of SOM decomposition [28].

The southern region of China’s mainland occupies the farmlands mainly with red
upland and paddy soils, having a significant proportion of the overall country’s grain
production. Generally, the red upland soil is considered a “low fertility” soil endangered
with erosion problems [29]. Within the same geomorphic unit, paddy soils have a rela-
tively good fertility status with higher contents of organic matter compared with upland
soils [30,31]. Paddy soil is often subjected to the rotation of wetting and drying cycles,
thereby affecting the physicochemical properties of soil, which can be less observed in the
case of upland soils [32–34].

Experimental research on the N addition to soil has been mainly discussed in many
previous studies [3,35–37]; however, its influence on the soil N dynamics and relevant
mechanisms for the responses of some important N cycling processes based on the N status
of soil after long-term fertilization are poorly understood. N mineralization usually occurs
after a system reaches N saturation or when there is already considerable N deposition,
which indicates that the responses of soil N dynamics to the fertilizer input might largely
be dependent on soil N status [38]. N mineralization responds to N-saturated soil to a
greater extent than in N-limited soil, but it might respond to N-limited soils after long-term
fertilizer application. However, the validity of this opinion is still not well confirmed.
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Studies in N-limited soils have reported both positive [39] and negligible effects [40–42]
and also produced inconsistent results. Most importantly, previous experiments lacked
consistency in the experimental methods and soil type; thus, the comparability of their
results was weak. There is still a scarcity of information on the comparison of long-term
fertilization among different soil types with the same climate and environmental conditions
with different soil N concentrations in a single study.

In the current study, a long-term upland, as well as paddy soil under different fertil-
ization, was studied with a focus on: (i) how N mineralization varies based on the initial
N status (without N and with N) of upland as well as paddy soil, and (ii) to evaluate
the differences between upland and paddy soils in terms of enzymatic activities and soil
microbial biomass under long-term fertilization having the same climatic condition. It was
hypothesized that long-term N addition would enhance soil extracellular enzyme activities
and soil microbial biomass linked to the N-mineralization by enhancing N availability in
both the soil conditions.

2. Materials and Methods
2.1. Site Description and Experimental Setup

A long-term upland soil under different fertilization (28◦21′6′′ N, 116◦10′21′′ E and
28◦21′9′′ N, 116◦10′33′′ E, respectively) was located in Jinxian, Jiangxi Province of China.
The mean annual temperature (MAT) is 18.1 ◦C with 260 frost-free days in a calendar
year. A typical subtropical climate prevails in the area having a mean annual precipitation
(MAP) of 1727 mm. The long-term upland soil experiment was started in 1986 with early
maize (Zea mays L.) (April–July), and later maize (July–October) cropping patterns in each
year. Before the initiation of the experiment, the soil contained about 36% of clay and was
categorized as “red soil” in the Chinese soil classification or as typical “Plinthosols” [43].
The parent material is quaternary red clay with dominant kaolinite minerals. At the start
of experiment in 1981, soil characteristics in the plough horizon (0–20 cm) were: pH 6.01;
SOC 9.38 g kg−1; total nitrogen (N) 0.97 g kg−1, potassium (K) 15.8 g kg−1 and phosphorus
(P) of 0.97 g kg−1. The available N, P and K contents were 60.1 mg kg−1, 12.8 mg kg−1 and
102.2 mg kg−1, respectively.

Within the same geomorphic unit, a long-term paddy soil experiment was initiated
in 1981, with a double rice cropping pattern having early rice (Oryza sativa) (April–July)
and later rice (July–November). The parent material and its dominant minerals in paddy
soil were the same as in upland soil, with 25% clay content and classified as “Stagnic
Anthrosols”. The initial soil characteristics before the start of the experiment were pH
6.92; SOC 16.31 g kg−1; total N 1.45 g kg−1, total P 0.46 g kg−1 and total K of 10.7 g kg−1.
The available N, P and K contents were 145 mg kg−1, 4.17 mg kg−1 and 80.51 mg kg−1,
respectively. Depending on the initial N status of the soil, in the year 2019, we selected the
following two sets of treatments without N application, (i) no fertilizer (CK), (ii) potassium
fertilizer (K), and with N application, (iii) N fertilizer (N), (iv) combined N and K fertilizers
(NK), from upland as well as paddy soil. Both experiments were randomized in a complete
block design (RCBD), replicated three times with a plot size of 22 m2 in upland and 47 m2

in paddy soil. Inorganic fertilizers were applied as urea for nitrogen (N) and potassium
chloride for potassium (K) at both the experimental sites. The amount of added N and K
fertilizer are given in (Table 1). Before each season, 40% of both the chemicals (N and K
fertilizer) were applied before the sowing of maize crop, the remaining N and K fertilizer
were applied about 40 days after sowing. On the other hand, 60% of N fertilizer and 50% of
K fertilizer were applied before the transplantation of rice seedlings in paddy soil, and the
rest was applied at the tillering stage. Both upland and paddy soil followed conventional
management practices such as pest management and irrigation.
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Table 1. The Annual rate (kg ha−1) of synthetic nitrogen (N) and potassium (K) fertilizer addition
and organic fertilizer applied in the various fertilization treatments.

Sites Treatments
Fertilization

N Status
N K

Upland

CK 0 0 Without N
K 0 60 Without N
N 60 0 With N

NK 60 60 With N

Paddy

CK 0 0 Without N
K 0 75 Without N
N 90 0 With N

NK 90 75 With N
CK, no fertilizer; K, synthetic potassium; N, synthetic nitrogen and NK, synthetic nitrogen and potassium.

2.2. Sampling and Laboratory Analysis

Surface soil (0 cm to 20 cm) samples from each plot were collected after harvesting in
the year 2019, both paddy and upland soils. It consisted of randomly collected four core
samples from every plot at the harvest stage. The collected samples from each site were
mixed thoroughly into one sample that represented each replicate of the four treatments
and then carried to the laboratory immediately. After sieving (<2 mm), all the debris, gravel
and visible roots were removed by manual hand-picking. After that, the prepared soil was
split into two parts. Before chemical analyses, one part was sieved through a 0.25 mm
sieve after air drying. The respective sub-samples were used to analyze soil pH, and the
moisture content of soil samples was calculated by the gravimetrical method (difference
of the soil weight before and after drying at 105 ◦C). The second part of the soil sample
was kept at 4 ◦C to analyze soil microbial and enzymes activities and to use the soil in the
incubation experiments as well.

2.3. Soil Chemical Analyses

The SOC content of the soil was assessed by using the oxidation method [44]. Soil total
N, total P and available P contents were determined by the method described by [45–47],
respectively. Pre-incubated, moist soil samples were used for the measurement of SMBN
and SMBC by the chloroform fumigation extraction method of [48], followed by the
eventual 0.5 M K2SO4 extraction. The N and C in extraction were calculated as SMBN or
SMBC = (N or C in a fumigated solution—N or C in an unfumigated solution)/KE, where
KE is 0.45 for MBC [49] and 0.57 for MBN [50].

The potential soil extracellular enzymes, N-Acetyl-glucosaminidase (NAG, N-acquiring
enzyme) and leucine-aminopeptidase (LAP, N-acquiring enzyme), were determined by
following the [51] method. We selected these enzymes because it is believed that the biogeo-
chemical activities and rates of microbial metabolism are dependent on the enzyme activity
potentials and are termed as the main soil microbial nutrient requirement indicators [52].
Concisely, a homogenous soil suspension was made by taking 1.0 g soil (fresh) with 100 mL
of newly prepared buffer (50 mM) of sodium acetate (C2H3NaO2). The pH of the prepared
buffer was adjusted according to the mean of the tested soil (Table 2). After that, 200 µL
acetate buffer, soil suspension and substrates (50 µL) were carefully dispensed into 96-well
black microplates that were incubated in the dark for 4 h at 25 ◦C. At last, the microplate
reader (SynergyH1, BioTek, Winooski, VT, USA) was used to quantify the fluorescence
intensity, with an excitement of 365 nm and 450 nm emission filters.
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Table 2. Soil enzymes assayed for potential activity along with their enzyme commission number (EC), abbreviation,
substrate and incubation time.

Enzyme Abb. Substrate EC Substrate Conc. (nM) Inc. Time

Leucine-aminopeptidase LAP L-Leucine-7-amido-4-methylcoumarin hydrochloride 3.4.11.1 400 45 min
N-acetyl-b-D-glucosaminidase NAG 4-Methylumbelliferyl N-acetyl-b-D-glucosaminide 3.2.1.30 300 4 h

MUB denotes methylumbelliferyl.

2.4. Soil Incubation and N Mineralization Measurements

The soil N mineralization experiment was done by following the classical method
of [1]. Concisely, 15 g of prepared soil and sand quartz (acid-washed) were put in polyvinyl
chloride leaching tubes in a 1:1 ratio. The leached samples were taken at 0, 10, 20, 35, 50, 70
and 90 days intervals by adding 0.01 M CaCl2 (100 mL) followed by the N-free solution
(25 mL). Sample tubes were incubated for consecutive 90 days at 25 ◦C. The mineral N
content (NH4

+-N and NO3
−-N) was analyzed by using a continuous flow analyzer (Foss

FIASTAR 5000 Analyzer) after the leaching.
Soil cumulative N mineralization was estimated by the total sum of mineral N after

the completion of incubation. N mineralization potential (No) was calculated by implying
the pseudo-first-order kinetic model [53] as shown below:

Nmin = No (1− e−kt) (1)

where, Nmin = cumulative mineralized N (mg kg−1), N0 = mineralizable N potential
(mg kg−1) and k = net mineralization rate constant, NMR (d−1). The equation fitting for N
mineralization was done by the global fit curve wizard in origin-pro (Systat Software, Inc.,
Chicago, IL, USA).

2.5. Statistical Analysis

Statistical analysis was done by using SPSS 20.0 (SPSS, Chicago, IL, USA). Analysis
of variance (ANOVA) was used, subsequently assessed by the least significant difference
(LSD) test at p ≤ 0.05 level for each variable to calculate the significant variations among
the different treatments. Linear regression between soil extracellular enzyme activities,
microbial biomasses and the N mineralization was done in R-software (ggplot2-package).
Pearson correlations between soil properties and N mineralization in both soils were also
analyzed. Variance partitioning analysis (VPA) was performed in R-software in order to
check the proportional contributions of different factors affecting the net N mineralization.

3. Results
3.1. Soil Chemical Properties and Nutrient Content

Long-term N addition affected soil chemical properties in both upland and paddy
soils, except soil pH (Table 3). Soil pH ranged from 4.91 to 4.34 and from 5.22 to 5.15 in
the upland and paddy soil, respectively. After 38 years of long-term experiment, the SOC
content of paddy soil was higher relative to upland soil by 56.2%, 45.7%, 61.1% and 62.2%
in without N (CK, K) and with N (N and NK) treatments, respectively. On average, the SOC
was 10.9 g kg−1 and 17.2 g kg−1 in the upland and paddy soils, respectively. Meanwhile,
the maximum SOC content was attained under the N treatment, followed by NK, K and
CK. Analysis of variance showed significant differences (p < 0.05) among the soil type,
fertilization, as well as their interactions.

Soil total P and available P were not affected by the fertilization in both the soils;
however, the effect of soil type was significant among them. Compared with upland
soil, total P and available P under paddy soil were decreased by 37.6%, 30.2%, 31.2% and
68.9%, 67.5%, 66.6% and 67.6% with CK, K, N and NK treatments, respectively. Analysis
of variance showed significant differences (p < 0.05) of total P among the soil type and
fertilization, while fertilization was non-significant (p > 0.05) in the case of available P.
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Moreover, the interactive effect of both soil type and fertilization was also non-significant
(p > 0.05).

Total N concentrations were significantly influenced by the site, fertilization as well
as their interaction (Table 3). N treatment showed the maximum N concentration of
2.18 g kg−1, followed by NK (2.14 g kg−1), K (1.55 g kg−1) and CK (1.54 g kg−1) under
paddy soil. Overall site-wise, the N concentrations were increased by 0.06, 0.10, 0.57 and
0.60 times by the above treatments under paddy soil, compared with upland soil. It is
likely that soil-available N significantly increases after N addition, providing adequate soil
nutrients for plant growth. Analysis of variance showed significant differences (p < 0.05)
among the soil type, fertilization, as well as their interactions.

Table 3. Effect of long-term fertilization on the soil pH, SOC, total P, available P and the total N concentrations in upland
and paddy soils.

Sites Treatments pH SOC
(g kg−1)

Total P
(g kg−1)

Averaged Total P
(g kg−1)

Available P
(mg kg−1)

Total N
(g kg−1)

Upland CK 4.91 ± 0.16 8.54 ± 0.23 f 1.64 ± 0.02
1.08A

10.7 ± 1.08 0.10 ± 0.12 d
Paddy CK 5.22 ± 0.17 13.3 ± 1.73 b 0.51 ± 0.02 6.71 ± 0.65 1.54 ± 0.04 b
Upland K 4.93 ± 0.26 9.76 ± 1.24 e 1.54 ± 0.01

1.02A
9.74 ± 0.84 0.16 ± 0.07 d

Paddy K 5.25 ± 0.24 14.2 ± 0.98 b 0.50 ± 0.06 6.79 ± 0.33 1.55 ± 0.07 b
Upland N 4.27 ± 0.12 12.9 ± 1.11 cd 1.38 ± 0.03

0.92B
9.37 ± 0.22 1.25 ± 0.02 c

Paddy N 5.13 ± 0.20 20.8 ± 1.02 a 0.46 ± 0.02 6.44 ± 0.37 2.18 ± 0.02 a
Upland NK 4.34 ± 0.13 12.6 ± 2.05 d 1.39 ± 0.02

0.92B
9.46 ± 0.76 1.28 ± 0.03 c

Paddy NK 5.15 ± 0.16 20.5 ± 0.75 a 0.45 ± 0.06 6.42 ± 0.88 2.14 ± 0.08 a
ANOVA
Soil type ns *** *** *** ***

Fertilization ns *** *** ns ***
S × F ns *** Ns ns ***

CK, no fertilizer; K, synthetic potassium; N, synthetic nitrogen and NK, synthetic nitrogen and potassium. Data followed by different
lowercase letters denote significant differences (p ≤ 0.05) based on interaction (S × F). Moreover, the uppercase letters denote significant
differences (p ≤ 0.05) based on fertilization (F) and “***” denotes the significance level.

3.2. Responses of Soil Microbial Biomass Nitrogen and Carbon to Nitrogen Additions

SMBC and SMBN were significantly higher with N treatments in both soils (Figure 1),
compared with without N treatments. However, the comparison between without N and
with N treatments was non-significant. The N treatment showed the maximum SMBC
(494.3 mg kg−1 and 640.2 mg kg−1) and SMBN (79.7 mg kg−1 and 87.6 mg kg−1) among
all other treatments in both soils, followed by NK, K and CK. Both SMBC and SMBN
were increased by 39.6%, 2.77%, 29.5%, 31.4% and 11.8%, 11.9%, 10.1% and 12.3% in CK,
K, N and NK treatment, respectively, under paddy soil, compared with upland soil. On
average, the upland soil had 368.5 mg kg−1 and 66.4 mg kg−1, whereas the paddy soil had
459.5 mg kg−1 and 74.1 mg kg−1 of SMBC and SMBN, respectively.

3.3. Soil Enzymatic Activities Associated with Soil N Mineralization

A significant difference in extracellular activities was observed under long-term with N
and without N fertilization (Figure 2). The activities of LAP and NAG in the NK treatment
were markedly increased by 105% and 203%, compared with without N treatment in
the upland soil, whereas they were increased by 74% and 110%, compared to without N
treatment in the paddy soil. Overall site-wise, in paddy soil, the activities of LAP and NAG
were increased by 31%, 18%, 20%, 11% and 70%, 21%, 13% and 18% by CK, K, N and NK
treatments, respectively, compared to the upland soil.
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3.4. Soil NO3
−-N, NH4

+-N Contents during Incubation Period

The incubation duration and the fertilization considerably influenced soil NO3
−-N,

NH4
+-N contents and the net N mineralization in both paddy and upland soils (Figure 3).

A significant effect was observed, demonstrating the variable concentration of NO3
−-N and

NH4
+-N. A linear increase was observed in the NO3

−-N concentrations during incubation;
however, a more obvious increase was observed among all treatments after 20 days, and
the maximum was observed in the NK treatment in both the soils (Figure 3A,B). NH4

+-N
concentration at first increased up to day 20 and then decreased but was relatively stable
after day 70 of incubation (Figure 3C,D). Overall, after the 90 days of incubation, NO3

−-N
and NH4

+-N contents under paddy soil were increased by 5.29%, 10.5%, 3.25% and 1.33% in
CK, K, N and NK treatments, respectively, compared with the upland soil. The significant
difference in the initial 20 days and the relatively stable mineralized N values at later
stages reflected that the labile-N fraction and the intermediate fraction of applied N led to
a wide-ranging k and N mineralization among both the soils with different fertilization.
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3.5. N Mineralization Potential and Mineralization Rate Constant (k)

Total N mineralization, generally considered as the sum of NO3
−-N and NH4

+-N,
altered in a significant (p ≤ 0.05) manner under both upland and paddy soils, with
the incubation duration. N mineralization potential (N0) ranged from 36.8–52.2 and
39.9–53.3 (mg kg−1), NMR (k) ranged from 0.11–0.17 and 0.54–0.19 in upland and paddy
soils, respectively. The net N mineralization has shown a significant curvilinear relationship
with the time over 90 days of incubation after long-term with N and without N fertilization
(Figure 3E,F). After the completion of incubation, the highest N mineralization (cumula-
tive) was observed in the NK treatment (53.2 mg kg−1 and 53.3 mg kg−1). An increase in
the net N mineralization was observed by 3%, 31% and 39% in K, N and NK in upland
soil, whereas it increased by 9%, 28% and 34%, respectively, in the paddy soil, compared
with CK. Moreover, the N mineralization data fitted well (R2 = 0.97–0.99) modeled by the
pseudo-first-order kinetic model. N mineralization rate constant (k) was consistent with
fertilization and has shown an increasing trend. Overall, after 90 days of incubation, the
net N mineralization in paddy soil was increased by 5%, 11%, 4% and 2% in CK, K, N and
NK treatment, compared with those of upland soil.

4. Discussion

Long-term N addition strongly affected the chemical and biological properties of soil.
SOC content was higher with the N addition in both upland and paddy soils. This could
be due to long-term N addition and slow decomposition of organic matter in the soil. This
finding is also supported by earlier studies [54–56]. However, higher SOC in paddy soils
can be explained as paddy soils are more fertile than upland soils, with 57.07% higher SOC
content [30]. In fact, increasing evidence supports the theory that N fertilization enhances
SOC sequestration in terrestrial ecosystems [57–59]. One mechanism for explaining the
phenomenon is that the lignin-rich and aromatic compounds may become preserved from
decomposition due to depressed oxidative activities under N fertilization [60]. Generally,
SOC contents in paddy soils become stable after 30 years of rice cultivation in subtropical
China. So, this increase of SOC with N treatments could be attributed to the increased
underground biomass due to the introduction of modern rice varieties as well as increased
nutrient inputs through rainfall and irrigation water [61]. Moreover, the soil organic matter
enrichment in soil depends upon the SOC stabilization. Six et al. [62] presented three
organic carbon stabilization mechanisms in the soil: (1) physical protection, (2) biochemical
stabilization and (3) chemical protection. It has been observed that the biochemical stabi-
lization of organic materials present in the soil system is primarily due to their complex
chemical composition. This might be related to the lower aromatic/phenolic-C and higher
O-alkyl-C intensities in paddy soil than in upland soil due to the presence of rice crop
residues, compared to maize crop residues [63]. So, it is simply that the slower decom-
position of maize residues than rice residues might be an inherent property of these crop
residues [64].

SMBC and SMBN were significantly higher with N treatments in both soils (Figure 1).
The microbial biomass controls and regulates the N and C cycles, and soil management
practices also control the size of the microbial biomass pool [65]. The readily metabolizable
C and N, in addition to increasing root biomass and root exudates due to greater crop
growth, are thought to be the most influential factors contributing to the increased microbial
biomass [66]. Correspondingly, under long-term N addition, higher microbial metabolic
activities might be due to the significant increase in the microbial biomass [67]. The essential
SOC fractions and N become microbial components (i.e., proteins) after the soil organic
matter mineralization, which were released by the microbial turnover at later stages [68].
Treatments with N application (N and NK) increased microbial N transformations because
of faster decomposition with higher N concentrations when the soil moisture was higher
in paddy soils [69].

A significant difference in extracellular activities was observed under long-term with N
and without N fertilization (Figure 2). Generally, the N cycling enzymes LAP and NAG are
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regulated by the C contents and N concentrations [28,70]. LAP showed significant positive
correlations with SOC content and N mineralization, which suggests its substantial role in
protein depolymerization [71]. LAP could be the limiting factor in the N mineralization
process while considering the fact that the majority (>65%) of the total N content in plant
and microbial cells is comprised of this protein [13]. The increased aminopeptidase activity
could be due to the labile constituents after long-term N addition compared with those
without N treatments [72]. Soil NAG plays a key role in the degradation of chitin. Proteins,
chitin and peptidoglycan are the principal reservoirs of organic N [73]. With N treatments,
increased NAG activity in upland and paddy soils, which suggests its production, substrate
decomposition and its responses to the soil status might vary compared to those treatments
without N. NAG has a direct link to organic matter mineralization in soil, as stated in some
previous studies [74]. Maximum NAG activity with N soils might be due to the higher SOC
content in the soil compared to without N soils. Thus, enzyme activities are enhanced after
the long-term N addition, which also facilitates the accumulation of SOC and N contents
in the soil that help to improve soil fertility. The incubation duration and the fertilization
considerably influenced soil NO3

−-N, NH4
+-N contents and the net N mineralization in

both paddy and upland soils. This finding can be linked to the slower mineralization
potential at the later stage of the incubation that caused a decreased temporal release of
NH4

+-N, indicating the recalcitrant portion of long-term N amendments, and due to the
exponential nitrification process, the concentration of NO3

−-N increased [75]. It is generally
known that net mineralization potential, which is measured by No, is a genuine predictor
of the nutrient supply capacity, and it is also considered to be a sustainable approach to
assess the soil microbial activities [76]. Moreover, N mineralization can be enhanced by
fastening SOM degradation and microbial metabolism that can be boosted by a higher
soil nutrient supply [43]. The decomposition of SOM, C and N mineralization is mainly
facilitated by soil microorganisms [77]. This study indicates that the N mineralization
potential rate after long-term N addition is significantly increased compared with those
without N treatments, as also reported in some of the previous studies [78], suggesting that
the N mineralization process was more affected by the fertilizer application practices than
soil properties. Because of the variable changes in enzyme activities, microbial composition
and higher nutrient availability, the mineralization rate was gradually increased [79]. The
SOC stability governed by the protection mechanisms of different SOC fractions caused
the variations in the N mineralization constant, which could be because of different long-
term fertilizer regimes [9]. This study revealed relatively higher N mineralization rates
compared with the previous research under a double-rice cropping pattern [80]. Higher
N mineralization in N- and NK-treated soils has been shown to be due to the higher
availability of carbon and nitrogen and higher enzyme activities [81,82]. This result was
consistent with earlier studies [83], which may imply N transformation was affected more
by the fertilizer application instead of soil properties in this study. These results were
partly consistent with a previous study that showed that higher biomass and metabolic
state of the microorganisms were followed by high rates of mineralization [84]. In the
presence of K, NH4

+-N concentrations increased 4.1 fold when N fertilizer was applied and
3.5 times in the absence of N application [85]. Response to K applications in both rice and
wheat increases with N application, indicating that higher K rates are required at higher N
rates [86]. Balancing the NPK ratio (especially N-K) by increasing the input of K fertilizers
is a practical way to improve N agronomic efficiency [87]. The positive interaction of N
and K may offer the opportunity for considerable savings in the cost of N fertilizer and
food security for the rapidly expanding human population. Therefore, N and K fertilizers
should be applied with optimal ratios at the right time and right rate according to the
nutrient uptake pattern of the crops, soil nutrient status, soil texture and climate changes
in order to reach the target yields with good quality and minimize K and N losses to the
environment [86].

A linear relationship was observed among net N mineralization, soil microbial biomass
and extracellular enzyme activities (Figure 4). SMBC, SMBN, LAP and NAG exhibited
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a substantial (p < 0.05, R2 = 0.80–0.98) positive relationship with net N mineralization in
upland as well as paddy soil. Correlation heat map analysis further hints at the relation-
ship between parameters and the net N mineralization in both upland and paddy soils
(Figure 5). The two key factors consisting of the different soil parameters analyzed and two
types of soils were studied. The results showed a complicated relationship between the
studied parameters and the soil. For example, a significant positive correlation was noted
between SOC, total N, NO3

− -N, NH4
+-N and the net N mineralization (p < 0.01). Similarly,

there were positive correlations between total P, available P and the net N mineralization.
However, no significant correlation was identified between pH and the net N mineraliza-
tion. Moreover, both soils had a significant positive correlation (p < 0.01) between SOC,
total N, NO3

−-N, NH4
+-N and the net N mineralization, while they had a negative rela-

tionship with pH, total P and available P (p > 0.05). These complex relationships mean that
environmental impacts and soil types strongly influence net N mineralization.

The following two reasons can explain the difference between the two soils or the
cropping systems. The first reason is that the upland soil (i.e., maize cropping system) is
under rain-fed agriculture, while paddy soil (i.e., rice cropping system) is well irrigated, so
it is less affected by seasonal drought. The second is that with 57% higher SOC content,
paddy soil is more fertile than upland soil. Paddy soils have contrasting water management
and soil properties to upland soils, indicating a lower mineralization rate of SOM under
waterlogged conditions.

In anaerobic conditions, microbial activities and the decomposition of SOM are rela-
tively slower than in aerobic conditions [88]. Figure 6 shows the proportional contributions
based on results from variation partitioning analysis (VPA), explaining the contribution
of biotic factors (SMBC, SMBN, LAP, NAG), abiotic factors (pH, SOC, total N, total and
available P) and N content (NO3

−-N and NH4
+-N) to the net N mineralization. The biotic

factors and N contents explained most of the variations related to net N mineralization
based on the variance portioning analysis. The greater proportion of variation was ac-
counted by biotic rather than by abiotic factors (Figure 7) was likely because biotic factors
such as soil microorganisms are directly involved in the decomposition of soil organic
matter and stimulate microbial activities [89]. The total variance of net N mineralization
was explained by the abiotic and biotic factors linked with the improved environmental
conditions, such as soil microbial biomass generally increased, and such increases con-
siderably enhanced the metabolism of microorganisms [90,91], ultimately stimulating the
activities of soil microbes [8].
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Figure 7. A diagram illustrating N content, microbial biomass and nutrient availability in soil and how soil organic matter,
microbial biomass and extracellular enzymes influence N mineralization processes. Blue arrows show the processes in
upland soil, while orange arrows show processes in paddy soil. (A) The figure represents the transformation processes
in “without N addition” soils, “-” and “--” indicate the comparison between the soil microbial biomass, enzyme activity
and mineralization rate in upland and paddy soils, respectively. (B) The figure represents the transformation processes in
“with N addition” soils, while “+” and “++” indicate the comparison between the microbial biomass, enzyme activity and
mineralization rate in upland and paddy soils, respectively.
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5. Conclusions

Long-term N addition significantly affected SOC and N concentration in both paddy
and upland soils. The substantial increase in the microbial biomass, extracellular enzyme
activity and the net N mineralization in soil with N treatments (N and NK) were obvious
and relatively higher in the paddy soil compared with upland soil. Net N mineralization
had a strong relationship with SOC, SMBN, SMBC, extracellular enzymes, NO3

−-N and
NH4

+-N concentrations. Among all other soil properties, soil total N was the restraining
factor. Moreover, further research is required to fully comprehend the mechanisms un-
derlying the higher effectiveness of long-term N additions over the others under certain
conditions such as soil pH, crop type and the type of experiment.

Author Contributions: Conceptualization and writing—original draft preparation, S.A. and K.L.;
methodology, S.A., K.L. and W.A.; formal analysis, W.A., M.Q., C.K.A. and A.A.M.; investigation, K.L.;
resources, K.L. and H.Z.; writing—review and editing, S.A., W.A. and H.Z.; project administration,
H.J., L.L., Z.L. and H.Z.; supervision, H.Z.; funding acquisition, H.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was financially supported by the National Key Research and Development
Program of China (2016YFD0300901 and 2017YFD0800101), the Fund of Doctoral Research in Jiangxi
Institute of Red Soil (HRBS04) and the Fundamental Research Funds for Central Non-profit Scientific
Institution (1610132019035, 1610132020022, 1610132020023, 1610132020024).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge all staff for their valuable work associated with the long-term
fertilization experiment in Jiangxi province.

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

References
1. Stanford, G.; Smith, S.J. Nitrogen Mineralization Potentials of Soils. Soil Sci. Soc. Am. J. 1972, 36, 465–472. [CrossRef]
2. Zhang, W.; Xu, M.; Wang, X.; Huang, Q.; Nie, J.; Li, Z.; Li, S.; Hwang, S.W.; Lee, K.B. Effects of organic amendments on soil carbon

sequestration in paddy fields of subtropical China. J. Soils Sediments 2012, 12, 457–470. [CrossRef]
3. Ali, S.; Dongchu, L.; Jing, H.; Ahmed, W.; Abbas, M.; Qaswar, M.; Anthonio, C.K.; Lu, Z.; Boren, W.; Yongmei, X.; et al. Soil

microbial biomass and extracellular enzymes regulate nitrogen mineralization in a wheat-maize cropping system after three
decades of fertilization in a Chinese Ferrosol. J. Soils Sediments 2021, 21, 281–294. [CrossRef]

4. Smith, S.J.; Young, L.B.; Miller, G.E. Evaluation of Soil Nitrogen Mineralization Potentials under Modified Field Conditions. Soil
Sci. Soc. Am. J. 1977, 41, 74–76. [CrossRef]

5. Mikha, M.M.; Rice, C.W.; Benjamin, J.G. Estimating Soil Mineralizable Nitrogen under Different Management Practices. Soil Sci.
Soc. Am. J. 2006, 70, 1522–1531. [CrossRef]

6. Yan, W.; Dong, H.; Zhang, R.; Li, S. Excess molar enthalpies of methylformate + (1-propanol, 2-propanol, 1-butanol, 2-butanol
and 1-pentanol) at T = 298.15 K, p = (5.0, 10.0) MPa, and methylformate + 1-propanol at T = 333.15 K, p = 10.0 MPa. Thermochim.
Acta 2006, 443, 125–128. [CrossRef]

7. Bai, J.; Gao, H.; Xiao, R.; Wang, J.; Huang, C. A Review of Soil Nitrogen Mineralization as Affected by Water and Salt in Coastal
Wetlands: Issues and Methods. Clean Soil Air Water 2012, 40, 1099–1105. [CrossRef]

8. Cui, J.; Zhu, Z.; Xu, X.; Liu, S.; Jones, D.L.; Kuzyakov, Y.; Shibistova, O.; Wu, J.; Ge, T. Carbon and nitrogen recycling from
microbial necromass to cope with C:N stoichiometric imbalance by priming. Soil Biol. Biochem. 2020, 142, 107720. [CrossRef]

9. Xu, Y.; Ding, F.; Gao, X.; Wang, Y.; Li, M.; Wang, J. Mineralization of plant residues and native soil carbon as affected by soil
fertility and residue type. J. Soils Sediments 2019, 19, 1407–1415. [CrossRef]

10. Kuzyakov, Y.; Xu, X. Competition between roots and microorganisms for nitrogen: Mechanisms and ecological relevance. New
Phytol. 2013, 198, 656–669. [CrossRef] [PubMed]

11. Wei, X.; Razavi, B.S.; Hu, Y.; Xu, X.; Zhu, Z.; Liu, Y.; Kuzyakov, Y.; Li, Y.; Wu, J.; Ge, T. C/P stoichiometry of dying rice root defines
the spatial distribution and dynamics of enzyme activities in root-detritusphere. Biol. Fertil. Soils 2019, 55, 251–263. [CrossRef]

12. Wessels Perelo, L.; Jimenez, M.; Munch, J.C. Microbial immobilisation and turnover of 15N labelled substrates in two arable soils
under field and laboratory conditions. Soil Biol. Biochem. 2006, 38, 912–922. [CrossRef]

13. Geisseler, D.; Horwath, W.R.; Joergensen, R.G.; Ludwig, B. Pathways of nitrogen utilization by soil microorganisms—A review.
Soil Biol. Biochem. 2010, 42, 2058–2067. [CrossRef]

http://doi.org/10.2136/sssaj1972.03615995003600030029x
http://doi.org/10.1007/s11368-011-0467-8
http://doi.org/10.1007/s11368-020-02770-5
http://doi.org/10.2136/sssaj1977.03615995004100010023x
http://doi.org/10.2136/sssaj2005.0253
http://doi.org/10.1016/j.tca.2005.11.041
http://doi.org/10.1002/clen.201200055
http://doi.org/10.1016/j.soilbio.2020.107720
http://doi.org/10.1007/s11368-018-2152-7
http://doi.org/10.1111/nph.12235
http://www.ncbi.nlm.nih.gov/pubmed/23521345
http://doi.org/10.1007/s00374-019-01345-y
http://doi.org/10.1016/j.soilbio.2005.07.013
http://doi.org/10.1016/j.soilbio.2010.08.021


Agronomy 2021, 11, 2057 16 of 18

14. Manzoni, S.; Porporato, A. Soil carbon and nitrogen mineralization: Theory and models across scales. Soil Biol. Biochem. 2009, 41,
1355–1379. [CrossRef]

15. Li, P.; Yang, Y.; Han, W.; Fang, J. Global patterns of soil microbial nitrogen and phosphorus stoichiometry in forest ecosystems.
Glob. Ecol. Biogeogr. 2014, 23, 979–987. [CrossRef]

16. Zhu, J.; Li, M.; Whelan, M. Phosphorus activators contribute to legacy phosphorus availability in agricultural soils: A review. Sci.
Total Environ. 2018, 612, 522–537. [CrossRef] [PubMed]

17. Filip, Z. International approach to assessing soil quality by ecologically-related biological parameters. Agric. Ecosyst. Environ.
2002, 88, 169–174. [CrossRef]

18. Nannipieri, P.; Ascher, J.; Ceccherini, M.T.; Landi, L.; Pietramellara, G.; Renella, G. Microbial diversity and soil functions. Eur. J.
Soil Sci. 2003, 54, 655–670. [CrossRef]

19. Chen, J.; Chen, D.; Xu, Q.; Fuhrmann, J.J.; Li, L.; Pan, G.; Li, Y.; Qin, H.; Liang, C.; Sun, X. Organic carbon quality, composition
of main microbial groups, enzyme activities, and temperature sensitivity of soil respiration of an acid paddy soil treated with
biochar. Biol. Fertil. Soils 2019, 55, 185–197. [CrossRef]

20. Ahmed, W.; Qaswar, M.; Jing, H.; Wenjun, D.; Geng, S.; Kailou, L.; Ying, M.; Ao, T.; Mei, S.; Chao, L.; et al. Tillage practices
improve rice yield and soil phosphorus fractions in two typical paddy soils. J. Soils Sediments 2020, 20, 850–861. [CrossRef]

21. Schmidt, I.K.; Michelsen, A.; Jonasson, S. Effects of labile soil carbon on nutrient partitioning between an arctic graminoid and
microbes. Oecologia 1997, 112, 557–565. [CrossRef]

22. Kaschuk, G.; Alberton, O.; Hungria, M. Three decades of soil microbial biomass studies in Brazilian ecosystems: Lessons learned
about soil quality and indications for improving sustainability. Soil Biol. Biochem. 2010, 42, 1–13. [CrossRef]

23. Chantigny, M.H.; Angers, D.A.; Prévost, D.; Simard, R.R.; Chalifour, F.P. Dynamics of soluble organic C and C mineralization in
cultivated soils with varying N fertilization. Soil Biol. Biochem. 1999, 31, 543–550. [CrossRef]

24. Georg Joergensen, R.; Scheu, S. Response of soil microorganisms to the addition of carbon, nitrogen and phosphorus in a forest
Rendzina. Soil Biol. Biochem. 1999, 31, 859–866. [CrossRef]

25. Padhan, K.; Bhattacharjya, S.; Sahu, A.; Manna, M.C.; Sharma, M.P.; Singh, M.; Wanjari, R.H.; Sharma, R.P.; Sharma, G.K.; Patra,
A.K. Soil N transformation as modulated by soil microbes in a 44 years long term fertilizer experiment in a sub-humid to humid
Alfisol. Appl. Soil Ecol. 2020, 145, 103355. [CrossRef]

26. Nannipieri, P.; Trasar-Cepeda, C.; Dick, R.P. Soil enzyme activity: A brief history and biochemistry as a basis for appropriate
interpretations and meta-analysis. Biol. Fertil. Soils 2018, 54, 11–19. [CrossRef]

27. Zhao, F.Z.; Ren, C.J.; Han, X.H.; Yang, G.H.; Wang, J.; Doughty, R. Changes of soil microbial and enzyme activities are linked to
soil C, N and P stoichiometry in afforested ecosystems. For. Ecol. Manag. 2018, 427, 289–295. [CrossRef]

28. 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]

29. Liang, Y.; Li, D.; Lu, X.; Yang, X.; Pan, X.; Mu, H.; Shi, D.; Zhang, B. Soil erosion changes over the past five decades in the red soil
region of Southern China. J. Mt. Sci. 2010, 7, 92–99. [CrossRef]

30. Yan, X.; Zhou, H.; Zhu, Q.H.; Wang, X.F.; Zhang, Y.Z.; Yu, X.C.; Peng, X. Carbon sequestration efficiency in paddy soil and upland
soil under long-term fertilization in southern China. Soil Tillage Res. 2013, 130, 42–51. [CrossRef]

31. Pan, G.; Xu, X.; Smith, P.; Pan, W.; Lal, R. An increase in topsoil SOC stock of China’s croplands between 1985 and 2006 revealed
by soil monitoring. Agric. Ecosyst. Environ. 2010, 136, 133–138. [CrossRef]

32. Yuan, H.; Ge, T.; Zou, S.; Wu, X.; Liu, S.; Zhou, P.; Chen, X.; Brookes, P.; Wu, J. Effect of land use on the abundance and diversity of
autotrophic bacteria as measured by ribulose-1,5-biphosphate carboxylase/oxygenase (RubisCO) large subunit gene abundance
in soils. Biol. Fertil. Soils 2013, 49, 609–616. [CrossRef]

33. Sheng, R.; Meng, D.; Wu, M.; Di, H.; Qin, H.; Wei, W. Effect of agricultural land use change on community composition of bacteria
and ammonia oxidizers. J. Soils Sediments 2013, 13, 1246–1256. [CrossRef]

34. Wu, X.; Ge, T.; Wang, W.; Yuan, H.; Wegner, C.E.; Zhu, Z.; Whiteley, A.S.; Wu, J. Cropping systems modulate the rate and
magnitude of soil microbial autotrophic CO2 fixation in soil. Front. Microbiol. 2015, 6, 379. [CrossRef]

35. Ullah, S.; Ai, C.; Huang, S.; Zhang, J.; Jia, L.; Ma, J.; Zhou, W.; He, P. The responses of extracellular enzyme activities and microbial
community composition under nitrogen addition in an upland soil. PLoS ONE 2019, 14, e0223026. [CrossRef]

36. Treseder, K.K. Nitrogen additions and microbial biomass: A meta-analysis of ecosystem studies. Ecol. Lett. 2008, 11, 1111–1120.
[CrossRef]

37. Cheng, W.; Padre, A.T.; Sato, C.; Shiono, H.; Hattori, S.; Kajihara, A.; Aoyama, M.; Tawaraya, K.; Kumagai, K. Changes in the soil
C and N contents, C decomposition and N mineralization potentials in a rice paddy after long-term application of inorganic
fertilizers and organic matter. Soil Sci. Plant Nutr. 2016, 62, 212–219. [CrossRef]

38. Chen, H.; Zhang, W.; Gurmesa, G.A.; Zhu, X.; Li, D.; Mo, J. Phosphorus addition affects soil nitrogen dynamics in a nitrogen-
saturated and two nitrogen-limited forests. Eur. J. Soil Sci. 2017, 68, 472–479. [CrossRef]

39. Chen, F.S.; Niklas, K.J.; Liu, Y.; Fang, X.M.; Wan, S.Z.; Wang, H. Nitrogen and phosphorus additions alter nutrient dynamics but
not resorption efficiencies of Chinese fir leaves and twigs differing in age. Tree Physiol. 2015, 35, 1106–1117. [CrossRef] [PubMed]

http://doi.org/10.1016/j.soilbio.2009.02.031
http://doi.org/10.1111/geb.12190
http://doi.org/10.1016/j.scitotenv.2017.08.095
http://www.ncbi.nlm.nih.gov/pubmed/28865270
http://doi.org/10.1016/S0167-8809(01)00254-7
http://doi.org/10.1046/j.1351-0754.2003.0556.x
http://doi.org/10.1007/s00374-018-1333-2
http://doi.org/10.1007/s11368-019-02468-3
http://doi.org/10.1007/s004420050345
http://doi.org/10.1016/j.soilbio.2009.08.020
http://doi.org/10.1016/S0038-0717(98)00139-4
http://doi.org/10.1016/S0038-0717(98)00185-0
http://doi.org/10.1016/j.apsoil.2019.09.005
http://doi.org/10.1007/s00374-017-1245-6
http://doi.org/10.1016/j.foreco.2018.06.011
http://doi.org/10.1016/j.soilbio.2013.10.004
http://doi.org/10.1007/s11629-010-1052-0
http://doi.org/10.1016/j.still.2013.01.013
http://doi.org/10.1016/j.agee.2009.12.011
http://doi.org/10.1007/s00374-012-0750-x
http://doi.org/10.1007/s11368-013-0713-3
http://doi.org/10.3389/fmicb.2015.00379
http://doi.org/10.1371/journal.pone.0223026
http://doi.org/10.1111/j.1461-0248.2008.01230.x
http://doi.org/10.1080/00380768.2016.1155169
http://doi.org/10.1111/ejss.12428
http://doi.org/10.1093/treephys/tpv076
http://www.ncbi.nlm.nih.gov/pubmed/26358049


Agronomy 2021, 11, 2057 17 of 18

40. Corbin, J.D.; Avis, P.G.; Wilbur, R.B. The role of phosphorus availability in the response of soil nitrogen cycling, understory
vegetation and arbuscular mycorrhizal inoculum potential to elevated nitrogen inputs. Water Air Soil Pollut. 2003, 147, 141–162.
[CrossRef]

41. Homeier, J.; Hertel, D.; Camenzind, T.; Cumbicus, N.L.; Maraun, M.; Martinson, G.O.; Poma, L.N.; Rillig, M.C.; Sandmann,
D.; Scheu, S.; et al. Tropical Andean Forests Are Highly Susceptible to Nutrient Inputs-Rapid Effects of Experimental N and P
Addition to an Ecuadorian Montane Forest. PLoS ONE 2012, 7, e47128. [CrossRef] [PubMed]

42. Martinson, G.O.; Corre, M.D.; Veldkamp, E. Responses of nitrous oxide fluxes and soil nitrogen cycling to nutrient additions in
montane forests along an elevation gradient in southern Ecuador. Biogeochemistry 2013, 112, 625–636. [CrossRef]

43. Liu, Y.; Ge, T.; Zhu, Z.; Liu, S.; Luo, Y.; Li, Y.; Wang, P.; Gavrichkova, O.; Xu, X.; Wang, J.; et al. Carbon input and allocation by rice
into paddy soils: A review. Soil Biol. Biochem. 2019, 133, 97–107. [CrossRef]

44. Page, A.L.; Miller, R.H.; Keeney, D.R. Methods of Soil Analysis Part 2: Chemical and Mineralogical Properties. Agronomy Monograph No.
9 ASA-SSSA Madison, Wisconsin; Soil Sci. Soc. Am. Inc.: Madison, WI, USA, 1982; p. 1159.

45. Black, C.A. Methods of Soil Analysis; Mongraph 9; American Society of Agronomy: Madison, WI, USA, 1965.
46. Murphy, J.; Riley, J.P. A modified single solution method for the determination of phosphate in natural waters. Anal. Chim. Acta

1962, 27, 31–36. [CrossRef]
47. Sugawara, E.; Nikaido, H. Properties of AdeABC and AdeIJK efflux systems of Acinetobacter baumannii compared with those of

the AcrAB-TolC system of Escherichia coli. Antimicrob. Agents Chemother. 2014, 58, 7250–7257. [CrossRef] [PubMed]
48. Vance, E.D.; Brookes, P.C.; Jenkinson, D.S. An extraction method for measuring soil microbial biomass C. Soil Biol. Biochem. 1987,

19, 703–707. [CrossRef]
49. Wu, J.; Joergensen, R.G.; Pommerening, B.; Chaussod, R.; Brookes, P.C. Measurement of soil microbial biomass C by fumigation-

extraction-an automated procedure. Soil Biol. Biochem. 1990, 22, 1167–1169. [CrossRef]
50. Jenkinson, D.S. Determination of microbial biomass carbon and nitrogen in soil. Adv. Nitrogen Cycl. Agric. Ecosyst. 1988, 368–386.
51. DeForest, J.L. The influence of time, storage temperature, and substrate age on potential soil enzyme activity in acidic forest soils

using MUB-linked substrates and l-DOPA. Soil Biol. Biochem. 2009, 41, 1180–1186. [CrossRef]
52. Peng, X.; Wang, W. Stoichiometry of soil extracellular enzyme activity along a climatic transect in temperate grasslands of

northern China. Soil Biol. Biochem. 2016, 98, 74–84. [CrossRef]
53. Zhang, Q.; Miao, F.; Wang, Z.; Shen, Y.; Wang, G. Effects of long-term fertilization management practices on soil microbial biomass

in China’s cropland: A meta-analysis. Agron. J. 2017, 109, 1183–1195. [CrossRef]
54. Tian, J.; Lu, S.; Fan, M.; Li, X.; Kuzyakov, Y. Integrated management systems and N fertilization: Effect on soil organic matter in

rice-rapeseed rotation. Plant Soil 2013, 372, 53–63. [CrossRef]
55. Wei, W.; Yan, Y.; Cao, J.; Christie, P.; Zhang, F.; Fan, M. Effects of combined application of organic amendments and fertilizers on

crop yield and soil organic matter: An integrated analysis of long-term experiments. Agric. Ecosyst. Environ. 2016, 225, 86–92.
[CrossRef]

56. Ye, G.; Lin, Y.; Liu, D.; Chen, Z.; Luo, J.; Bolan, N.; Fan, J.; Ding, W. Long-term application of manure over plant residues mitigates
acidification, builds soil organic carbon and shifts prokaryotic diversity in acidic Ultisols. Appl. Soil Ecol. 2019, 133, 24–33.
[CrossRef]

57. DeForest, J.L.; Zak, D.R.; Pregitzer, K.S.; Burton, A.J. Atmospheric nitrate deposition and the microbial degradation of cellobiose
and vanillin in a northern hardwood forest. Soil Biol. Biochem. 2004, 36, 965–971. [CrossRef]

58. Hyvönen, R.; Persson, T.; Andersson, S.; Olsson, B.; Ågren, G.I.; Linder, S. Impact of long-term nitrogen addition on carbon stocks
in trees and soils in northern Europe. Biogeochemistry 2008, 89, 121–137. [CrossRef]

59. Pregitzer, K.S.; Burton, A.J.; Zak, D.R.; Talhelm, A.F. Simulated chronic nitrogen deposition increases carbon storage in Northern
Temperate forests. Glob. Chang. Biol. 2008, 14, 142–153. [CrossRef]

60. Waldrop, M.P.; Firestone, M.K. Altered utilization patterns of young and old soil C by microorganisms caused by temperature
shifts and N additions. Biogeochemistry 2004, 67, 235–248. [CrossRef]

61. Zhang, J.; Qin, J.; Yao, W.; Bi, L.; Lai, T.; Yu, X. Effect of long-term application of manure and mineral fertilizers on nitrogen
mineralization and microbial biomass in paddy soil during rice growth stages. Plant Soil Environ. 2009, 55, 101–109. [CrossRef]

62. Six, J.; Conant, R.T.; Paul, E.A.; Paustian, K. Stabilization mechanisms of soil organic matter: Implications for C-saturation of soils.
Plant Soil 2002, 241, 155–176. [CrossRef]

63. Zhou, P.; Pan, G.X.; Spaccini, R.; Piccolo, A. Molecular changes in particulate organic matter (POM) in a typical Chinese paddy
soil under different long-term fertilizer treatments. Eur. J. Soil Sci. 2010, 61, 231–242. [CrossRef]

64. Wang, W.J.; Baldock, J.A.; Dalal, R.C.; Moody, P.W. Decomposition dynamics of plant materials in relation to nitrogen availability
and biochemistry determined by NMR and wet-chemical analysis. Soil Biol. Biochem. 2004, 36, 2045–2058. [CrossRef]

65. Dinesh, R.; Srinivasan, V.; Hamza, S.; Manjusha, A.; Kumar, P.S. Short-term effects of nutrient management regimes on biochemical
and microbial properties in soils under rainfed ginger (Zingiber officinale Rosc.). Geoderma 2012, 173–174, 192–198. [CrossRef]

66. Kaur, T.; Brar, B.S.; Dhillon, N.S. Soil organic matter dynamics as affected by long-term use of organic and inorganic fertilizers
under maize-wheat cropping system. Nutr. Cycl. Agroecosyst. 2008, 81, 59–69. [CrossRef]

67. Geisseler, D.; Scow, K.M. Long-term effects of mineral fertilizers on soil microorganisms—A review. Soil Biol. Biochem. 2014, 75,
54–63. [CrossRef]

http://doi.org/10.1023/A:1024569615325
http://doi.org/10.1371/journal.pone.0047128
http://www.ncbi.nlm.nih.gov/pubmed/23071734
http://doi.org/10.1007/s10533-012-9753-9
http://doi.org/10.1016/j.soilbio.2019.02.019
http://doi.org/10.1016/S0003-2670(00)88444-5
http://doi.org/10.1128/AAC.03728-14
http://www.ncbi.nlm.nih.gov/pubmed/25246403
http://doi.org/10.1016/0038-0717(87)90052-6
http://doi.org/10.1016/0038-0717(90)90046-3
http://doi.org/10.1016/j.soilbio.2009.02.029
http://doi.org/10.1016/j.soilbio.2016.04.008
http://doi.org/10.2134/agronj2016.09.0553
http://doi.org/10.1007/s11104-013-1715-z
http://doi.org/10.1016/j.agee.2016.04.004
http://doi.org/10.1016/j.apsoil.2018.09.008
http://doi.org/10.1016/j.soilbio.2004.02.011
http://doi.org/10.1007/s10533-007-9121-3
http://doi.org/10.1111/j.1365-2486.2007.01465.x
http://doi.org/10.1023/B:BIOG.0000015321.51462.41
http://doi.org/10.17221/322-PSE
http://doi.org/10.1023/A:1016125726789
http://doi.org/10.1111/j.1365-2389.2009.01223.x
http://doi.org/10.1016/j.soilbio.2004.05.023
http://doi.org/10.1016/j.geoderma.2011.12.025
http://doi.org/10.1007/s10705-007-9152-0
http://doi.org/10.1016/j.soilbio.2014.03.023


Agronomy 2021, 11, 2057 18 of 18

68. Singh, J.S.; Gupta, V.K. Soil microbial biomass: A key soil driver in management of ecosystem functioning. Sci. Total Environ.
2018, 634, 497–500. [CrossRef]

69. Dijkstra, F.A.; Hobbie, S.E.; Reich, P.B.; Knops, J.M.H. Divergent effects of elevated CO2, N fertilization, and plant diversity on
soil C and N dynamics in a grassland field experiment. Plant Soil 2005, 272, 41–52. [CrossRef]

70. Quan, Z.; Huang, B.; Lu, C.; Shi, Y.; Chen, X.; Zhang, H.; Fang, Y. The fate of fertilizer nitrogen in a high nitrate accumulated
agricultural soil. Sci. Rep. 2016, 5, 21539. [CrossRef] [PubMed]

71. Mooshammer, M.; Wanek, W.; Zechmeister-Boltenstern, S.; Richter, A. Stoichiometric imbalances between terrestrial decomposer
communities and their resources: Mechanisms and implications of microbial adaptations to their resources. Front. Microbiol. 2014,
5, 22. [CrossRef]

72. Caruso, G. Leucine aminopeptidase, β-glucosidase and alkaline phosphatase activity rates and their significance in nutrient
cycles in some coastal Mediterranean sites. Mar. Drugs 2010, 8, 916–940. [CrossRef]

73. Caldwell, B.A. Enzyme activities as a component of soil biodiversity: A review. Pedobiologia 2005, 49, 637–644. [CrossRef]
74. Stone, M.M.; Weiss, M.S.; Goodale, C.L.; Adams, M.B.; Fernandez, I.J.; German, D.P.; Allison, S.D. Temperature sensitivity of soil

enzyme kinetics under N-fertilization in two temperate forests. Glob. Chang. Biol. 2012, 18, 1173–1184. [CrossRef]
75. Sharma, V.; Mir, S.H.; Sharma, A. Nitrogen Mineralization as Influenced by Different Organic Manures in an Inceptisol in the

Foothill Himalayas. Commun. Soil Sci. Plant Anal. 2016, 47, 194–202. [CrossRef]
76. Benedetti, A.; Sebastiani, G. Determination of potentially mineralizable nitrogen in agricultural soil. Biol. Fertil. Soils 1996, 21,

114–120. [CrossRef]
77. Savin, M.C.; Görres, J.H.; Neher, D.A.; Amador, J.A. Uncoupling of carbon and nitrogen mineralization: Role of microbivorous

nematodes. Soil Biol. Biochem. 2001, 33, 1463–1472. [CrossRef]
78. Frampton, C.M.; Zaman, M.; Di, H.J.; Cameron, K.C. Gross nitrogen mineralization and nitrification rates and their relationships

to enzyme activities and the soil microbial biomass in soils treated with dairy shed effluent and ammonium fertilizer at different
water potentials. Biol. Fertil. Soils 1999, 29, 178–186. [CrossRef]

79. Schloter, M.; Nannipieri, P.; Sørensen, S.J.; van Elsas, J.D. Microbial indicators for soil quality. Biol. Fertil. Soils 2018, 54, 1–10.
[CrossRef]

80. Mohanty, S.; Nayak, A.K.; Kumar, A.; Tripathi, R.; Shahid, M.; Bhattacharyya, P.; Raja, R.; Panda, B.B. Carbon and nitrogen
mineralization kinetics in soil of rice-rice system under long term application of chemical fertilizers and farmyard manure. Eur. J.
Soil Biol. 2013, 58, 113–121. [CrossRef]

81. Zaman, M.; Matsushima, M.; Chang, S.X.; Inubushi, K.; Nguyen, L.; Goto, S.; Kaneko, F.; Yoneyama, T. Nitrogen mineralization,
N2O production and soil microbiological properties as affected by long-term applications of sewage sludge composts. Biol. Fertil.
Soils 2004, 40, 101–109. [CrossRef]

82. Sharifi, M.; Zebarth, B.J.; Miller, J.J.; Burton, D.L.; Grant, C.A. Soil nitrogen mineralization in a soil with long-term history of fresh
and composted manure containing straw or wood-chip bedding. Nutr. Cycl. Agroecosyst. 2014, 99, 63–78. [CrossRef]

83. Zaman, M.; Di, H.J.; Cameron, K.C. A field study of gross rates of N mineralization and nitrification and their relationships to
microbial biomass and enzyme activities in soils treated with dairy effluent and ammonium fertilizer. Soil Use Manag. 1999, 15,
188–194. [CrossRef]

84. Bengtsson, G.; Bengtson, P.; Månsson, K.F. Gross nitrogen mineralization-, immobilization-, and nitrification rates as a function of
soil C/N ratio and microbial activity. Soil Biol. Biochem. 2003, 35, 143–154. [CrossRef]

85. Tung, P.G.A.; Yusoff, M.K.; Majid, N.M.; Joo, G.K.; Huang, G.H. Effect of N and K fertilizers on nutrient leaching and groundwater
quality under mature oil palm in Sabah during the monsoon period. Am. J. Appl. Sci. 2009. [CrossRef]

86. Zhang, F.; Niu, J.; Zhang, W.; Chen, X.; Li, C.; Yuan, L.; Xie, J. Potassium nutrition of crops under varied regimes of nitrogen
supply. Plant Soil 2010, 335, 21–34. [CrossRef]

87. Zhu, Z.L.; Chen, D.L. Nitrogen fertilizer use in China—Contributions to food production, impacts on the environment and best
management strategies. Nutr. Cycl. Agroecosyst. 2002, 63, 117–127. [CrossRef]

88. Sahrawat, K.L. Fertility and organic matter in submerged rice soils. Curr. Sci. 2005, 88, 735–739.
89. Chen, H.; Li, D.; Xiao, K.; Wang, K. Soil microbial processes and resource limitation in karst and non-karst forests. Funct. Ecol.

2018, 32, 1400–1409. [CrossRef]
90. Zhang, W.; Xu, Y.; Gao, D.; Wang, X.; Liu, W.; Deng, J.; Han, X.; Yang, G.; Feng, Y.; Ren, G. Ecoenzymatic stoichiometry and

nutrient dynamics along a revegetation chronosequence in the soils of abandoned land and Robinia pseudoacacia plantation on
the Loess Plateau, China. Soil Biol. Biochem. 2019, 134, 1–14. [CrossRef]

91. Zheng, H.; Liu, Y.; Chen, Y.; Zhang, J.; Li, H.; Wang, L.; Chen, Q. Short-term warming shifts microbial nutrient limitation without
changing the bacterial community structure in an alpine timberline of the eastern Tibetan Plateau. Geoderma 2020, 360, 113985.
[CrossRef]

http://doi.org/10.1016/j.scitotenv.2018.03.373
http://doi.org/10.1007/s11104-004-3848-6
http://doi.org/10.1038/srep21539
http://www.ncbi.nlm.nih.gov/pubmed/26868028
http://doi.org/10.3389/fmicb.2014.00022
http://doi.org/10.3390/md8040916
http://doi.org/10.1016/j.pedobi.2005.06.003
http://doi.org/10.1111/j.1365-2486.2011.02545.x
http://doi.org/10.1080/00103624.2015.1118114
http://doi.org/10.1007/BF00336002
http://doi.org/10.1016/S0038-0717(01)00055-4
http://doi.org/10.1007/s003740050542
http://doi.org/10.1007/s00374-017-1248-3
http://doi.org/10.1016/j.ejsobi.2013.07.004
http://doi.org/10.1007/s00374-004-0746-2
http://doi.org/10.1007/s10705-014-9618-9
http://doi.org/10.1111/j.1475-2743.1999.tb00087.x
http://doi.org/10.1016/S0038-0717(02)00248-1
http://doi.org/10.3844/ajassp.2009.1788.1799
http://doi.org/10.1007/s11104-010-0323-4
http://doi.org/10.1023/A:1021107026067
http://doi.org/10.1111/1365-2435.13069
http://doi.org/10.1016/j.soilbio.2019.03.017
http://doi.org/10.1016/j.geoderma.2019.113985

	Introduction 
	Materials and Methods 
	Site Description and Experimental Setup 
	Sampling and Laboratory Analysis 
	Soil Chemical Analyses 
	Soil Incubation and N Mineralization Measurements 
	Statistical Analysis 

	Results 
	Soil Chemical Properties and Nutrient Content 
	Responses of Soil Microbial Biomass Nitrogen and Carbon to Nitrogen Additions 
	Soil Enzymatic Activities Associated with Soil N Mineralization 
	Soil NO3--N, NH4+-N Contents during Incubation Period 
	N Mineralization Potential and Mineralization Rate Constant (k) 

	Discussion 
	Conclusions 
	References

