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Abstract: The determination of organic nitrogen (N) mineralization is crucial for estimating N
availability, quantifying exogenous inputs, and estimating associated environmental impacts. The
objective of this study was to explore the effect of long-term various fertilization on soil organic N
mineralization potential (NMP), which influences plant N accessibility. Treatments from a 26-year
long-term field experiment with no fertilization (CK), chemical fertilizer N at 165 kg N ha−1 and P at
82.5 kg P2O5 ha−1 (NP), NP with K fertilizer at 165, 82.5, 82.5 kg ha−1 N, P2O5 and K2O (NPK), NPK
at 165, 82.5, 82.5 kg ha−1 N, P2O5 and K2O with manure at 7857.14 kg ha−1 (NPKM), and NPKM at
165, 82.5, 82.5 kg ha−1 N, P2O5 and K2O with manure at 1.5× application rate (11,785.71 kg ha−1)
(1.5NPKM) were examined for potentially mineralizable N by aerobic incubation at 35 ◦C for 30 weeks.
Three pools (Pools I, II, and III) of mineralizable N were recognized. Pool I, the mineralization flush
on rewetting in the first 2 weeks; Pool II, gross N mineralization between weeks 2 and 30; and Pool III,
the potentially mineralizable N, predicted from the fitted curve, that did not mineralize during the
incubation period. Soil microbial biomass carbon (SMBC) and N (SMBN) as well as fixed ammonium
(NH4

+) contents and relationship with N mineralization rate (k) were also studied. Long-term manure
application yielded a significantly higher k (0.32 week−1) than other treatments (0.12–0.22 week−1)
but not a significantly higher NMP. Nitrogen mineralization during the wheat and maize-growing
seasons was predicted to be 8.7–26.3 (mg N kg−1 soil) and 25.9–42.1 (mg N kg−1 soil), respectively.
Both labile mineralizable N pools (Pools I and II) followed the same patterns in the treatments:
1.5NPKM > NPKM > NPK > NP > CK, while the reverse was true for stable N (Pool III). The
significant positive correlation between k with SMBC and SMBN (R2 = 0.93, p = 0.008 and R2 = 0.94,
p = 0.006) suggested that the higher mineralization rate might be contributed by the higher soil
microbial biomass in NPKM. The trends of fixed NH4

+ and mineralized N were coupled. Long-term
manure application significantly improved the N mineralization rate in soil. Manure application is
an effective strategy to enhance soil microbial biomass and soil N availability and has the potential to
reduce the dependence upon chemical N fertilization.

Keywords: aerobic incubation; manure application; mineralization rate; NH4
+ fixation; nitrification

rate; nitrogen mineralization potential
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1. Introduction

Globally, approximately 50% of the nitrogen (N) applied in agricultural fields is
lost to the environment, which severely affects N use efficiency and deteriorates the
environment [1,2]. There is uncertainty in choosing the optimal fertilizer N rate due to the
inherent variability in the soil N supply [3]. An accurate estimate of the soil’s ability to
supply N is essential for determining the optimum rate and time of fertilizer application re-
quired to develop sustainable land management strategies, optimize crop yield and quality,
and minimize the adverse impacts of excessive N on the environment. Although most soils
contain a large quantity of organic N, an appreciable portion of organic N is chemically
or physically stabilized and resistant to microbial degradation, whereas a small portion is
more labile and plays a prominent role as a source of substrate for N mineralization [4].
Only when organic N is mineralized to inorganic N may it be easily taken up by plants.
From the perspective of plant nutrition, soil organic N needs to be continuously activated
to ensure the growth and development of plants [5]. However, there is potential of leaching
loss and N use efficiency reduction if soil mineral N is far beyond the absorption capacity
of plants [6,7]. Therefore, understanding the characteristics of soil N mineralization (Nmin)
is of great significance for crop production and ecosystem health sustainability.

Soil N mineralization is mediated by soil microorganisms. Soil microbial biomass N is
a vigorous source of controlled N release during immobilization and re-mineralization. It
was reported that soil N mineralization rate (NMR) was controlled by soil carbon (C) level,
which acts as an energy source for soil microorganisms [8]. The addition of organic materials
with low C and N ratio (C:N) is associated with N mineralization, and material addition
with a high C:N ratio resulted in immobilization in a fine-loamy soil [9]. Hence, an accurate
assessment of N mineralization is essential for determining the nitrogen mineralization
potential (NMP) and N application rate, measures of which are necessary to improve N use
efficiency and minimize the risks of N losses and their impacts on the environment.

The combined use of mineral and manure incorporation has been considered a proven
strategy to increase the NMP for crop uptake [10]. However, whether fertilization man-
agement changes the NMP (N0) or the NMR constant (k) and its link with soil microbial
biomass remains unclear. In addition, identifying the relationship between N mineraliza-
tion and NH4

+ fixation and nitrification is crucial to assess the long-term sustainability
of cropping systems. To date, NMP and NMR under various long-term fertilization have
rarely been explored, and the specific interaction between N mineralization and NH4

+

fixation in the wheat–maize cropping systems remains to be examined. The fixation and
release of ammonium by minerals is an important process of N transformation in soil, and
it has the significance of enhancing soil ability to stabilize and provide the fertility of N [11].
The fixation of NH4

+ is defined as “the adsorption or absorption of ammonium ions by the
mineral or organic fraction of the soil in a manner that they are relatively unexchangeable
by the usual methods of cation exchange” [12]. Ref. [13] reported that reserved Fixed
NH4

−-N is involved in the general cycle of N and also plays an important role in plant
nutrition. Ref. [14] reported that ammonium fixation and release can play a crucial role for
the efficiency of fertilizer N. Ref. [15] examined how the indigenous soil N supply impacts
crop N uptake. Nitrogen contributions from soil including the defixation of NH4

+ in a
given year/season can greatly alter the recovery efficiency of applied N because there
occurs a large fertilizer N substitution of soil N.

We hypothesized that manure application would increase NMP and NMR, and it
might relate with the improved soil microbial biomass by increased C resource. To test
this, we collected treatments from a 26-year fertilization experiment and carried out an
incubation study to investigate the NMP and NMR under treatments with or without
manure application. Furthermore, the mineralizable N in the wheat and maize-growing
season was estimated, and the relationship between N mineralization with SMBN and
fixed NH4

+ was evaluated.
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2. Materials and Methods

The long-term experiment was established in 1990 located at the experimental station
in Yuanyang (113◦40′42′′ E, 34◦47′25′′ N), Henan, China. At the station, the mean annual
temperature (MAT) is 14.5 ◦C, the minimum annual temperature is −4.3 ◦C, the maximum
temperature is 31.7–31.8 ◦C, and the mean annual precipitation (MAP) is 48.1 mm (Figure 1).
The soil type is light-loam textured Fluvo-aquic soil (Aquic Ustochrept, U.S. classification).
At the beginning of the field study in 1990, treatment samples across the field were collected
in each plot and analyzed. This field had an average of soil organic C (SOC) content
of 5.86 g kg−1, a total N (TN) content of 0.65 g kg−1, a total phosphorus (P) content of
0.64 g kg−1, a total potassium (K) content of 16.9 g kg−1, an alkali-hydrolysable N content
of 76.6 mg kg−1, an Olsen-P content of 6.5 mg kg−1, an ammonium-acetate extracted K
content of 74 mg kg−1, and a pH of 8.3 at the start of the experiment. The crop rotation
cycle was winter wheat followed by summer maize each year. Maize is sown in June and
harvested in mid-September, and winter wheat is planted in early October and harvested
in early June the following year.
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Figure 1. Annual rainfall (mm) (A) and annual temperature (◦C) during long-term experimental
period (B).

Five treatments representing different fertilizer inputs were established: (1) no fertilizer
(CK); (2) inorganic N and P fertilizers at the rate 165 kg N ha−1 and P at 82.5 kg P2O5 ha−1

(NP); (3) inorganic N, P, and K fertilizers at the rate 165 kg ha−1N, P at 82.5 kg ha−1 P2O5
and 82.5 kg ha−1 K2O (NPK); (4) manure (horse) at 7857.14 kg ha−1 + inorganic N, P
and K fertilizers at 165, 82.5 and 82.5 kg ha−1 (NPKM) at a 70:30 organic/inorganic N
ratio; and (5) NPK at the rate 165, 82.5, 82.5 kg ha−1 + Manure at 1.5× the application
rate (11,785.71 kg ha−1) (1.5NPKM), respectively. Treatments were collected (n = 4) after
maize harvesting in October 2016. To collect representative samples, five random soil cores
(0–20 cm depth) were collected from each subplot of the treatment (replicated 3×) and
mixed as one composite.

The samples used a 3 inch (76 mm) diameter stainless steel standard soil auger. The
soil samples were placed in an ice box and transported to the laboratory on the same day.
The soil samples from within a treatment were thoroughly mixed, moistly sifted with a
<2.0 mm sieve (10 mesh), and divided into three portions. One portion was air-dried for
analyses of basic soil properties (Table 1). The second portion was immediately stored in a
refrigerator at 4 ◦C for the determination of SMBC and SMBN and subsequent use. The third
portion, comprising a fresh sample, was immediately analyzed for NH4

+-N and NO3
−-N.

Additionally, a portion of the refrigerated treatments was used for the incubation study; all
the treatment samples were prepared in quadruplicate. The properties of treatments before
the incubation study are given in Table 1.



Agronomy 2022, 12, 1260 4 of 15

Table 1. Chemical and biological properties of experimental treatments used for incubation study
(2016).

Parameters
Fertilization Treatments (Before Incubation)

p-Value
CK NP NPK NPKM 1.5NPKM

Soil pH 8.377 ± 0.040 a 8.177 ± 0.013 ab 8.253 ± 0.005 ab 8.080 ± 0.024 b 8.088 ± 0.005 b 0.000
Organic C (g kg−1) 6.590 ± 0.113 e 7.850 ± 0.057 d 8.472 ± 0.346 c 9.287 ± 0.078 b 10.970 ± 0.062 a 0.000

Total N (g kg−1) 0.617 ± 0.005 d 0.767 ± 0.005 c 0.770 ± 0.008 c 0.970 ± 0.000 b 1.087 ± 0.005 a 0.000
Available P (mg kg−1) 2.617 ± 0.047 d 25.367 ± 0.899 c 27.300 ± 0.979 c 43.417 ± 0.943 b 69.750 ± 4.708 a 0.000
Available K (mg kg−1) 114.500 ± 2.160 d 82.500 ± 2.160 e 119.500 ± 2.160 c 147.167 ± 2.625 b 191.167 ± 2.494 a 0.000

C:N Ratio 10.632 ± 0.226 ab 10.210 ± 0.016 b 11.007 ± 0.583 a 9.587 ± 0.081 b 10.077 ± 0.086 b 0.000
NH4

+-N (mg kg−1) 1.910 ± 0.072 b 1.992.0 ± 0.033 b 1.932 ± 0.097 b 2.207 ± 0.142 a 1.972 ± 0.071 b 0.002
NO3

−-N (mg kg−1) 7.132 ± 0.148 b 12.930 ± 0.045 a 7.305 ± 0.031 b 12.522 ± 0.152 a 12.872 ± 0.462 a 0.000
SMBC (mg kg−1) 213.760 ± 13.262 c 267.712 ± 11.338 b 289.270 ± 10.534 b 320.850 ± 17.800 a 346.740 ± 10.697 a 0.000
SMBN (mg kg−1) 30.017 ± 2.709 d 36.147 ±4.959 c 62.922 ± 4.041 b 77.987 ± 3.634 a 76.020 ± 4.320 a 0.000

SMBC/SMBN 7.140 ± 0.374 a 7.480 ± 0.712 a 4.602 ± 0.181 b 4.112 ±0.062 b 4.6 ± 0.1 b 0.000
Fixed NH4

+ (mg kg−1) 116.712 ± 0.482 c 122.130 ± 1.223 bc 125.250 ± 0.778 b 137.567 ± 0.429 a 138.087 ± 2.378 a 0.000
Soil Fertility Level 0.261 ± 0.008 e 0.527 ± 0.001 d 0.611 ± 0.012 c 0.733 ± 0.004 b 0.880 ± 0.002 a 0.000

Different letters in the same row indicate significant differences between treatments at p < 0.05 according to
Duncan test; ± indicate standard deviation; n = 4. Treatments included: no fertilization (CK), chemical nitrogen
and phosphorus fertilizer (NP), NP with K fertilizer (NPK), NPK with manure application (NPKM), 1.5 rates
of NPKM (1.5NPKM). C: carbon; N: nitrogen; C:N: carbon/nitrogen; P: phosphorus; K: potassium; SMBC: soil
microbial biomass carbon; SMBN: soil microbial biomass nitrogen.

After 26 years of fertilization, the SOC, TN, Olsen-P, soil microbial biomass carbon
(SMBC) and nitrogen (SMBN) contents were the highest for NPKM and 1.5NPKM treatment,
higher for NP and NPK, and the lowest for CK treatment (Table 1). The pH values and C:N
varied at 8.1–8.4 and 9.6–10.6, respectively, among the treatments. Integrated soil fertility
level (SFL) was calculated to reflect the treatment nutrient fertility status using SOC, pH,
TN, Olsen-P, and available K contents, which are considered the most crucial components
of soil fertility [16]. According to [17], for the S-type membership function, the weight
value for each component was calculated with the correlation coefficient method. The SFL
was 0.26, 0.53, 0.61, 0.73, and 0.88 for CK, NP, NPK, NPKM, and 1.5NPKM, respectively.
The chemical and biological properties of the treatments before the incubation study are
given in Table 1.

2.1. Analysis of Soil Properties

pH was measured in treatment with a 1:2.5 soil–water ratio, and total N was deter-
mined by digesting the soil with H2SO4 in the presence of a digestion mixture (K2SO4:
CuSO4: Se) [18]. The SOC was analyzed by vitriol acid potassium dichromate oxidation [19].
Available phosphorus was determined by the Olsen P method [20], and available potassium
was determined as described elsewhere [21]. The method of [22] was used to determine the
fixed NH4

+ following the KOBr-HF procedures. Briefly, organic matter and exchangeable
NH4

+ in the soil residues were removed with KOBr, and fixed NH4
+ was then released by

digestion of the sample in 5M HF:1 M HCl for 24 h and quantified by titration and distil-
lation, as reported by [23]. The fumigation–extraction method was used for determining
SMBN and SMBC [24].

2.2. Incubation for Nitrogen Mineralization

Mineralizable N pools were quantified using a 30-week long-term aerobic incuba-
tion procedure, as described by [25], to obtain the potentially mineralizable soil N (N0).
Briefly, 15 g of each treatment sample (quadruplicate) and 15 g of sand quartz (20-mesh)
were moistened and mixed, transferred into a leaching tube, and wetted to 55% of the
soil’s water-holding capacity. Mineral N initially present was removed by leaching with
0.01 mol L−1 CaCl2, which was followed by the addition of a zero-N nutrient solution,
suction (≈80 kPa) and incubation at 35 ◦C. After 2 weeks, mineral N was recovered by
leaching with 0.01 mol L−1 CaCl2, followed by a zero N nutrient solution, suction, and
incubation. The treatments were leached periodically (cumulative: 2, 4, 8, 12, 16, 22, and
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30 weeks). The leachates were analyzed for NH4
+-N and NO3

−-N concentrations using
a continuous flow analyzer (Foss FIASTAR 5000 Analyzer). Afterwards, the treatments
samples were analyzed for the contents of total N, SOC, and fixed NH4

+. All treatments
were tested with 4 replications.

2.3. Calculation of NMP and NMR Constant

The cumulative N mineralization defined as “the average of the N mineralization
rates in all different periods” was calculated over the sum of 30 weeks of incubation. Three
different pools of mineralizable N were calculated as described in [26]. The NMP and rate
of mineralized N were calculated using the first-order, nonlinear kinetic model using the
Marquardt iteration method [25] as follows:

Nmin = N0

(
1− e−kt

)
(1)

where Nmin is the cumulative N mineralized (NH4
+-N + NO3

−-N) at time t (Pool II),
N0 is the NMP (mg N kg−1), and k is the NMR (week−1) [27]. Three different pools of
mineralizable N were calculated as described by [28]. Pool I is the N mineralized in the
first 2-week period and was not used for the curve-fitting procedure because it represents
the initial flush of mineralization of labile N on rewetting. Pool II is the cumulative
amount of N that mineralized between weeks 2 and 30 and represents the release of an
intermediately labile pool of mineralizable N. Pool III is the amount of N that was predicted
to be potentially mineralizable based on a curve fitting but did not mineralize during the
incubation; it represents a more stable pool of mineralizable organic N. The N0 excludes
Pool I and is the sum of Pools II and III.

The changes in the treatment net NMR and cumulative NMR were calculated from
the data on mineralized N during the incubation by applying the following equations [29]:

Net NMR = [(Mineral N)t2 −
(Mineral N)t1]

t2 − t1
(2)

where (Mineral-N)t1 is the mineralized N (NH4
+-N + NO3

−-N) from the leaching tube at
week t1, (Mineral-N)t2 is the mineralized N (NH4

+-N + NO3
−-N) from the leaching tube at

week t2, and (t2 − t1) is the number of days between the two incubation periods.

Rate of Cumulative N Mineralization = [(Mineral N)t −
(Mineral N)t0]

t
(3)

where (Mineral-N)t is the mineralized N from the leaching tube at week t and (Mineral-N)t0
is the mineralized N from the leaching tube in the initial week.

2.4. Mineralized N Potentially Available for Crops (Wheat and Maize) during the Growing Period

To quantify the amount of potentially mineralized N supplied to the crop, we used the
following prediction model based on the mineralized N, local temperature, and growing
time (days) during the whole growing period for each of the wheat and maize crops [30].

Y = K[(T− 15)D]n (4)

where Y is the cumulative mineralized N (mg kg−1); T is the daily local air temperature
obtained from the National Meteorological Information Center, China Meteorological Data
Service Center (CMDC), with the accumulative temperature used; D is time (day); and
K and n are constants (rates). The wheat season starts in October, and harvest is in June
(total period: 215–225 days); the maize season starts in June, and harvest is in October
(total period: 110–118 days). The temperature during the wheat season ranged from
−5.7 to 26.6 ◦C, and the temperature during the maize season ranged from 13.8 to 32.7 ◦C.
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2.5. Data Processing and Statistical Analysis

Statistical analyses were performed using SPSS v.20.0 software (IBM Corp., Armonk,
NY, USA). The significance of differences among the SFLs was determined by one-way
ANOVA and Duncan’s tests at p < 0.05 and p < 0.01 (means ± SD, n = 4). The first-order
kinetic equation for N mineralization and nitrified N was fitted with a nonlinear regression
curve procedure in SigmaPlot 12.5 (Systat Software Inc., Chicago, IL, USA). The relationship
between N mineralization and each of the C:N and soil microbial biomass was assessed
using linear regression analysis in Sigma Plot 12.5 (Systat Software Inc., Chicago, IL, USA)
and R-software (ggplot2-package).

3. Results
3.1. NMP and Mineralization Rate Constant (k)

The mineralized N changed significantly with incubation time, and a higher miner-
alization rate was observed in 1.5NPKM, NPKM treatments than in NPK, NP, and CK
treatments (Figure 2; Table 2). The NMP ranged from 46.08 to 50.85 mg kg−1, and the
NMR ranged from 0.118 to 0.327 week−1, being positively correlated with CK to 1.5NPKM.
Overall, an increase in NMP of 6 to 10% relative to that in CK was observed in all of the
fertilizer treatments.
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Figure 2. Cumulative mineralized N, N mineralization potential (N0), and constant rate (k) differences
among treatments with long-term fertilization treatments in relation to time. The N0 and k were
obtained according to equation (Nmin = N0 (1 − e−kt). CK-1.5NPKM represents the treatments from:
no fertilization (CK), chemical nitrogen and phosphorus fertilizer (NP), NP with K fertilizer (NPK),
NPK with manure application (NPKM), 1.5 rates of NPKM (1.5NPKM).
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Table 2. Nitrogen mineralization potential N (N0), mineralization rate constant (k), and mineralizable
N pools after 26 years of fertilization.

Mineralizable N
Parameters

Fertilization Treatments

CK NP NPK NPKM 1.5NPKM

N0 (mg kg−1) 46.1 ± 4.5 48.9 ± 2.6 46.8 ± 3.5 49.1 ± 2.6 50.9 ± 2.4
k (week−1) 0.12 ± 0.03 0.17 ± 0.03 0.22 ± 0.06 0.32 ± 0.07 0.33 ± 0.07

r2 0.91 0.95 0.86 0.85 0.87
P-Value 0.0008 0.0002 0.0027 0.0030 0.0021

Pool I (mg kg−1) 7.65 ± 0.36 e 11.5 ± 0.22 d 14.3 ± 0.38 c 14.9 ± 0.56 b 15.5 ± 0.25 a
Pool II (mg kg−1) 30.9 ± 14.0 e 36.2 ± 15.2 d 37.4 ± 13.8 c 42.4 ± 12.1 b 44.2 ± 11.8 a
Pool III (mg kg−1) 15.2 ± 0.20 a 12.7 ± 0.34 b 9.40 ± 0.34 c 6.63 ± 0.39 d 6.66 ± 0.36 d

Pool I, Cumulative amount of N mineralized in the first 2 weeks following rewetting; Pool II, Cumulative amount
of N mineralized between 2 and 30 weeks; Pool III, N0 minus Pool II. Different letters in the same row indicate
significant differences between treatments at p < 0.05 according to Duncan test.

Long-term fertilization affected the distribution of three mineralizable N pools (Table 2).
Both the highest Pool I and Pool II were observed in 1.5NPKM as 15.5 mg N kg−1 and
44.21 mg N kg−1, respectively. The lowest Pool I and Pool II were observed in CK treatment
as 7.65 mg N kg−1 and 30.91 mg N kg−1, respectively. In contrast, Pool III was significantly
but negatively related with 1.5NPKM to CK. The highest amount of mineralizable N in
Pool III was 15.21 mg kg−1 for CK and the lowest was 6.66 mg kg−1 for 1.5NPKM.

3.2. Net NMR and Cumulative NMR

Regardless of the treatments, the net NMR was the highest at 2–4 weeks, which was
followed by that at 0–2 weeks and that at 8–12 weeks (Figure 3A). Among the treatments,
those with NPKM and 1.5NPKM showed higher net NMR early in incubation, during
weeks 2–4. After 12 weeks, the NMR was higher in CK and NP treatments than in other
treatments (NPK, NPKM, and 1.5NPKM). Similar to the net NMR, cumulative NMR was
the highest during the first four weeks (Figure 3B). Compared with the CK treatment,
the fertilized treatments exhibited significantly higher cumulative NMR. There was no
significant difference in the cumulative mineralization rate among all treatments after
16 weeks.
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Figure 3. Changes in the net N mineralization rate (A) and cumulative N mineralization rate
(B) during the incubation. Different letters indicate significant differences (p < 0.05) between treat-
ments during the same period according to Duncan’s test.

3.3. Quantification of Mineralizable N to Wheat and Maize Crops

The actual amount of mineralized N or N supplied to the wheat or maize was predicted
during the whole growing season according to the mineralization N potential, weather con-
ditions, and growing period, as shown in Equation (4). The mineralized N was significantly
higher for manure applied treatment than for only chemical fertilizer applied treatment,
which was further higher than for no-fertilization treatment during both the wheat and
maize growing seasons (Figure 4). The treatments supplied 8.67–26.41 mg N kg−1 to wheat
and 25.9–42.11 mg N kg−1 to maize during the corresponding whole season.
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3.4. The Relationship between NMR and Soil Microbial Biomass

A significant correlation was identified between the mineralized N rate and soil
microbial biomass (SMBC: R2 = 0.93, p = 0.008; SMBN: R2 = 0.94, p = 0.006) (Figure 5A,B).
Likewise, the SOC and TN ratio (C:N) was significantly higher in the CK treatment than
the 15.NPKM treatment during the 30 weeks. The C:N increased with time during the first
2–12 weeks and then decreased during weeks 12–30 (Figure 5C).
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3.5. Temporal Changes in Mineralized N and Fixed NH4
+

The fixation of NH4
+-N in treatments decreased in the first 10 weeks and then in-

creased after N mineralization increased in treatments (Figure 6). After their peaks, N
mineralization and fixed NH4

+ both showed parallel trends. The maximum NMP values
were recorded at 16, 12, 12, and 12 weeks in NP, NPK, NPKM, and 1.5NPKM, respectively,
but in CK, N0 was observed at 30 weeks of incubation. These results suggested that a
correlation/balance exists between fixed NH4

+ and mineralization and that the lowest-
fertility treatment (CK) required more time than the other treatments to reach the maximum
mineralization potential.
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3.6. Relationships between N Mineralization Rate and N pools, Microbial Biomass and Fixed NH4
+

Significant positive correlations were identified between the N mineralization rate and
N pools (I and II), SMBC, SMBN and fixed NH4

+ (Pool I: r = 0.69; Pool II: r = 0.86; SMBC:
r = 0.81; SMBN: r = 0.60; Fixed NH4

+: r = 0.78) (Figure 7). In contrast, significant negative
correlations were identified between Pool III and potential mineralized N, SMBC, SMBN
and fixed NH4

+ (N0: r = −0.70; Pool I: r = 0.96; Pool II: r = 0.97; SMBC: r = 0.94; SMBN:
r = 0.97; Fixed NH4

+: r = 0.94).
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4. Discussion
4.1. Nitrogen Mineralization Potential (NMP) and Mineralization Rate Constant (k) as Affected by
Long-Term Fertilization

The mineralized N in the manure applied treatments (NPKM and 1.5NPKM) was
always higher than that in other treatments (Figure 2), suggesting that the treatment with
manure application supplied more available N to the crops than the control treatment, high-
lighting the importance of organic amendments to enhance soil fertility [31,32]. Nitrogen
mineralization is an essential process for crop nutrition [27]. Refs. [33,34] reported that the
application of combined (organic and inorganic) fertilizers increased the N supply capacity
of the soil, consequently enhancing N mineralization. Ref. [35] reported that both N0 and
NMR were highest in a treatment to which manure had been applied for more than 10 years.
However, our results revealed that it was the constant k but not the potential that led to the
differences among the treatments (Figure 2). The k value in the 1.5NPKM treatment was
3 times that of the CK treatment, suggesting that high-fertility treatments supply available
N to the crops in a timely manner, whereas the sterile treatment mineralized slowly despite
having similar potential. The curvilinear pattern of mineralized N indicates the different
pools of organic C that are released at different rates. The significant difference in mineral-
ized N during the first 16 weeks, and the similar mineralized N values during later weeks
(16–30) suggested that the labile and intermediate portions of the organic N fraction led to
a varied k and then varied N mineralization among treatments (Figure 2). These results are
in agreement with previous findings in which the temporal release of NH4

+-N decreased
because of the lower mineralization potential at a later stage of incubation, which is an
indication of the recalcitrant part of organic amendments, but the concentration of NO3

−-N
increased due to the rapid nitrification process [10].

It has been shown that NMP, as measured by N0, not only predicts the nutrient
supply capacity but also serves as a viable measure to estimate the microbial activity in
the soil [36]. While the N0 values obtained in our study were similar to those in previous
studies, we found that the values of the k constant (NMR) varied among treatments
and were typically higher in manure applied treatment than in other treatments. The
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mean value obtained by [25] was 0.054 (range, 0.035–0.095), with higher values of the
k constant rate resulting from the faster decomposition of organic residues (maize crop)
from the previous crop and the subsequent more rapid release of inorganic N through the
activity of soil microflora. For the Aquic soil used in our study, the NMP values range was
46–51 mg kg−1, which are similar to those reported for Indian soils (44.5–59.4 mg kg−1) [37].
However, the NMP for soils in the USA (18 to 358 mg kg−1) [25], Canadian maize soil
(155 to 246 mg kg−1) [35] and Italian soil (21 to 405 ppm) [36] are very different. The large
variation among these soils could be related to the different soil types and variation in
the content of soil fertility, coupled with variations in other factors, such as soil properties
and biological and environmental factors. Among these factors, soil organic C content is
a key limiting factor for N mineralization. A higher soil C stock boosts microbial activity
and stimulates microbes, producing a faster turnover of N, which always contributes to a
higher NMP [38].

4.2. Dynamics of Soil Organic C and Total N as Affected by Long-Term Fertilization

We investigated the dynamics of soil organic C and total N concentrations during
the 30 weeks of incubation to determine whether N mineralization was accompanied by
C mineralization. As expected, C:N increased during the first 2 weeks and decreased
at 16–30 weeks (Figure 5B). Moreover, this ratio was consistently higher in CK than in
1.5NPKM; however, the C:N in 1.5NPKM was more consistent over time than that in CK. It
suggested that N mineralization is not always synchronized with C mineralization and that
the relative mineralization rate of N to C is higher in high-fertility treatments. The latter
finding is a typical one, as the degradation of soil organic matter and the mineralization of
C and N are mediated primarily by soil microorganisms [39].

Our findings have practical implications for the farmer to estimate the amount and
time of fertilizer addition to achieve proper crop growth, thereby avoiding the excessive
application of fertilizers, which is the leading cause of low N use efficiency in terrestrial
ecosystems. Therefore, the N mineralization in our study describes the fates of N and the
slower release of N due to the recalcitrance of organic C, which would be available to the
plants for efficient utilization at later stages.

4.3. Temporal Changes in Mineralized N and Fixed NH4
+ as Affected by Long-Term Fertilization

Fixed ammonium accounted for 16–19% of the total N in the treatment at each sam-
pling time during the incubation, which indicated that it is an important N pool in the soil
and was used as a source for the mobilization of NH4

+ as well as a pool for the immobiliza-
tion of NH4

+. During the first 8 weeks, the fixed NH4
+ decreased linearly with increasing

mineralization (Figure 6). It suggested that we might overestimate N mineralization at early
stages because NH4

+ can originate not only from mineralization but also from the release
of fixed NH4

+ from soil clay. After 8 weeks, the fixed NH4
+ increased with increasing

mineralized N. We hypothesize that the NH4
+ fixation process occurred after the NH4

+

content in the soil reached a specific content. The authors of [40] found that soil containing
2:1 of clay minerals had a greater capacity to fix NH4

+. It was reported that an inconsistent
trend of fixed NH4

+ might be possible due to the nitrifying bacterial population and that
the heterotrophic biomass can be a major cause of increased fixed NH4

+ from the interlayer
spaces of clay minerals [41]. Moreover, the highest value of fixed NH4

+ was observed at
the same time point as the most mineralized N (N0) at all treatments. After their peak
points, the N mineralization and fixed NH4

+ both showed a parallel trend. These results
suggested that the fixed NH4

+ is a sink and source of exchangeable NH4
+ that plants

assimilate, thereby contributing to optimum plant growth and fertility status. The results
revealed an asymptotic relationship between N mineralization and fixed NH4

+. Therefore,
it is important to consider a part of the fixed NH4

+ in future research on N mineralization
and availability.
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5. Conclusions

Manure application with inorganic fertilizer enhanced SOC, total N, total P, and K
concentrations in soil. Long-term fertilization did not change the NMP in Fluvo-aquic
soil. However, the N mineralized rate (k) was higher in the long-term manure applied
treatment than in other treatments, suggesting that manure application accelerated the soil
mineralization. Strong positive correlations were observed among the k, N pool (Pools I, II),
SMBC, SMBN, and fixed NH4

+. These correlations suggest that enhancing the supply of
organic material, such as manure, is an effective strategy to increase the soil microbial
activity and, thus, the availability of soil N. We also found that fixed NH4

+ was involved
in the N mineralization process, which suggested that mobilization and immobilization
should be considered in future soil N cycling research. We conclude that the combination
of manure with inorganic fertilizers is an optimal strategy to increase N availability and
boost nutrient availability for crops in agricultural ecosystems. The optimum proportions
and rates require further examination under long-term field experiments.
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