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Abstract: Nitrogen (N) is the prime essential nutrient for agricultural productivity, and its deficiency
is overcome through the application of fertilizers. However, the rate of N mineralization from organic
N sources is an important process to be monitored for efficient N use and sustainable agricultural
management. Laboratory incubation studies were conducted for a period of 150 days to measure
N mineralization (Nmin) from different organic amendments (OA) in texturally contrasting soils
collected at three locations: SL1 (Bahawalpur, sandy loam), SL2 (Bahawalnagar, sandy loam), and
SL3 (Rahim Yar Khan, sandy clay loam). A second study was also carried out for 25 days to monitor
pH dynamics and ammonia volatilization from the same three OA-treated soils. The results showed
that there was no significant difference in net Nmin between the soils for poultry manure (PMO)
and feather meal (FMO), even if there was a substantial Nmin observed for PMC + FMO followed
by poultry manure compost (PMC) at SL2 and SL3 soils. This might have happened due to higher
microbial biomass carbon (257), nitrogen (61), fungal colonization (88 cfu g−1 soil) and enzyme
activity (79) in SL3 soil receiving PMC + FMO after 150 days of incubation. However, the first-
order kinetic model (R2 = 0.86–0.95) better explained the Nmin in all three soils amended with OA
(PMC + FMO). The soil pH had more pronounced effects on Nmin in all three soils. A non-significant
amount of ammonia volatilization was recorded regardless of the initial pH, buffering capacity, and
texture variability of the soils. Further study on the particle size of OA and soil pH is warranted to
determine the actual effect of OA on Nmin.

Keywords: poultry manure; composting; incubation; pH; ammonia volatilization

1. Introduction

Soil organic matter (SOM) represents the organic component of soil obtained from the
residues of plants and animals converted by soil microorganisms through decomposition
processes [1]. The SOM has direct benefits on agro-ecosystems due to the ability to affect
nutrient cycling and their availability in soils, which are the most important soil character-
istics to sustain crop growth and yield [2]. For these reasons, SOM is widely recognized
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as the core indicator of soil health that is able to promote soil fertility and quality [3]. In
addition, soil organic matter represents the largest terrestrial carbon pool, and therefore,
under agricultural lands, any approach oriented to improving the organic matter in the
soil could be considered an environmentally-friendly strategy for limiting greenhouse gas
emissions, especially carbon dioxide [4]. Under agricultural production systems, crops
uptake approximately 65% of nitrogen (N), 80% of phosphorous (P), and 50% of potassium
(K) from post-applied organic and inorganic sources [5–7]. Additionally, in all types of
soils, inward flows of N and C to the soil reservoir potentially improve soil health [8].
Moreover, Nunes et al. [9] documented that soil health is a function of sink and source of C
that when subjected to different cropping patterns (i.e., soil tillage, fertilization, irrigation),
generate a variable C flow. Nowadays, industrialized farming systems characterized by
intensive ploughing, lack of organic amendments, excessive and unbalanced use of reactive
chemicals, and mineral fertilizers usually accelerate the loss of SOM [10,11]. Moreover, high
soil pH associated with extremely low SOM content and insufficient soil fertility caused an
undesired and significant decrease in crop productivity [12,13].

Although SOM is composed of a stable component resistant to breakdown, there are
also different soil components more labile and easily subjected to the decomposition process
that is available for soil microbes to consume and for plants to assimilate [14]. Based on these
characteristics, it is a conceivable hypothesis that soil health must be shaped by integrating
soil types and climate dynamics with agronomic management. From an agronomical
view, an integrated nutrient management system (IPNMS) based on the combination of
inorganic and organic sources is essential to improving nutrient availability, especially
N. In addition, IPNMS improves and maintains soil health and crop productivity for the
long-term period in agreement with the sustainability principles, especially in arid and
semi-arid climates [15,16] where the SOM is subjected to fast mineralization compared with
humid agro-environmental areas [17]. Recently, it has been reported that the application of
organic amendments (OAs) in agricultural fields improved soil biodiversity, increased the
availability of nutrients, and significantly reduced nutrient losses and CO2 emissions [18].
In addition, it has been noted that OAs are responsible for 78% of the variations in soil
mineral N (Nmin) [17]. Although OAs could be a valuable source of N for agro-ecosystems,
OAs are subjected to the decomposition process for releasing available nitrogen, and
therefore a lack of available Nmin causing difficulties in the synchronization with the crop
N demand could happen [19]. So, it is essential to accurately predict soil Nmin availability
from the applied OAs to respond to the crop’s N needs [12]. Moreover, the mineralized
SOM may be readily exported or transformed or immobilized depending upon the soil
properties, type of OAs, soil initial N content, C:N ratio, soil aeration and temperatures,
and soil pH and its buffering capacity [18,20–22]. In addition, the quality of OAs and their
decomposition rate in the soil may affect the soil Nmin process and its consistency, which
further may help us to predict N availability in crops [23,24]. In contrast, the difference in
soil physico–chemical properties not only alters the activities of soil microbes and enzyme
activities, necessary for soil Nmin, but also may affect the losses of N through different
mechanisms including ammonia volatilization [25].

Currently, several previous studies have analyzed the factors and the dynamics that
affect the decomposition process of OAs and their stabilization as soil organic C (Corg),
even if these limiting factors have been studied separately [9], leaving a gap of knowledge
between the decomposition of OAs and the pool up of Corg [8]. Therefore, combined
investigations are required to understand how to manage OAs application and Corg in
response to farming practices and climate change [26]. The theoretical and empirical
formulas would help to bridge the gap between the decomposition rates of OAs and
SOM formation associated with N availability [19]. Such an empirical conceptualization is
important to determine the role of OAs in soil which is steadily stabilized in the Corg as
microbial necromass (MN), i.e., in microbial biomass C (MBC), and availability of nutrients
associated with the SOM [27]. Additionally, the MN is considered a significant proportion
of SOC which has short- and long-term effects on SOC lability and stabilization [28].
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The difference in soil texture could change the temporal availability of soil mineral N
(NO3-N and NH4-N) regardless of the differences in soil physico–chemical conditions [24].
Indeed, it has also been observed reduced N volatilization in the sandy soils when compared
to clay and silty soils, probably due to the greater soil macropores, typical of the sandy soil
that favored the activities of aerobic micro-organisms that are generally associated with the
mineralization of organic matter determining an increase of soil Nmin content in the sandy
soils [29]. In addition, the degrees of SOM lability are more protected by the clays and
polyvalent cations especially Ca during decomposition [17]. However, a strong correlation
between the ammonia volatilization and the soil physico–chemical properties, i.e., initial
pH, SBC, SOM, cation exchange capacity (CEC), and initial N availability was observed
from N fertilization [12,18]. Moreover, the CEC and SOM contents may bind the excess
NH4-N in the soils and thus reduce the losses [24] while the initial pH and SBC moderate the
NO3-N and NH4-N equilibrium in the soil ecosystems [30]. It was observed that the process
of ammonification was increased just after the addition of OAs through the consumption of
more H+ resulted in higher soil pH, while in contrast, nitrification decreased the soil pH via
the production of two H+ by the formation of each NO3-N mole [31]. Thus, it is necessary
to determine the synchronization of mineralized N and N availability to crops in the soil
solution. This study hypothesized that soil texture significantly affects the mineralization
rate of N content in different organic amendments and its ammonia volatilization, therefore,
we determine different levels of nitrogen availability during the crop growth stage. The
main goals of this study were to: (1) estimate the Nmin from different OAs in texturally
different soils, (2) determine the kinetics of mineralized N in different soils through a
long-term incubation study, and (3) investigate the impact of soil pH on Nmin and the
ammonia volatilization from OAs in a short-term incubation study.

2. Materials and Methods
2.1. Soil Sampling and Analysis

Texturally contrasting soils were collected at 0–20 cm from three locations: SL1 (Ba-
hawalpur, sandy loam), SL2 (Bahawalnagar, sandy loam), and SL3 (Rahim Yar Khan, sandy
clay loam) near the Cholistan desert (Pakistan). The soil characteristics at the beginning of
the experiment are reported in Table 1. Historical climatic data based on the data of the
last 50 years of the sites show a mean annual rainfall of 94.5, 96.4 and 97.2 mm in SL1, SL2
and SL3, respectively, maximum summer annual temperature was 34.5, 32.5 and 33.6 ◦C
while minimum winter temperature was of 15.2, 14.1, and 14.5 ◦C in SL1, SL2 and SL3,
respectively. The relative humidity data showed values of 45, 47, and 43% in SL1, SL2 and
SL3, respectively.

Soil samples were randomly collected from each selected site under typically culti-
vated fields in order to be representative of the agricultural systems of the area based on
poor nutrient management, especially for N. The collected soils were air-dried under shade
at room temperature (~25 ◦C), then soil samples were ground with a porcelain mortar and
pestle, 2-mm sieved, and stored in plastic jars until analysis. The soil texture was recorded
by following the method of Gee and Bauder [32]. Soil particle size was determined by fol-
lowing the standard hydrometer method [32] and the pH (1:1) was measured using 0.01 M
CaCl2 [33]. Soil organic C and N were determined by dry combustion analysis [34–36]
while the total P and other nutrients were measured using a colorimeter and atomic ab-
sorption spectrophotometry after digestion with a mixture of 2:1 perchloric acid-nitric acid
digestion. Soil pH buffering capacity was determined by titration [37].
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Table 1. Soil characteristics before the start of experiment.

Textural analysis

Units SL1 SL2 SL3

Sand % 72 67 63

Silt % 19 18 16

Clay % 9 15 21

Texture Sandy Loam Sandy Loam Sandy Clay Loam

Soil physical properties

pH (1:5) 7.85 7.51 7.66

pH BC mmole H+ kg−1

soil pH−1 6.23 7.04 7.56

EC dS m−1 0.23 0.44 0.68

CEC meq/100 g 1.11 1.41 1.73

SOC % 0.11 0.38 0.59

CaCO3 % 3.66 3.01 3.21

FC % 16.25 23.76 32.51

Bulk density Mg m−3 1.01 1.26 1.34

Soil nutrient contents

TC mg kg−1 0.62 0.91 1.18

TN mg kg−1 0.16 0.41 0.67

Inorganic N mg kg−1 3.26 5.89 6.96

P mg kg−1 0.11 0.29 0.43

K mg kg−1 0.26 0.91 1.21

NH+-N mg kg−1 1.36 2.81 3.64

NO3-N mg kg−1 1.13 1.51 1.92
SL1; Bahawalpur, SL2; Bahawalnagar, SL3; Rahim Yar Khan, BC; buffering capacity, SOC; soil organic carbon, FC;
field capacity, TC; total carbon, TN; total nitrogen.

2.2. Chemical Characteristics of Organic Fertilizers

Poultry manure (PM) was collected from a layered poultry farm typically used by
the farmers of the area, while the poultry manure compost (PMC) was purchased from
the local market. The organic fertilizers were analyzed for water contents, pH, elemental
composition (P, K, Ca, Mg, Mn, Fe, Cu, Zn, B, S and Na), total N and C, inorganic N and
water-soluble P by following the same method as was used for the soil analysis (Table 2).
The gravimetric water contents of the fertilizers were measured by putting the organic
fertilizers (OF) samples in a hot air oven at 65 ◦C for 48 h (4 replications per OF). For
inorganic N analysis, N contents were measured through the KCl method (1 mol L−1 in
a ratio of 1:200, 4 replications per OF). Shaking of the sample mixture was performed for
30 min and then centrifuged for 30 min. The mixture was filtered at 0.45 µm. The filtrate
analysis for NO3-N and NH4-N was conducted [36,38].
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Table 2. Analysis of poultry manure (PM), poultry manure compost (PMC) and feather meal (FM).

Characteristics Units PM PMC FM

pH (1:5) 6.80 6.10 5.40

EC dS m−1 0.44 0.58 0.61

CEC meq/100 g 1.41 1.56 1.66

SOC % 4.5 6.8 7.1

CaCO3 % 5.11 6.78 5.86

TC % 41.56 51.36 65.36

TN % 3.11 4.77 5.66

C:N ratio 2.49 1.81 3.89

P % 1.85 3.45 4.36

K % 4.36 6.98 7.36

Ca % 1.96 2.89 3.78

Mg % 0.18 0.26 0.49

Mn % 0.11 0.22 0.34

Fe % 1.48 2.26 2.91

Cu % 0.11 0.11 0.24

B % 0.08 0.11 0.18

S % 0.06 0.26 0.39

Na % 2.36 4.11 5.89

2.3. Experimental Design

A 3 × 5 factorial incubation experiment was arranged in a completely randomized
design. The treatments were comprised of control (CT; for soils only), poultry manure origi-
nal (PMO), poultry manure compost (PMC), PMO + feather meal (10%; PMO + FMO), PMC
+ feather meal (10%; PMC + FMO) and feather meals only. The experimental treatments
were replicated four times.

2.3.1. Long-Term Incubation Study-N Mineralization

A 150-day lab incubation experiment was carried out using the 900-mL plastic tubes
to evaluate Nmin kinetics from the organic amendments and including the control soils.
The soils were pre-incubated for 5 weeks and rewetted with 40% field moisture capacity
(FC) based on soil textural variability to minimize the variability in the initial Nmin flush
due to resettling and readjusting of microbial activity [39]. As per treatment combinations,
a sample of 300 g soil was added to each tube and incorporated with OAs to provide the
expected 250 mg kg−1 total N (considering 50% of total N is mineralization at the end of
the experiment i.e., 150 days [40]. All tubes were opened twice weekly for aeration. To
measure the Nmin, a 5-g soil sample was collected at 1, 5, 10, 20, 40, 80, and 150 days of
incubation from each replication followed by extraction with 40 mL of 1 M KCl, filtered
through Whatman filter paper (No. 42), and then processed for determination of NH4-N
and NO3-N. The experiment was performed at room temperature.

Kinetics of N Mineralization

Cumulative N mineralization (Cum. Nmin.) from the control soils (unamended;
unamd.) and OAs treatments were calculated by using the following equations:

Cum. unamd. soils Net N min. = Inorganic N(t) − Inorganic N control (t=0) (1)
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Cum. OM Net N min. = Fert. N(t) − Fert. N control(t=0) − Inorganic N (t=0) (2)

It is denoted as sampling time (days) and inorganic N (t = 0) is represented as the
inorganic N concentration in the soil at the start of the experiment [time (day) = 0]. Net N
mineralization either in control soils or organic fertilizer treatments was shown by mass
(mg N kg−1 soil, g N kg−1 OAs materials) or then expressed in percentage (%) of nitrogen
applied with the fertilizer. However, net N mineralization from the unamended soils
showed a linear relationship, so using the PROC REG (SAS, Cary, NC, USA, 2016) will fit
the zero-order kinetics of the individual soils and the following model was used:

Cum. control soils Net N min.
(

mg Kg−1 soil
)
= K(linear) × t (3)

where, K(linear) (mg kg−1d−1) is the mineralization rate coefficient and t is the time (days).
Cumulative net N mineralization from the OAs treatments followed the first-order kinetic
model. By using the modified R2, goodness of fit is determined and important differences
(p ≤ 0.05) between the fitted soil slopes and intercepts are estimated by using PROC GLM
(SAS, 2016). The kinetics model of first order was matched with the cumulative net nitrogen
mineralized from the fertilizers:

Cumulative Fertilizer Net N Min.
(

g N kg−1 dry material
)
= N0 × (1 − e−kt) (4)

Cum. OM Net N min.
(

mg N Kg−1 material
)
= N0 ×

(
1 − e−kt

)
(5)

Here in Equation (4), N0 is denoted as the pool of mineralizable N in the applied
organic fertilizers, t is the time (days) and k is denoted as the rate of constant mineralization
(d−1). In SAS (SAS, 2016), the model PROC NLIN in SAS (SAS, 2016) was applied to
calculate the individual N0 and k values of OM from each soil [41].

R2(Psedue; 1st order model) = 1 − Res.SS/Cor.SS (6)

where Res. SS is the residual sum of the square, Cor. SS corrected the sum of square.

Microbial Biomass Carbon and Nitrogen

The microbial biomasses i.e., carbon (MBC) and nitrogen (MBN) was determined by
following the fumigation extraction method by taking the soil samples after 10, 40 and
150-days of incubation [42,43]. The soil samples i.e., 5 g each for MBC and MBN was taken
into perti plates after the three different time periods. These samples were placed into
a vacuum desiccator after adding the ethyl chloride (CHCl3; 25 mL; 24 h; 25 ◦C) for the
fumigation process. To remove the extra fumes, the soil samples were put into a hot water
bath at 80 ◦C. Then the C and N contents were extracted with the help of the potassium
sulphate solution (K2SO4; 20 mL; 0.5 M) from both the fumigated and non-fumigated soil
samples. The extractant was shaken well on the shaker for 30 min and passed through the
Whatman filter paper no 42. Both MBC and MBN was determined the following the given
equation.

MBC or MBN =
TC f u or TN f u − TCn f u or TNn f u

KEC or KEN
(7)

where TCfu and TCnfu indicated the total carbon (TC) in the fumigated and non-fumigated
soil samples whereas TNfu and TNnfu were the total nitrogen (TN) in the fumigated and
non-fumigated soil samples, respectively. KEC was the coefficient for the MBC (value of
KEC is 0.45) determination [44] and KEN was the coefficient for the MBN (value of KEN is
0.54) measurement [45].
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Fungal Colonization

The fungal spores were isolated from the soil samples after 10, 40, and 150 days of
incubation by following the method of Gerdemann and Nicolson [46]. The colony-forming
unit method (CFU) was used to determine the fungal colonization (MS medium) in the
rhizosphere soil. The fungal colonization was determined by using the following formula:

Colony forming unit (cfu g−1 soil) = (No. of colonies × dilution factor)/Vol of inoculum (8)

Enzyme Activities

The soil enzymes, i.e., leucine-aminopeptidase (LAP, N-acquiring enzyme) and N-
Acetyl-glucosaminidase (NAG, N-acquiring enzyme) were measured by following the
method of DeForest [47]. Generally, it has been considered that soil biological and soil mi-
crobial activities resulted in active enzyme activities and are indicators of the soil microbial
nutrient intake [48]. To determine, the soil enzyme activities after the specific time periods
i.e., 10, 40, and 150 days, the soil samples i.e., 1.0 g were added into sodium acetate buffer
solution (50 mM; C2H3NaO2). The soil substrate was incubated in the dark for 4 h (25 ◦C).
The microplate reader was used to determine the enzyme activities in the soil samples.

2.3.2. Short-Term Incubation Study-NH4
+ Volatilization

A short-term incubation study of 25 days was performed to determine the NH4-N,
NO3-N and soil pH changes in response to OAs. The experiment was set up similar to
the long-term experiment as described above. All tubes were opened twice for aeration
in a week while the water contents were maintained by weight. Volatile NH4

+ from the
treatments and soil was captured by placing 40 mL H2SO4 traps (0.05 mol L−1) placed in the
tubes [39] and H2SO4 traps were replaced at 3, 10, 15, and 25 days to allow more NH4

+-N
accumulation. Moreover, to determine the inorganic N and pH of the OAs treated soils
and control soil, a 5-g soil sample was taken from the soil of the jars during the NH4

+-N
trap change process. Briefly, the first inorganic N was determined by adding 10 mL of
deionized H2O and 40 mL of 2 M KCl into the soil sample, and inorganic N was measured
as discussed above [36,38]. For pH measurement, 10 mL of deionized water was added to
the soil sample (1:2 soil/water) and then the pH was determined.

2.4. Statistical Analysis

The analysis of all OAs treatments was conducted by using the PROC MIXED in SAS
(SAS, 2016) by keeping OAs as fixed effects, incubation time (days) as repeated measures
and replications (3 or 4) as random effects. Moreover, Tukey’s HSD was used for multiple
comparisons (p = 0.05) of inorganic N mineralization from the control soils (unamended)
and different OAs at different extraction times (days). However, to determine the analysis
of variance, incubation data of 150 days was analyzed with the help of PROC GLM, while
the analysis of treatment means was conducted by using Fisher LSD (p ≤ 0.05).

3. Results
3.1. Net Nitrogen Mineralization

During the incubation period, the level of Nmin from different OAs showed a signifi-
cant difference across the soils over the whole study time (Table 3; p < 0.001). In general,
Figure 1 shows that the significant effect of soils as a factor changed after 5-d (Nmin and
Norg, p > 0.05) as compared to soil amendments where it changed at a much faster rate
(5 days of incubation). The values were at the peak between 34–40 days in the case of soil
SL2 and SL3 and after 26 days in the case of SL1 and then started to decline (Figure 1). A
sharp decline in net N mineralization was recorded in SL1 as compared to SL2 and SL3. A
steep slope is observed in SL3 during the whole incubation period (Figure 1). Moreover,
rapid and sustainable cumulative net N mineralization was noted in the PMC + FMO
treatments was 50–62% of applied N in all three soils (Tables 3 and S1). Although, the sole
PM application provided the rapid N through mineralization among the OAs during the
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first two weeks then decreased significantly. On the other hand, FMO treatments showed
the lowest net N mineralization among all-other treatments during the whole duration of
incubation (Table S1). Surprisingly, it was observed during the study that PMC and PMO +
FMO treatments were not significantly different from each other for the release of N from
the OAs. In the control treatments, the net N mineralization ranged from 9.69 to 18.84 g
kg−1 (p ≤ 0.001) (Table 3). In addition, the net N mineralization was maximum (up to
51–64%) of applied N in the first 40-d for all three soils then decreased (Figure 1). In FMO
treatments, no significant difference at p > 0.05 was noted in the SL1 and SL2 soils in the
150 days incubation experiment with maximum N mineralization of 31.68 g N kg−1 (SL2;
62% of total N applied; Figure 1). Moreover, a delay in net N mineralization was observed
in SL3 (Rahim Yar Khan Soils) from the start (0-d) of the experiment till 12-d incubation
(Table 3 and Figure 1).

Table 3. Cumulative net N mineralized after 150-d incubation under different treatments.

Treatments
SL1 SL2 SL3

g kg−1 Dry Material (% N Total Applied)

CT (NF) 9.69 d 12.56 e 18.84 e

PMO 26.89 c (68) 41.14 cd (71) 51.81 d (74)

PMC 38.78 c (68) 53.89 c (71) 61.98 cd (74)

PMO + FMO 49.68 bc (66) 59.87 bc (69) 78.49 b (73)

PMC + FMO 61.49 a (68) 81.69 a (69) 109.36 a (76)

FMO 18.36 d (41) 34.23 d (45) 39.47 d (48)

CV (%) 1.56 3.11 4.89
Abbreviations are: SL1 (Bahawalpur soil), SL2 (Bahawalnagar), SL3 (Rahim Yar Khan), CT; control (unamended
soil; NF, no fertilizer), PMO; poultry manure original, PMC; poultry manure compost, PMO + FMO; poultry
manure original + feather meal original, PMC + FMO; poultry manure compost + feather meal original and FMO;
feather meal original. The values in the parenthesis are the percent (%) of the total N applied.
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Figure 1. Net nitrogen mineralization (mg kg−1 soil) from the three different soils incubated for
150-d. Abbreviations are SL1 (Bahawalpur soil), SL2 (Bahawalnagar), and SL3 (Rahim yar khan).

3.2. Kinetics of N Mineralization

The minimum concentration of cumulative net N mineralization after the 150-d in-
cubation experiment ranged from 9.69 to 61.49 mg N kg−1 at SL1 (Bahawalpur) (p > 0.01)
(Table 3). The location SL3 (Rahim Yar Khan) had the maximum concentration of cumula-
tive N mineralization among the other two locations i.e., SL1 and SL2. Moreover, the linear
model fits well to the data, indicating that it is fit well without intercept showing R2 greater
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than 0.95 for two soil locations (SL2 and SL3) except the SL1 which had R2 = 0.60 (p > 0.05)
(Table 4). All slopes for different soil locations (linear/zero-order model constant) were
statistically different among themselves (p > 0.05). The data reported in Figure 2A indicated
that the rapid N mineralization was observed in the PMO that is statistically similar to FMO
as compared to all other OAs i.e., PMC, PMO + FMO, and PMC + FMO during the first
36 days of incubation (Figure 2B–D). By day 36, the amount of N-mineralization ranged
from 65–78%; 55–63%; 51–53%; 48–52%, and 42–45% of the applied N for FMO, PMO, PMC;
PMO + FMO and PMC + FMO, respectively in all three soils. It is worth noting that applica-
tion of FMO delayed the N mineralization in all three soils up to the first 12-d but somehow,
that effect was reduced by the PMC amendments where the N mineralization was 35–43%
in the first 25-d of incubation. Overall, the data showed that steadily N mineralization was
noted in the PMC + FMO treatments in all three soils and as compared to all other organic
amendments. Moreover, no significant difference was observed in the first 27-d of the study
among all three soils with average net N mineralization of 96 g N kg−1 (45% of the applied
N; Figure 2).

Table 4. Fit individual treatments for net N mineralized from the control (unamended) soils and
applied organic amendments.

Soil
Types

CT PMO PMC PMO + FMO PMC + FMO FMO

K R2 K N0 R2 K N0 R2 K N0 R2 K N0 R2 K N0 R2

d−1 d−1 g kg−1 d−1 g kg−1 d−1 g kg−1 d−1 g kg−1 d−1 g kg−1

SL1 0.18 c 0.62 0.152
a 31.79 c 0.81 0.158

a 41.49 b 0.83 0.166
a 51.25 b 0.85 0.192

a 68.37 b 0.86 0.144
a 21.78 b 0.84

SL2 0.41 b 0.93 0.136
a 44.12 b 0.86 0.141

a 52.74 b 0.85 0.149
a 62.98 b 0.87 0.171

a 76.69 b 0.91 0.134
a 26.68 b 0.86

SL3 0.67 a 0.95 0.031
b 58.69 a 0.92 0.044

b 73.89 a 0.91 0.058
c 81.69 a 0.94 0.078

b 101.36 a 0.95 0.026
b 44.25 a 0.89

Full Model 0.141 51.78 0.88 0.148 58.47 0.89 0.158 71.56 0.91 0.177 88.69 0.93 0.126 28.69 0.88

Abbreviations are SL1 (Bahawalpur soil), SL2 (Bahawalnagar), SL3 (Rahim Yar Khan), CT; control (unamended
soil), PMO; poultry manure original, PMC; poultry manure compost, PMO + FMO; poultry manure original +
feather meal original, PMC + FMO; poultry manure compost + feather meal original, FMO; feather meal original,
K; first-order rate constant day−1 and N0; mineralizable nitrogen mg N kg−1 soil. The values in the parenthesis
are the percent (%) of the total N applied.

3.3. Soil Microbial Biomass Carbon and Nitrogen

The soil MBC and MBN contents varied significantly among the soils and organic
amendments after incubation (Table 5). PMC + FMO amended soil exhibited the highest
MBC content among the three soil types with 256.79 mg kg−1 in SL3 (Rahim Yar Khan soil),
218.43 mg kg−1 in SL2 (Bahawalnagar soil) and 201.23 mg kg−1 in SL1 (Bahawalpur soil) at
150 d incubation period. The contents of MBN showed a similar trend to that recorded for
MBC (Table 6). Greater MBN was found in the SL3 (Rahim Yar Khan soil) with a value of
61.35 mg kg−1 followed by SL2 (Bahawalnagar soil) and SL1 (Bahawalpur soil) with values
of 44.25 mg kg−1 and 31.78 mg kg−1, respectively, treated with PMC + FMO after 150 d of
incubation.
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Figure 2. Net nitrogen mineralization (g kg−1 material) from different organic amendments i.e.,
PMO (A); PMC (B); PMO + FMO (C); PMC + FMO (D) and FMO (E) after 150-d incubation in three
different soils (SL1, Sl2 and SL3). Data in the graph is the first-order regression and error bars in the
standard deviation. Abbreviations are SL1 (Bahawalpur soil), SL2 (Bahawalnagar), SL3 (Rahim yar
khan), CT; control (unamended soil), PMO; poultry manure original, PMC; poultry manure compost,
PMO + FMO; poultry manure original + feather meal original, PMC + FMO; poultry manure compost
+ feather meal original and FMO; feather meal original. Error bars indicated the standard deviation.
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Table 5. Effect of organic amendments on soil microbial biomass carbon at 10-d, 40-d and 150-d of
incubation study.

Treatments
10-d 40-d 150-d

SL1 SL2 SL3 SL1 SL2 SL3 SL1 SL2 SL3

CT 117.63 e 114.78 e 111.23 e 131.78 e 126.12 c 138.96 e 91.26 e 95.69 d 108.49 e

PMO 131.36 d 126.15 d 124.69 d 138.66 d 145.69 d 156.48 d 167.89 d 191.25 b 204.12 d

PMC 137.89 c 131.48 c 133.48 c 148.36 c 154.22 c 163.36 c 178.56 c 198.45 b 215.36 c

PMO + FMO 152.48 b 146.48 b 144.69 b 159.71 b 166.05 b 173.42 b 188.21 c 214.47 a 226.18 b

PMC + FMO 161.25 a 155.12 a 153.46 a 169.05 a 174.32 a 182.49 a 201.23 a 218.43 a 256.79 a

FMO 126.48 d 122.23 d 121.36 d 136.45 d 141.98 d 152.78 d 166.79 d 182.06 c 197.467 d

LSD0.05 7.56 4.06 3.56 4.23 9.58 8.45 10.56 9.05 7.26

Abbreviations are SL1 (Bahawalpur soil), SL2 (Bahawalnagar), SL3 (Rahim yar khan), CT; control (unamended
soil), PMO; poultry manure original, PMC; poultry manure compost, PMO + FMO; poultry manure original +
feather meal original, PMC + FMO; poultry manure compost + feather meal original and FMO; feather meal
original. The mean values are the average of 3 (n = 3) and the values are not sharing similar letters and are not
significantly different according to Fisher’s LSD at 5% probability level (p < 5%).

Table 6. Effect of organic amendments on soil microbial biomass nitrogen at 10-d, 40-d and 150-d of
incubation study.

Treatments
10-d 40-d 150-d

SL1 SL2 SL3 SL1 SL2 SL3 SL1 SL2 SL3

CT 15.21 f 12.38 e 10.23 f 15.01 e 16.96 e 21.36 e 10.12 f 12.89 e 14.79 e

PMO 22.75 d 20.68 c 18.26 d 23.66 d 25.89 d 28.69 d 21.36 cde 29.02 d 44.26 d

PMC 25.02 c 22.15 c 20.14 c 27.96 c 31.89 c 33.56 c 22.78 c 33.21 c 48.31 c

PMO + FMO 27.89 b 25.36 ab 23.59 b 30.78 b 33.57 b 36.14 b 27.89 b 39.06 b 52.76 b

PMC + FMO 29.45 a 26.78 a 24.98 a 33.68 a 35.12 a 38.75 a 31.78 a 44.25 a 61.35 a

FMO 20.89 e 17.75 d 16.02 e 23.01 d 24.02 d 27.56 d 20.36 e 28.56 d 41.23 d

LSD0.05 1.35 1.51 1.11 2.74 1.44 1.09 2.35 1.84 3.53

Abbreviations are SL1 (Bahawalpur soil), SL2 (Bahawalnagar), SL3 (Rahim yar khan), CT; control (unamended
soil), PMO; poultry manure original, PMC; poultry manure compost, PMO + FMO; poultry manure original +
feather meal original, PMC + FMO; poultry manure compost + feather meal original and FMO; feather meal
original. The mean values are the average of 3 (n = 3) and the values are not sharing similar letters and are not
significantly different according to Fisher’s LSD at 5% probability level (p < 5%).

3.4. Fungal Colonization and Enzyme Activities

Similar to the changes in MBC and MBN contents, fungal colonization and enzyme
activities were larger and more heterogeneous in all the three amended soils than in
the control over incubation period (Tables 7 and 8). The fungal colonization was the
largest in soil amended with PMC + FMO across all incubation periods. Maximum fungal
colonization (88.98 cfu g−1 soil) was detected in SL3 (Rahim Yar Khan soil) followed by
SL2 (Bahawalnagar soil) and SL1 (Bahawalpur soil) under an incubation period of 150 days
(Table 7). Compared with the control treatment the enzyme activities were the highest of all
other treatments in all three soils. Across all three soils the highest enzyme activities were
detected in SL3 (Rahim Yar Khan soil) (79.35 nmol h−1g−1) followed by SL2 (Bahawalnagar
soil; 38.66 nmol h−1g−1) and SL1 (Bahawalpur soil; 34.05 nmol h−1g−1) under incubation
period of 150 days with application of PMC + FMO (Table 8).
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Table 7. Effect of organic amendments on fungal colonization at 10-d, 40-d and 150-d of incubation
study.

Treatments
10-d 40-d 150-d

SL1 SL2 SL3 SL1 SL2 SL3 SL1 SL2 SL3

CT 45.12 e 47.23 e 48.69 d 53.26 d 54.63 e 55.26 e 41.26 d 49.23 f 50.78 f

PMO 55.23 cd 57.48 d 59.48 c 66.58 c 69.26 d 72.55 d 68.06 c 72.26 d 75.55 d

PMC 56.48 c 62.38 c 61.78 c 68.23 c 73.12 c 76.61 c 69.05 c 76.18 c 78.61 c

PMO + FMO 61.59 b 68.49 b 71.89 b 71.48 b 76.26 b 81.05 b 72.81 b 78.26 b 83.51 b

PMC + FMO 64.89 a 71.56 a 74.96 a 73.58 a 81.26 a 84.56 a 75.58 a 83.26 a 88.98 a

FMO 56.78 cd 58.79 d 61.47 c 67.05 c 68.23 d 71.91 d 68.91 c 70.51 e 74.89 e

LSD0.05 3.46 3.21 3.16 2.23 3.98 4.51 3.81 1.91 0.78

Abbreviations are SL1 (Bahawalpur soil), SL2 (Bahawalnagar), SL3 (Rahim yar khan), CT; control (unamended
soil), PMO; poultry manure original, PMC; poultry manure compost, PMO + FMO; poultry manure original +
feather meal original, PMC + FMO; poultry manure compost + feather meal original and FMO; feather meal
original. The mean values are the average of 3 (n = 3) and the values are not sharing similar letters and are not
significantly different according to Fisher’s LSD at 5% probability level (p < 5%).

Table 8. Effect of organic amendments on soil enzyme activities at 10-d, 40-d, and 150-d of incubation
study.

Treatments
10-d (nmol h−1g−1) 40-d (nmol h−1g−1) 150-d (nmol h−1g−1)

S1 S2 S3 S1 S2 S3 S1 S2 S3

CT 16.58 e 15.69 d 15.22 d 22.96 e 23.01 e 25.15 e 16.05 e 20.15 f 22.23 f

PMO 21.23 c 20.91 c 20.36 b 27.45 c 28.05 c 33.79 c 26.49 d 31.24 d 61.05 d

PMC 22.01 c 21.78 b 20.89 b 29.93 b 30.48 b 34.89 c 30.11 c 33.41 c 67.24 c

PMO + FMO 23.22 b 21.96 b 21.23 b 32.15 a 33.71 a 37.48 b 31.48 b 37.41 b 71.46 b

PMC + FMO 25.56 a 25.15 a 25.01 a 33.69 a 34.56 a 41.56 a 34.05 a 38.66 a 79.35 a

FMO 18.69 d 18.39 c 17.58 c 25.06 d 26.91 d 29.15 d 25.05 d 30.11 e 42.15 e

LSD0.05 0.71 0.11 0.83 1.42 0.66 0.96 1.24 1.01 1.19

Abbreviations are SL1 (Bahawalpur soil), SL2 (Bahawalnagar), SL3 (Rahim yar khan), CT; control (unamended
soil), PMO; poultry manure original, PMC; poultry manure compost, PMO + FMO; poultry manure original +
feather meal original, PMC + FMO; poultry manure compost + feather meal original and FMO; feather meal
original. The mean values are the average of 3 (n = 3) and the values are not sharing similar letters and are not
significantly different according to Fisher’s LSD at 5% probability level (p < 5%).

3.5. Ammonia Volatilization in Short-Term Incubation Experiment

Results indicated that a significant amount of ammonia losses (NH4-N) were recorded
from all organic matter amendments or soils or their combinations in a short-term 24-day
incubation experiment (Figure 3). It was noted that the NH4-N losses were dependent on
the pH and the production of NO3-N. Significant NH4-N losses were noted coinciding with
relatively high pH and NH4-N concentrations recorded in SL1 and SL2 soils. Overall, dur-
ing the short-term incubation, soil pH was decreased with the increase in the production of
NH4-N while the pH was increased with the increased production of NO3-N. Additionally,
soil pH rapidly jumped to 8.94 in the SL1 with the amendment of FMO and resulting in
the production of the NH4-N of 54.29 mg kg−1 of soil. The current study indicated that the
rapid decrease in soil pH or soil pH buffering capacity of the SL1 was solely dependent
on any change in the inorganic N speciation in the soil along with incubation duration.
Moreover, the pH was increased in both FMO and PMO treatments, but the timing was
quite different. In the case of FMO, the maximum pH was reached in 4-d, but it was 9-d in
the case of PMO (Figure 3).
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original. Error bars indicated the standard deviation.

4. Discussion
4.1. Long-Term Incubation Study

The application of OAs significantly increased the Nmin (NH4-N and NO3-N), and that
increase positively coincided with the increased Nmin, soil texture, and C/N ratios since
the beginning of the incubation period. Three types of soils, used during the current study,
significantly affected the rate of Nmin. The C/N ratios of the organic amendments played a
vital role in N transformation. The results reinforced the role of C/N ratios that affected
the metabolic activities of soil microbial and fungal communities in the all-soil texture
towards the release of mineral forms of N [20], hence various concentrations of Nmin were
observed during the incubation study [19]. The results are in agreement with the findings
of Bonanomi et al. [31] that observed how organic amendment characterized by low C/N
ratios resulted in easily accessible and highly available C to soil microbes. Therefore, the
C/N ratios of organic materials could be a valuable indicator to predict soil N availability.
Moreover, the current study also confirmed that the activities of soil biota were controlled
by the water-holding capability of the soil. Specifically, the SL1 site had more sand particles
and poor water holding capacity which is why it had a robust and short duration Nmin
flush compared to the other soils from SL2 and SL3 sites, respectively. Similarly, Pinto
et al. [49] reported that less moisture and early warmer temperature of soil enhanced the
Nmin process. The peak of Nmin was achieved earlier in SL1 followed by SL2 and then in
SL3. As far as OAs were concerned, the significant difference in N release (both Nmin and
Norg) was recorded in 14–35 days of incubation (p < 0.05) and then progressively stabilize
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over the incubation duration. More sustainable Nmin was recorded in the PMC + FMO in
all types of soils as the incubation days progressed [19]. It was also seen during the study
that the level of organic Nitrogen (Norg) in the soil suppressed the growth of microbiomes
and might also suppress the Nmin during the incubation duration (150-d) [12]. Furthermore,
the results have shown soil texture (soil particles) and soil inorganic N modified the N
release pattern (Nmin) from the different applied organic matter.

The slower/constant release of N (Nmin) from SL3 as compared to SL1 and SL2
observed in the current study could be due to the delayed growth of microbial biomass
(MB). The growth of MB is usually considerably increased when the OAs are added to
any kind of soil [24]. Although the SL1 had a robust increase in MB at the beginning of
the incubation period, the MB population decreased consistently after 24-d to the basal
level, probably due to limited soil conditions, i.e., soil moisture and C level that hindered
the MB growth [27]. However, it is noted that the higher clay contents, as observed in
the soil coming from the SL3 site, would be the possible reason for the slow and lower N
transformation (Table 2 and Figure 2), but this slow release would not decrease the crop
growth and development, resulting in N availability from mineralization aligned and N
needs of the crop [50]. The current study results are in contrast with Li et al. [51], who
experimented on the C-rich organic amendments in contrasting soil textures. They reported
that MB was increased only in the organic amendments and not in the different soil textures.
The fungal growth was also increased in the fine-textured soil over coarse textured soil
(Table 7). Moreover, the soil enzyme activities were much higher in SL3, followed by SL2
and SL1 (Table 8), which is a better indication of microbial activation and healthy fungal
activities in the fine textured soil. It would increase the Nmin and hence, the sustainable
N release from the soil [52]. Better enzyme concentrations (Table 8) were noted in the SL3
than in the other soil indicating handsome microbial activities [53]. The PMC + FMO is
noted as much more consistent with the fungal growth and microbial system that indicated
that healthy soil microbiomes existed in the SL3 than in the other two soils.

The organic amendments behaved differently in all three soils during the incubation
duration. The observed difference in Nmin from PMC + FMO to FMO or PMO in the SL3
or SL2 or SL1 might be due to the difference in the particle size of the OAs that ultimately
resulted in less Nmin [20]. Moreover, the PMC and FMO had a particle size of around or
less than 1 mm while the others, i.e., PMO had varying particle sizes between 2 to 5 mm.
The clay particles offer physical protection in the soil through physico–chemical binding
processes which allowed the clay particles (in SL3) to interact more precisely with OAs
compared to large particle sizes as in SL1 or SL2. The measured Nmin data fit well with
the kinetic model and the calculated parameters i.e., N0 and K. The values of calculated
parameters in the current study were lower than the previous studies. Cassity-Duffey,
Cabrera, Franklin, Gaskin and Kissel [19] reported that for feather meals, the N0 date
indicated 31% of the applied organic N to the soils. However, in the case of our study,
N0 represented 18% and 24% for fine and coarse texture soil respectively. That might be
the due to difference in the prevailing soil and environmental conditions and initial Norg
speciation.

4.2. Short-Term Incubation Study (25-d)

The present study results of the short-term incubation study (25-d) were directed by
pH in all three soils i.e., SL1, SL2 and SL3. It was noted that the pH was increased as the
production of NH4-N tends to rise, but in the case of NO3-N production, this phenomenon
was reversed and resulted in a rapid decrease in pH (Figure 3). The NO3-N losses were
expected from the organic amendments added to fine-textured soil (SL3) [22] whereases
some anticipated losses from PMO addition to coarse-textured soil (SL1) that would be
due to high sand contents, low pH buffering capacity, and low initial organic content [54].
Additionally, the significant speciation of Norg might also have contributed to the rapid
changes in the soil pH [12]. However, it was seen that the addition of PMO to SL2 relatively
delayed the ammonification as compared to other organic amendments while the levels
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of NO3-N remained stagnant until the pH increased to 7.3 at 12-d during the incubation
periods [16]. The results of the short-term incubation study directed that the rate of Nmin
from OAs was heavenly dependent on the dynamics of soil pH and ammonium/nitrate [20].

5. Conclusions

The Net Nmin from all OAs in all three soils ranged from 9 to 62 Ninorg kg−1 soil in
150-d incubation study which would be the larger part of plant-available N and it was
dependent on the soil physico–chemical properties and N speciation. Moreover, a smaller
portion of Nmin was observed in PMC + FMO in SL3 (21% clay) compared to the other two
soils i.e., SL1 and SL2 (9–15% clay), such clay particle effect was not seen with PMO which
had cooperatively larger particle size. Thus, the present study results suggest that further
study is required on the effect of the particle sizes of OAs on the Nmin kinetics and further
the protective role of clay particles over the N transformation (NH4-N and NO3-N). Our
results about the dynamic Nmin suggest that the role of pH towards N dynamics in the
soils was more dominant than the texture of the soil in all three soils used in the incubation
study. Future research on the role of pH in the soil would be warranted, as the role of pH
was dominant in the release of N in the soils.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land12050989/s1, Table S1: Two-way ANOVA analysis with soil
type and soil amendments and their interaction on net mineralization (Nmin) and percentage organic
N mineralization (%Norg) during the incubation periods.
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