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Abstract

The non-judicious use of nitrogen (N) fertilizers in agricultural soils increases environmental pollution,
greenhouse gases (GHGs) emission, and ammonia (NH3) volatilization. Nitrogen sources undergo numerous
biological and chemical transformations that may positively or negatively impact soil organic carbon (SOC)
dynamics and soil health. To determine the impact of various N sources on carbon mineralization, soil health,
and NHs volatilization in alkaline calcareous soil, an incubation experiment was executed using three N sources
i) urea as NH4-N, ii) calcium nitrate as NOs-N, and iii) ammonium nitrate as both NH4- and NOs-N, and a control
without N addition. The results showed that urea addition had the highest C-CO; emission and N-NHj;
volatilization compared with other treatments. The microbial biomass carbon (MBC) and metabolic quotient
(gCO2) were increased by all N sources, with significantly higher values (327.76 mg C kg™ soil and 0.32 qCOx,
respectively) observed with urea. The SOC decreased, and f-glucosidase enzyme activity increased with NH4.N
sources. At the same time, the activities of acid phosphatase and leucine aminopeptidase enzymes significantly
enhanced with NH4NOgs, except for chitinase. It was concluded that adding inorganic NH4-N in alkaline
calcareous soils under controlled conditions resulted in higher emissions of CO,, and NH3 volatilization due to
higher microbial activities. Therefore, the selection of N sources should be based on their potential contribution
to GHGs emission, C mineralization, and soil health, which are crucial for sustainable crop production,
particularly in alkaline calcareous soils with low SOC.
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Introduction

Efficient N fertilizer management is a central challenge
in sustainable agriculture, as various N forms like
ammonium (NH4") and nitrate (NO3’) have divergent effects
on soil processes and crop productivity (Tufail et al., 2024).
Because the excessive N fertilizers applied to field crops
with varying sources may be lost as volatilization, leaching,
nitrification, and denitrification processes in the soil system
(Arora and Srivastava, 2013). For sustainable crop
production, various organic and mineral nitrogenous
fertilizers such as animal manure, urea, diammonium
phosphate, calcium ammonium nitrate, and nitrophos are
widely used (Hasler et al., 2015). These fertilizers are used
to manage agroecosystems for improving soil quality and
fertility (Shang et al., 2014). But it may accelerate SOC
mineralization, leading to increased CO: emissions and
potential depletion of long-term soil C storage and soil
health (Ashraf et al., 2023). The variety of biological and

chemical processes in soil results in a loss of up to 70% of
the applied N, primarily through ammonia (NHs3)
volatilization, nitrous oxide (N2O) emissions, and NO3
leaching from the soil (Erisman et al., 2008).

Ammonia loss results from the high pH-induced
conversion of NH4* to NHs. The change in soil pH following
N fertilizer application may significantly impact the NH3
volatilization. In alkaline soils, factors such as high
temperature, low cation exchange capacity, and light mist
may accelerate NH3 losses (Mikkelsen, 2009). About 56% of
global inorganic N fertilizers are produced in the form of urea
(Sigurdarson et al., 2018), which is a significant contributor
to CO2, methane and N2O emissions (Zhang et al., 2013), as
well as NH; volatilization (Mariano et al., 2019).

Various forms of N fertilizers may influence and
accelerate the decomposition of native soil organic matter
(SOM) already present in soil by directly affecting soil
characteristics, enzyme activities, and microbial biomass
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(Jia et al., 2020). The extracellular enzymes break down
SOM into simple organic molecules in response to N
addition, which are valuable indicators of decomposition
(Carreiro et al., 2000) and are involved in C and N cycling
(de Andrade Barbosa et al., 2019). The NHs-N and NO3-N
sources may have contrasting impacts on microbial
activities due to their different ionic charges and sources of
origin (Cao et al., 2021). The N ions present in abundance
control the SOM decomposition process, and NH4* ions are
preferred by microbes relative to NO3™ due to their lower
energy cost (Min et al., 2011). Although many studies have
been reported in various ecosystems and soil types,
illustrating the rate, forms, and duration of N addition.
However, no study has reported the direct impacts of N
sources on C mineralization in alkaline calcareous soil
conditions. So, it is very important to elucidate how the
application of different N sources, i.e., NH4-N, NOs-N, and
combined NHa- and NOs-N, can impact microbial activities
and C mineralization as well as NHs volatilization in
alkaline calcareous soils having low SOM. Based on the
facts mentioned above, two hypotheses were generated: 1)
NH4-and NOs-N sources could have a contrasting impact on
SOM mineralization, and 2) NH4-N and NOz-N induced pH
changes may accelerate microbial activities in low SOC
alkaline calcareous soil.

Materials and Methods

Soil sampling and Characterization

For the incubation study, topsoil (0-15 cm) was
collected from the research field of the Institute of Soil and
Environmental Sciences, University of Agriculture,
Faisalabad, Pakistan (31.4391° N, 73.0700° E). The
research field has been under a wheat-maize cropping
system for the last 4 years, with the recommended NPK
application, and was irrigated with both canal and
groundwater. The climate of the site is semi-arid,
characterized by a mean annual temperature of
approximately 31.8°C, a mean annual rainfall of 101 mm,
and a relative humidity ranging from 19% to 48%. After
removing visible plant roots and debris, the soil was dried,
ground, and finally sieved (2 mm) for basic physical and
chemical characterization. The textural class of soil was
loam containing sand (42%), silt (38%), and clay (20%).
The pH of the saturated soil paste and the electrical
conductivity of the extract of soil were 7.9 and 1.41 dS m~
1 respectively. The water-holding capacity of the soil
(WHC) was 19.50%. The SOC, total soil N content and C:N
ratio were 0.57%, 540 mg kg and 10.56, respectively. The
soil extractable P was 12.91 mg kg?, and the soil
exchangeable K was 104.38 mg kg*.

Incubation study

For incubation, 100 g of soil was placed in 500 mL
incubation jars. After pre-incubation for 1 month, treatments
such as N sources: urea as NH4.N, calcium nitrate as NOs-N, and
ammonium nitrate as both NH4- and NOs-N were added at the
rate of 5% of total soil N, and moisture was adjusted to 80%
WHC by adding distilled water. The control without N addition
was also maintained. Four replications of each treatment were
maintained in a completely randomized design (CRD).

Gaseous emissions

The gaseous emissions (COz and NH3) were determined
from each incubation jar by using a portable multi-gas
analyzer (GT-1000-JM4) after 1, 2, 3, 4, 5, 7, 10, 15, 20, 30,
45 and 60 days of incubation. The incubation jars were
flushed with fresh air after every sampling event. The
gaseous emissions were calculated according to the formula
used by Shaaban et al. (2015):

_ (px VXIRX 273 X AM)
~ (Wt. xTemp. x MM)

Where, F is the emission rate of the respective gas (mg
Kg?soil hrt); IR is the instrument reading (ppm); p is density
of a specific gas at standard conditions (g L), V is volume
of incubation jar (L); 273 is temperature factor for (Kelvin
Scale); AM is atomic mass of respective gas atom (g); Wt. is
soil weight (g); Temp. is incubation temperature in Kelvin
Scale (T°C + 273); MM is the molecular mass of the
respective gas (g); Ac is the gas production during the sealed
time of the jar, Atis the sealed time (hr), and 10 is the
conversion factor for kg weight basis of soil.

XAc/At x10

Microbial biomass carbon

The MBC content in the soil was determined by the
chloroform fumigation extraction method (Vance et al.,
1987). For this purpose, 10 g of fresh soil was divided into
two fractions (5g each for fumigation and non-fumigation
treatment) and was extracted with 20 mL of 0.05 M K3SO4
solution. The fumigation was performed with ethanol-free
CHCI3z for 24 hours. The 4 mL of fumigated and non-
fumigated soil extracts, with 5 mL of concentrated H,SO4 and
1 mL of K,Cr,0-, were titrated after cooling against acidified
ferrous ammonium sulfate in the presence of phenanthroline
indicator until the appearance of a brick red endpoint. The
formula EC/Kec was used to compute the MBC values, where
EC is the difference in organic C between fumigated and non-
fumigated soil, and Kgc is a factor (0.45) for converting
microbial flush dissolved into microbial C (Wu et al., 1990).
The non-fumigated soil extracted C was regarded as the
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dissolved organic carbon (DOC) content. The metabolic
quotient (;CO2) was calculated as the ratio of C-CO,
emissions to the soil MBC content for each treatment of the
experiment (Anderson and Domsch, 1993).

Extracellular enzymes activities

Extracellular enzyme activities from fresh soil samples
were determined by using fluorogenically labelled substrates
technique (Pritsch et al., 2004; Sanaullah et al., 2011). The
three methylumbelliferone (MUF)-based fluorogenic enzyme
substrates used were MUF-B-D-glucopyranoside for pB-
glucosidase enzyme, MUF-N-acetyl-p-D-glucosaminide
dehydrate for chitinase enzyme, and MUF-phosphate
monoester for acid phosphomonoesterase. The L-Leucine-7-
amino-4-methylcoumarin  (AMC) substrate was used to
determine the L-Leucine aminopeptidase activity.

Briefly, 0.5 g of fresh soil was dispersed in 50 mL of
sterile distilled water on a reciprocating shaker at 320 rpm for
30 minutes. Then 50 pL of soil suspension was pipetted into
a 96-well microplate containing 50 pL of buffer solutions,
such as 2-(N-morpholino) ethanesulfonic acid (MES) salt for
MUF enzymes (B-Glucosidase, Chitinase and Acid
Phosphatase)  and  Tris(hydroxymethyl)aminomethane
(TRIZMA)-Base and TRIS-HCI salts for AMC substrates
enzyme (Leucine- Aminopeptidase). After that, 100 uL of
respective substrates of each enzyme were added, making the
final concentration of 200 pumol g soil in each well. After
pipetting all these, the soil suspensions were incubated with
fluorogenic substrates for 2 hours at room temperature. The
fluorescence at an excitation/emission wavelength of
360/460 nm was measured using a multilabel microplate
reader (Synergy, Biotek, USA). The enzyme activities were
expressed as MUF or AMC released in nMol g h.

Soil chemical properties

The pH of the soil samples was determined using a 1:1
soil-to-distilled water ratio suspension (Thomas, 1996) with
a pH meter (OHAUS ST230 pH).

For total soil N, soil samples were digested in a
concentrated sulfuric acid solution. Specifically, 0.5 g of soil
was mixed with 10 mL of H,SO. and three drops of H,O- in
a microwave block digester (MDS-6G, SINEO Microwave
Chemistry Technology, Shanghai, China) at 200°C for 2
hours. The total soil N from digested soil samples was
determined using an automatic Kjeldahl distillation unit
(K9840, Hannon Instruments, Shanghai, China), following
the method of Jackson (1964). The distillate collected in a 50-
mL digestion flask was titrated against 0.01N H2SOs4 till the
appearance of pink colour in the presence of mixed indicators

Soil Environ. 44(2): 232-241, 2025

(bromocresol green and methyl-red). The titration volume
was recorded, and the total N in soil was calculated.

The SOC contents were determined by the modified wet
oxidation Walkley-Black method (Nelson and Sommers,
1983). Briefly, the 0.5 g air-dried soil samples were treated
with 5 mL K;Cr,O7 and 10 mL concentrated H.SO4 and
diluted with distilled water to 100 mL volume. The 5 mL of
concentrated H3PO4 was added, and after cooling for 30
minutes it was titrated against 0.5 M ferrous ammonium
sulfate solution until green endpoint in the presence of
diphenylamine indicator. The batch of blank samples,
without soil and containing all the reagents, was also treated
the same as the sample, and SOC was calculated.

Statistical analysis

The experimental design was a simple CRD for studying
individual impacts of different N sources on the studied
parameters. One-way analysis of variance followed by the
Least Significant Difference test was used to assess
significant differences (p<0.05) between treatment means
using the analytical software Statistix (v 8.1). Pearson’s
correlation analysis was performed to find the possible
relationships among the parameters studied using the
packages “corrplot” and “agricolae” in R software (v 4.2.0).
The violin graphs of data were made by using the GraphPad
Prism software (v 10.0.2.)

Results
Gaseous emissions

The cumulative C-CO; emissions significantly increased
by the addition of all N sources and were highest in NH4-
forms of N addition i.e. urea addition has the highest C-CO;
emissions (106.28 mg C-CO; kg * soil) followed by combined
NH;NOj3 (93.79 mg C-CO; kg soil), calcium nitrate (38.24
mg C-CO; kg soil) and no N (20.76 mg C-CO; kg soil)
(Figure 1a and 1b). The soil C-CO- efflux was highest during
the first three days for all the treatments. The C-CO; efflux
was highest by NH4-N sources, the maximum (0.449 mg kg
! soil h't) was observed in combined NH4NOj3 (Figure 1c).

Similar to C-CO; emissions, the cumulative N-NHs;
emissions significantly increased by the addition of all N
sources as compared to the control. The urea addition had the
highest N-NH3 emissions (598 g N-NH; kg soil) compared
with ammonium nitrate (394 pg N-NH3 kg soil) and calcium
nitrate (73 pg N-NH3 kg soil) (Figure 2a and 2b). The NHa-
N sources had the highest efflux rate as (5.5 pg kg soil h'?)
observed in ammonium nitrate and (3.34 pg kg soil h%) in
urea till day 10 (Figure 2c).
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Figure 4: Extracellular enzymes activities (nMol g soil h) a) B-glucosidase, b) Chitinase, ¢) Acid phosphatase,
and d) Leucine aminopeptidase as affected by different N sources (no N, urea, calcium nitrate and
ammonium nitrate). The violin graphs indicate mean and quartile values of the data

Microbial biomass carbon and Metabolic kg™ soil), and the minimum was in no N (220.08 mg C kg™
guotient soil) (Figure 3a).

The addition of all N sources significantly (p<0.05) Similarly, the metabolic quotient was higher in NH4+-N
increased the soil MBC, but it was significantly higher in ~ forms of urea and ammonium nitrate compared to the
NH4-N addition, and the order was as urea > NHs;NO; >  Ca(NOs).. The metabolic quotient was increased (77.87,

Ca(NO3)2. The maximum MBC was in urea (327.76 mg C 69.32, and 33.56%) by urea, ammonium nitrate, and calcium
nitrate, respectively (Figure 3b).
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Total soil nitrogen (%), ¢) Soil organic carbon (%), and d) Dissolved organic carbon (mg C kg soil). The
violin graphs indicate the mean and quartile values of the data.
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Soil extracellular enzymes activities

Among extracellular enzymes, B-glucosidase activity was
significantly (p<0.05) increased by the addition of N sources
and was maximum with the addition of combined sources, i.e.,
NH;NO3 (104.44 nMol g* h't), followed by single NH4-N and
NOs-N sources (Figure 4a). There was no significant impact of
N sources addition on all other three determined enzymes
(chitinase, acid phosphatase, and LAP), except increased
activity of acid phosphatase enzyme (354.05 nMol g* h'?) and
LAP (12825 nMol gt h't) with the addition of NH4NO3 (Figure
4b, c and d).

Soil chemical properties

The addition of different N sources slightly decreased soil
pH, and this reduction was higher with the addition of NH,-
forms of N (Figure 5a). The total soil N was substantially
higher where NO3-N was added, either individually at 0.076%
and combined NH4NO3 at 0.073% (Figure 5b).

The SOC contents were significantly (p<0.05) decreased
when N was applied as NH.-N either individually (urea) or in
combined form (ammonium nitrate). The change in SOC
contents with the application of NOs-N source was non-
significant compared with the control having no N (Figure 5c).
The DOC contents followed a similar trend to that of total soil
N, with DOC contents being significantly higher where NOs-
N was added (Figure 5d).

Correlations

The Pearson correlation analysis (Figure 6) showed that
C-CO; emissions were positively correlated with gCO, (1.00),
B-glucosidase (r=0.98), MBC (r = 0.96), total soil N (r =0.79),
and acid phosphatase (r = 0.50). But CO, emissions were
negatively influenced by SOC (r =-0.99), chitinase (r = -0.89)
and soil pH (r = -0.85). The NHz emissions illustrated a
positive relationship with qCO; (r = 0.99), MBC (r = 0.94), B-
glucosidase (r = 0.89), and total soil N (r = 0.74) while a
negative relationship with SOC (r =-0.99), chitinase (r =-0.91)
and soil pH (r =-0.80).

Discussion

The application of various N sources enhanced microbial
activities, which in turn increased SOC mineralization and
higher CO, emissions compared to the no-N treatment (Russell
et al., 2009; Anjum and Khan, 2021). The applied N may
alleviate N limitation to soil microbes, allowing them to
decompose organic matter more efficiently due to the positive
priming effect (Wild et al., 2014; Averill and Waring, 2018).
The negative relationship between C-CO;emissionsand SOC
(r = -0.99) indicated that with SOM decomposition, SOC
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decreased and CO. increased. The soil N application can
induce changes in the composition, diversity, abundance, and
functional potential of soil microbial communities to higher
carbon-demanding microbial groups that contribute more to
MBC (Wu et al., 2021; Bei et al., 2022). Furthermore, the N
addition promotes the growth, reproduction, and metabolic
activity of microbes and alters N cycling processes, which
enhance SOM decomposition and, in return, increase soil
MBC (Guo et al., 2022; Elrys et al., 2023) as correlated with
total soil N and MBC (r = 0.91). The increase in soil total N
content may be due to N buildup from applied sources or the
release of more N to the soil by higher SOM decomposition
(Pahalvi et al., 2021).

The higher C-CO; emissions with the application of NH.-
N (especially urea) might be because of microbial preference
for NHs-N being a low-energy cost source for their activity
(Puri and Ashman, 1999; Min et al., 2011) or by decreased soil
pH during the conversion of ammonium to nitrate during
microbial oxidation, and is correlated with the changes in soil
pH and C-CO; (r = -0.85). This finding is consistent with the
second hypothesis that NH4-N and NOs-N induced pH changes
may accelerate microbial activity in low SOC alkaline
calcareous soils. Such a pH change stimulates the biomass and
activity of microbial communities, involving processes that
affect C cycling and CO; emissions (Kunhikrishnan et al.,
2016). This is also illustrated by the positive relationship
between C-CO, and MBC (r = 0.96), indicating microbial
biomass production. Additionally, there is a positive
relationship between C-CO; and qCO; (r = 1.00) and between
C-CO; and B-glucosidase (r = 0.98), indicating that microbial
activity is present. Another reason is that applied NH4-N may
potentially enhance the priming effect of soil labile C to
stimulate the mineralization of existing SOM (Mason-Jones et
al., 2018) and lead to enhanced microbial mining of N from
stable organic matter decomposition (Murphy et al., 2015;
Hicks et al., 2021). Similarly, the enhanced cumulative N-NHs
volatilization with the application of ammoniacal N sources
(urea & ammonium nitrate) might be due to the hydrolysis
reaction of urease enzyme already present in soil, converting
urea into ammonium carbonate that is unstable and rapidly
breaks down into NHz and CO, (Erisman et al., 2008; Fenn and
Hossner, 2012). This is illustrated by the positive relationship
between N-NH3 emissions and soil total N (r = 0.74). The
ammoniacal sources in high-pH alkaline soils favor the
conversion of NH4* to NH3, which has high volatility (Sigunga
etal., 2002; Rochette et al., 2013). The lowest emission of NH3
with calcium nitrate might be attributed to its highly oxidized
and stable form, as it does not undergo hydrolysis (Cameron et
al., 2013). The higher MBC contents with the application of
NH,4-N sources might be due to the readily available N, which
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serves as a nutrient source for microbial activity (Yue et al.,
2016). The reduced SOC and higher CO, emissions by NH4*
sources compared with NO3™ showed that nitrate could have an
inhibitory impact on SOC decomposition (Su et al., 2024). This
is consistent with the first hypothesis that NHs and NOs-N
sources could have contrasting impacts on SOM
mineralization and CO, emissions. In the limited C supply, as
observed in this study, the N supply indirectly facilitates MBC
by providing microbes with C substrates through the
decomposition of SOM (Raza et al., 2023), which is highly
correlated with PB-glucosidase and MBC (r = 0.96). The
enhanced DOC by calcium nitrate and ammonium nitrate,
which were insignificant with urea, were inconsistent with the
findings of Liu and Greaver (2010). Moreover, Yue et al.
(2016) found a 11.67% increase in DOC by ammonium nitrate
and 29.77% by nitrate sources, and insignificant with
ammonium N, as correlated by total soil N and DOC (r = 0.67).

The increased activity of p-glucosidase enzyme by N
sources might be due to the decreased C:N ratio of soil, which
accelerated microbes to produce more C-cycle enzymes
relative to N-cycle enzymes, as B-glucosidase is involved in the
C cycling (Chen et al., 2014; de Almeida et al., 2015). The
application of NHs-N form may enhance the microbial
decomposition of SOM to release more B-glucosidase in the
soil (Dong et al., 2020; Jia et al., 2020), as illustrated by the
negative correlation of B-glucosidase with SOC (r = -0.95).
The increased activity of acid phosphatase under NH4-N form
application may be due to the reduced pH of the soil, which
enhances microbial activity for the breakdown of organic
matter and the release of organically bound P in the soil
(Olander and Vitousek, 2000; Marklein and Houlton, 2012).

The slight decrease in soil pH resulting from different N
sources, especially NH4s-N forms, may be attributed to the
generation of H+ ions during microbial oxidation of NH,* to
NOs or to a decrease in the saturation of exchangeable base
cations (Ca?* and Mg?*) in the soil (Fageria et al., 2010). The
higher soil total N content from calcium nitrate and ammonium
nitrate sources may be attributed to reduced volatilization
losses (Vangeli et al., 2022) and the absence of leaching losses
in the soil incubation study.

Conclusion

The NH4-N addition, either alone or in combination (urea
and ammonium nitrate), enhanced microbial activities, which
resulted in higher cumulative C-CO; and N-NHz; emissions
compared with NO3-N sources. In addition, urea as N source
caused a decrease in SOC contents of alkaline calcareous soil.
The right form of N should be considered in conjunction with
the rate, time, and place of N application for sustainable crop

production. This study did not account for the effects of
vegetation, plant N uptake, root exudates, and aboveground
biomass inputs, which play important roles in shaping overall
soil health and could therefore influence the results. Hence,
prospective studies should include the following: i) field
experiments carried out in different cropping systems; ii) N
forms influence on bulk and rhizospheric soil organic matter
variations; and iii) the co-effect of crop litter and N input on
SOM transformations and soil health.
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