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Abstract
Purpose Soil organic carbon (SOC) is an important parameter determining soil fertility and sustaining soil health. How C, N, and
P contents and their stoichiometric ratios (C/N/P) regulate the nutrient availability, and SOC stabilization mechanisms have not
been comprehensively explored, especially in response to long-term fertilization. The present study aimed to determine how the
long-term mineral and manure fertilization influenced soil C/N/P ratios and various protection mechanisms underlying the
stabilization of OC along with profile in a cropland soil.
Materials and methods The soilwas sampled from five depths, viz., 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and80–100 cm, from
plots comprisingwheat-maize-soybean rotation systemsubjected to the long-term (35years)manure andmineral fertilizer applications.
Results and discussion Results revealed that the soil C, N, P stoichiometry and their contents in topsoil depths (0–20 and 20–40 cm)
and subsoil depths (40–60, 60–80, and 80–100 cm) varied significantly (p < 0.01) among the soil layers. Compared with CK, the C,
N, and P contents were significantly higher (p < 0.05) in NPKM in the topsoil layers, while M alone increased these contents
throughout the subsoil. Overall, the C, N, and P contents and their stoichiometry decreased with the increase in depth. Regression
analysis showed that C/N, C/P, and N/P ratios associated significantly with the OC fractions in the topsoil layers only. These
negative correlations indicated that these ratios significantly influence the C stabilization in the surface layers. However, the results
warrant further investigations to study the relationship between soil and microbial stoichiometry and SOC at various depths.
Conclusions Long-term manure applications improved the C sequestration not only in the topsoil but also in the deep layers;
hence, these facts can be considered relevant for fertilizer recommendations in cropping systems across China.
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1 Introduction

A number of sustainable development goals (SDGs) such as
Goal 2 (zero hunger), 6 (clean water and sanitation), 13 (cli-
mate action), 14 (life below water), and 15 (life on land) are
interrelated and need immediate and integrated actions.
Increased population, urbanization, land-use changes, and de-
forestation have led to intensive agriculture with an increased
rate of nitrogenous fertilizers and are major challenges to these
SDGs. Sustainable increase in food production is often linked
to sustainable soil management that is necessary for collective
climate actions, as soils are a major source of C sequestration.

Soil organic carbon (SOC) is an indicator of soil health and
quality as it regulates soil fertility. Anymanagement practice/s
or factor/s to increase SOC will sustain its productivity and
sequester more carbon. In addition to carbon, nitrogen (N) and
phosphorus (P) contents in the soil and their ratios (C/N/P) are
also vital indicators of soil fertility status (Tian et al. 2010).
The stoichiometric ratios of (C/N/P) are broadly influenced by
biogeochemical cycling of nutrients not only at soil level (Xia
et al. 2014) but also at the whole ecosystem level (Yuan and
Chen 2009; Xu et al. 2013). Furthermore, the variations in C,
N, and P are closely interrelated, and their stoichiometric ra-
tios are often governed by climatic conditions, soil moisture,
temperature, soil-forming processes, vegetation, soil mi-
crobes, and anthropogenic activities (Lambers et al. 2010).

The provision of nutrients, specifically N, P, and K, from
mineral or manure to the soil influences the availability of other
nutrients and input of one vital nutrient alters biogeochemical soil
cycling (Blair et al. 2006; Gong et al. 2009). Unlike other nutri-
ents, N-based fertilization in agriculture has caused a large-scale
increment in available N inputs into global ecosystems over the
last few decades (Sutton et al. 2013) (Sutton et al. 2013). It has
altered the C/N/P stoichiometry and intensifies the limitation of P
relative to N that ultimately disturbs the ecological stoichiometric
flexibility of nutrients those related toC,N, and P and their cycles
(Vitousek et al. 2010; Crowley et al. 2012; Peñuelas et al. 2013).
Fertilization augments the plant productivity, influences elemen-
tal concentrations of plants and soil, and activelymanipulates soil
nutrient consortium and affects soil microbes (Ludwig et al.
2007; Shahid et al. 2013; Ashraf et al. 2020).

The alteration of soil elemental stoichiometry may sim-
ulate a change in nutrient balance/limitation, thus giving
an insight to understand the nutrient off-limit phenome-
non in soil systems (Cleveland and Liptzin 2007).
Ecological stoichiometry is broadly applicable in disci-
plines of soil chemistry, ecology, and biochemistry in
the contemporary era, which has provided new perspec-
tives on the soil-plant relationship and nutrient cycles

mainly of C, N, and P (Elser et al. 2000; Güsewell
2004; Sardans and Peñuelas 2012; Zhang et al. 2013; Ye
et al. 2018). It is, therefore, indispensable to understand
soil C/N/P stoichiometry with varying climate, soil types,
and conditions of management.

Chemical fertilization alters the soil nutrient status, which
indirectly affects soil carbon balance, whereas organic fertiliza-
tion is believed to replenish soil carbon balance by direct addi-
tion of organic carbon into the soil (Zhang et al. 2019). Soil
organic carbon (SOC) has a strong influence on soil health,
mitigation of climate change, and crop productivity; however,
its concentration can be improved after long-term management
practices. The mechanisms of soil organic carbon protection
must, therefore, be determined for a better understanding of
the processes involved in its storage and to ensure sustainability.
Fertilization is often considered the most reliable management
practice that improves soil quality and enhances SOC content in
intensivelymanaged agricultural settings (Majumder et al. 2007;
Shang et al. 2014). The bulk SOC can be categorized into four
fractions based on the degree of protection mechanisms such as
non-protection, and physical, chemical, and biochemical protec-
tion (Six et al. 2002a). These SOC fractions are characterized by
the varying rate of decomposability and turnover and hence
provide a clear image of the consequences of management prac-
tices that would otherwise not be achieved by studying total
SOC in bulk soil (He et al. 2015). Vitally, evidence suggests
that individual SOC fractions are more robust indices of the
influence caused by management practices, i.e., fertilization
and land-use change relative to the total SOC (Six et al.
2002b; Fazhu et al. 2015). Recently, we reported that long-
term addition of manure and mineral fertilizers improved SOC
contents and their various fractions and stabilization mecha-
nisms (Abrar et al. 2020) in a Mollisol.

Black soils (Mollisols) in China are known for their higher
crop productivity (Qing et al. 2011); its total area is about 6
million, out of which about 4.39 million ha area is under
agriculture (Liu et al. 2003) (Liu et al. 2003). Moreover, this
region is famous for the major production of crops, especially
maize and soybean in China (Liu et al. 2003; Xing et al. 2004).

Many studies have explored the effects of management prac-
tices (e.g., fertilization) on SOC dynamics in topsoil, and only a
few have pinpointed the deep soil layers (Ogle et al. 2005;
Gregory et al. 2014). Nutrient stoichiometric ratios have a def-
inite role in SOC stabilization and decomposition and have
been explored in topsoils (Falkowski et al. 2000;
Mooshammer et al. 2012) and their contribution in the subsoil
has been remained relatively neglected. Furthermore, these
findings have only assessed variations in SOC in relation to soil
stoichiometry and have been inadequately described the
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phenomenon responsive for the SOC protection in soils.
Moreover, how soil C/N/P stoichiometric ratios respond to
long-term mineral and mineral plus manure fertilizer applica-
tion in a Chinese cultivated Mollisol needs to be explored.
Additionally, the relationship between soil nutrients stoichiom-
etry and variously protected SOC fractions, viz., unprotected,
physically, chemically, and biochemically protected, has not
been investigated so far, which in the present study constitutes
the further novelty of this work. It is, therefore, significant to
clarify the stoichiometric elemental ratios of soil and their in-
teractions with SOC fractions in the whole soil profile to un-
derstand better the processes involved in C and N cycling under
current long-term management practices. We hypothesized that
long-term fertilization influences the relationship of elemental
stoichiometry and contents and their association with the pro-
tection mechanisms of organic carbon (OC) throughout the soil
profile. The objectives of this study were to (a) analyze the C,
N, and P contents of bulk soil; (b) assess the comparison of the
soil C/N, C/P, and N/P stoichiometry in top- vs subsoil subject-
ed to the long-term mineral and organic fertilizers additions;
and (c) identify the influences of long-termmineral and organic
fertilization on the relationship between C, N, P stoichiometry
and OC protection mechanisms throughout the soil profile.

2 Materials and methods

2.1 Study site description

A long-term field experiment for the evaluation of fertility and
fertilizer efficiency was established (1979) in Hailun county
(126° 51′ E, 45° 50′ N) of Harbin, Heilongjiang province, at
an altitude of 151 m. This area belongs to the second terrace of
Songhua River; the terrain is flat, and the parent material is
diluvial loess clay. More information about the climate vari-
ables, climate normals, and physico-chemical properties of
soil in this area is given by Abrar et al. (2020).

2.2 Experimental design and soil sampling

The area of the experimental field was 168 m2 (30 × 5.6 m)
and arranged in a complete randomized design. No irrigation
was applied, and the crops were solely dependent on the rain-
fall. The crops such as wheat, maize, and soybean were used
as crop rotation. The plowing depth was 20 cm every year.
The treatments selected for the experiment and relative rates
of different mineral and manure fertilizer application are given
in Supplementary materials (Table S3).

Each treatment plot was replicated three times and the soil
samples were randomly collected from every plot at five
depths (with 20 cm increment) along with whole profile with
the help of an auger (5 cm diameter) at the beginning of
October 2014. Crop stubble was picked from the field

carefully. From each experimental plot, 12 soil samples were
randomly picked, and the soil from four random samples was
mixed to make one sample; resultantly, fifteen samples were
prepared for five treatments in each soil layer. The clods were
mildly disrupted manually till the soil could be sieved through
a 2-mm sieve. The subsamples were kept on the brown paper
for drying at room temperature. Then these samples were put
in plastic bags and stored for further analyses.

2.3 Soil chemical properties analyses

The initial soil properties at the start of the experiment (1979)
are reported by Abrar et al. (2020). The soil samples were
analyzed for total organic carbon (TOC) and total nitrogen
(TN) with a CHNS analyzer–Eurovector Elemental analyzer
(Milan, Italy). In contrast, the TP content of bulk soil samples
was analyzed by digesting samples with H2SO4-HClO4

(Nelson and Sommers 1982).

2.4 Fractionation procedure

The bulk soil carbon was fractionated into different constituent
fractions based on the protection mechanisms by utilizing a
method (with slight modifications) given by Six et al. (2002c),
comprised of physical-chemical and density fractionation proce-
dures. It includes three steps: the 1st step encompassed physical
fractionation of 20 g soil sample after partial dispersion based on
size. The 1st step yielded four fractions, namely, cPOC (>
250 μm), microaggregate (> 53 μm), dSilt, and dClay (53–
250 μm). The second step was the further isolation of fPOC,
iPOC, μSilt, and μClay. The last step was the acid hydrolysis of
the easily dispersible silt (dSilt) and clay (dClay) and
microaggregate-derived silt (μSilt) and clay (μClay) fractions
recovered from the 1st and 2nd steps, respectively (Plante
et al. 2006). More details about the fractionation scheme and
their contents along the soil profile have already been reported in
our previous study (Abrar et al. 2020) and also been given as
supplementary (Table S1).

2.5 Statistical analysis

Microsoft Excel (forWindows 10) was employed to process the
preliminary data. Each element (C, N, and P) percentages were
used to determine bulk contents based on dry soil weight. Soil
stoichiometric ratios such as C/N, C/P, and N/P were expressed
as mass ratios. Pearson correlation coefficients (R) were used to
find correlations among different parameters. All determinants
were triplicated, and values were expressed as means on oven-
dried soil mass basis (105 °C). Statistical significance of bulk
soil sample distributions along different soil profile depths, C/N,
C/P, and N/P ratios, and organic C, total N, and total P contents
of the soil under different fertilization strategies were analyzed
using one-way analysis of variance (ANOVA) using SPSS 23.0
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statistical software package (SPSS Inc., Chicago, IL, USA),
followed by post hoc multiple comparisons using Duncan’s
multiple comparisons test (p ≤ 0.05). Graphical presentations
were produced by Sigmaplot v. 14.0 (Systat Software Inc.
USA), and the data presented as means ± standard errors.

3 Results

3.1 Soil organic carbon, total nitrogen, and total
phosphorus

Balanced fertilization in combination with organic manure
(NPKM) considerably improved soil organic carbon (OC)
contents of bulk soil in the topsoil (0–40 cm) in comparison
to control (CK) (p < 0.05; Table 1). Total stabilized SOC in
the 0–20 cm was improved by 22% in NPKM treatment,
whereas no increase was noticed in SOC throughout the sub-
soil. However, manure application (M) improved (> 130%)
SOC in each layer of subsoil (40–100 cm) compared with CK.

Similar to total SOC, NPKM increased total N (TN) sig-
nificantly (p < 0.05) in 0–20 and 20–40 cm layers by 34% and
42%, respectively, compared with the CK (Table 1). In all
subsoil layers, manure application (M) notably (p < 0.05) in-
creased TN content compared with other fertilizer treatments
and control. Similarly, balanced fertilization with manure
(NPKM) compared with CK increased the total phosphorus
(TP) content by 122%, 145% in both 0–20 and 20–40 cm,
respectively, and 158% in the 40–60 cm. At the same time,
no significant difference was observed among all the fertilized
treatments in the 60–100 cm soil layers.

3.2 Distribution of soil C, N, P stoichiometry in various
profile layers

3.2.1 C/N ratio

Generally, the C/N ratio of the bulk soil samples was increased
with increasing depth in all treatments. The lowest C/N ratio
among all treatments was observed in M along with profile; the

Table 1 C, N, P contents and C/N/P stoichiometry of soil under different fertilization along the soil profile

Depth (cm) Treatments C, N, and P contents Soil elemental stoichiometry

C N P C/N C/P N/P C/N/P

Topsoil layers 0–20 CK 16.19d 0.74c 0.45c 21.8a 36.9a 1.70a 37:2:1

PK 17.05c 0.77c 0.82b 21.9a 20.5b 0.94b 21:1:1

NPK 17.85b 0.91b 0.83b 19.6c 21.5b 1.09b 22:1:1

M 17.84b 0.88b 0.79b 20.4ab 22.6b 1.11b 23:1:1

NPKM 18.85a 1.00a 0.99a 18.9c 19.0b 1.01b 19:1:1

20–40 CK 14.23d 0.60c 0.37c 23.6a 36.4a 1.65a 36:2:1

PK 15.77c 0.67b 0.72b 23.4a 21.9b 0.93c 22:1:1

NPK 15.87ab 0.74bc 0.73b 21.4b 21.6b 1.03bc 22:1:1

M 15.56bc 0.79bc 0.69b 19.7b 21.6b 1.15b 22:1:1

NPKM 16.59a 0.86a 0.90a 19.4b 18.3b 0.95bc 18:1:1

Subsoil layers 40–60 CK 9.43c 0.38e 0.30c 25.2a 32.0a 1.27a 32:1:1

PK 11.75b 0.59b 0.63b 19.9b 18.7bc 0.95b 19:1:1

NPK 11.77b 0.47c 0.64b 24.9a 18.4bc 0.74bc 18:1:1

M 14.68a 0.76a 0.63b 19.3b 23.3b 1.21a 23:1:1

NPKM 11.79b 0.54f 0.77a 23.9a 16.67c 0.70c 17:1:1

60–80 CK 7.31c 0.34c 0.26b 21.7b 29.6a 1.40a 30:1:1

PK 8.31b 0.37b 0.56a 22.7b 15.0c 0.66bc 15:1:1

NPK 7.26c 0.27c 0.57a 26.9b 12.1c 0.48c 12:1:1

M 12.71a 0.60a 0.58a 21.1bc 21.2b 1.03b 21:0:0

NPKM 8.33b 0.26c 0.63a 32.8a 12.4c 0.41b 12:0:0

80–100 CK 7.15b 0.30b 0.23b 24.7b 33.0a 1.32a 33:1:1

PK 7.34b 0.29b 0.50a 25.5ab 15.0b 0.60c 15:1:1

NPK 7.06b 0.30b 0.52a 26.0ab 14.5b 0.55c 15:1:1

M 9.31a 0.51a 0.55a 18.6b 17.1b 0.94b 17:1:1

NPKM 7.47b 0.22b 0.59a 33.5a 12.9b 0.37c 13:0:0

Different letters indicate significant differences in the mean ± SE of all the nutrient contents and stoichiometric ratios at p = 0.05
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mean values of the C/N ratio were 20.4, 19.7, 19.3, 20.6, and
18.6 in 0–20, 20–40, 40–60, 60–80, and 80–100 cm layers,
respectively. Application of fertilizer N (NPK and NPKM) sig-
nificantly reduced the C/N ratio in both 0–20 and 20–40 cm
layers compared with CK and PK receiving no N. The lower
layer 40–60 cm did not show any difference for C/N among
various treatments receiving mineral fertilizers and CK, except
the treatment receiving manure (M) (Table 1). Interestingly in
both lower layers, i.e., 60–80 and 80–100 cm, the trend was
opposite as C/N ratio was higher in NPKM and NPK than CK,
where it ranged from 26 to 33.5. In both 0–20 and 20–40 cm
layers, C/N ratio in CK and PK did not change significantly
(p > 0.05). Similarly, among CK, NPK, and NPKM, no mean-
ingful difference was observed in the 40–60 cm layer.

3.2.2 C/P ratio

The carbon to phosphorus (C/P) ratio throughout the soil pro-
file was significantly higher in control (CK) receiving no fer-
tilizer and/or manure, compared with all of the other treat-
ments (Table 1). In all other treatments throughout the soil
profile, the C/P ratio did not differ significantly among various
fertilization treatments.

In all subsoil layers (40–100 cm), C/P ratio in NPKM and
CK did not differ significantly with each other. C/P ratio in
CK was significantly different (p < 0.05) among all the treat-
ments throughout the soil layers. The highest C/P ratio was
observed in CK, while the minimum C/P ratio was found in
NPKM. In 0–20 and 20–40 cm, the average C/P ratio in CK
was 36.9 and 36.4, respectively, while the average values of
the C/P ratio for CK were 32, 29, and 33 in respective subsoil
layers.

3.2.3 N/P ratio

Likewise, C/P ratio and N/P ratio are also significantly
different in CK among all treatments as a result of long-
term fertilization in the 0–20 and 20–40, and 40–60,
60–80, and 80–100 cm layers which were ranged from
1.33 to 1.97, 1.42 to 1.50, 1.06 to 1.46, 0.56 to 1.07
and 1.79 to 2.22, respectively. N/P ratio was consider-
ably higher in CK among all the treatments throughout
the soil layers except 40–60 cm (Table 1). N/P ratio
followed the same pattern as the C/P ratio along with
the soil profile. The N/P ratio in CK differed signifi-
cantly from other treatments throughout the soil profile.
In the 0–20 cm layer, the highest N/P ratio (1.70) was
noted in CK, whereas the lowest N/P ratio (0.94) was
found in PK. In all subsoil layers, minimum average N/
P ratios 0.38, 0.38, and 0.29 were observed in the 40–
60, 60–80, and 80–100 cm in NPKM.

3.3 Relationships between the SOC, TN, and TP
contents along with the profile

As shown in Table 2, the contents of C, N, and P in the bulk soil
had a strong positive association among each other in the top-
soil and subsoil layers (p < 0.01). Moreover, C and N contents
had a strong positive linear relationship, and the variations in
SOC explained 92% of changes in the TN along with the whole
profile. The relationship between SOC and TP and between TN
and TPwere also significant and positively correlated with each
other, whereas the variability in TP explained by SOC and TN
was 44% and 42%, respectively (Fig. 1 b, c; p < 0.01).

3.4 Association between C/N/P stoichiometry and C,
N, P contents

In most cases, negative correlations were found between C/N,
C/P, and N/P ratios and their contents along with the profile
layers.

3.4.1 Correlation between C/N ratio and TOC, TN, and TP

Highly significant negative correlations (R = 0.816) were
found between C/N and TOC contents in both topsoil layers.
Conversely, no meaningful relationship was observed in the
lower layers. The relationship between C/N and TN was neg-
atively correlated in all soil profile layers (p < 0.0001;
Table 2). The association between C/N ratio and TP was only
meaningful (p < 0.05) in both the topsoil layers, while no other
statistically significant correlations were found throughout the
subsoil (p > 0.05).

3.4.2 Correlation between C/P ratio and TOC, TN, and TP

In both topsoil layers, a strong negative relationship was
observed between the C/P ratio and TOC in 0–20
(p < 0.05) and 20–40 cm (p < 0.01) soil layers, while
no significant relationship (p > 0.05) was found in all
subsoil layers (Table 2). A similar pattern of results
was noticed between the C/P ratio and TN in the top-
as well as subsoil layers.

A significant negative association was recorded between C/
P ratio and TP throughout the soil profile (p < 0.0001), with
the highest (R2 = 0.938) found in the 20–40 cm layer. The
correlation coefficient was gradually decreased, with an in-
crease in depth, and R2 = 0.699 was noted in the 60–80 cm
layer (Table 2).

3.4.3 Correlation between N/P ratio and TOC, TN, and TP

In both topsoil layers, the N/P ratio was negatively cor-
related with total SOC content in 0–20 cm and 20–
40 cm layers, (R = 0.579 and 0.692, respectively).
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Table 2 Relationship between soil C, N, P stoichiometry and total C, N, and P contents along various profile layers

Depth (cm) Regression Model type Slope Coefficient of correlation (R) Coefficient of regression (R2) Significance

Topsoil layers 0–20 C/N vs SOC Linear − 0.480 0.816 0.666 p < 0.001***

C/N vs TN Linear − 0.058 0.948 0.898 p < 0.0001****

C/N vs TP Linear − 0.073 0.602 0.362 p < 0.05*

C/P vs SOC Linear − 0.092 0.706 0.499 p < 0.001**

C/P vs TN Linear − 0.008 0.584 0.341 p < 0.05*

C/P vs TP Linear − 0.026 0.951 0.905 p < 0.0001****

N/P vs SOC Linear − 1.743 0.579 0.336 p < 0.05*

N/P vs TN Linear − 0.133 0.420 0.177 p > 0.05NS

N/P vs TP Linear − 0.555 0.896 0.803 p < 0.0001****

20–40 C/N vs SOC Linear − 0.265 0.562 0.316 p < 0.05*

C/N vs TN Linear − 0.046 0.944 0.891 p < 0.0001****

C/N vs TP Linear − 0.062 0.655 0.429 p < 0.01**

C/P vs SOC Linear − 0.089 0.742 0.551 p < 0.01**

C/P vs TN Linear − 0.009 0.724 0.524 p < 0.01**

C/P vs TP Linear − 0.023 0.969 0.938 p < 0.0001****

N/P vs SOC Linear − 2.217 0.692 0.478 p < 0.01**

N/P vs TN Linear − 0.181 0.538 0.289 p < 0.05*

N/P vs TP Linear − 0.594 0.929 0.863 p < 0.0001***

Subsoil layers 40–60 C/N vs SOC Linear − 0.323 0.497 0.247 p > 0.05NS

C/N vs TN Linear − 0.039 0.844 0.712 p < 0.0001****

C/N vs TP Linear − 0.015 0.265 0.070 p > 0.05NS

C/P vs SOC Linear − 0.130 0.419 0.176 p > 0.05NS

C/P vs TN Linear − 0.007 0.305 0.093 p > 0.05NS

C/P vs TP Linear − 0.025 0.919 0.846 p < 0.0001****

N/P vs SOC Linear − 0.967 0.134 0.018 p > 0.05NS

N/P vs TN Linear 0.0747 0.146 0.021 p > 0.05NS

N/P vs TP Linear − 0.479 0.756 0.571 p < 0.001**

60–80 C/N vs SOC Linear − 0.129 0.298 0.088 p > 0.05NS

C/N vs TN Linear − 0.018 0.677 0.458 p < 0.01**

C/N vs TP Linear 0.0122 0.398 0.159 p > 0.05NS

C/P vs SOC Linear 0.0410 0.138 0.019 p > 0.05NS

C/P vs TN Linear 0.0072 0.394 0.155 p > 0.05NS

C/P vs TP Linear − 0.018 0.836 0.699 p < 0.0001****

N/P vs SOC Linear 0.783 0.157 0.025 p > 0.05NS

N/P vs TN Linear 0.143 0.469 0.220 p > 0.05NS

N/P vs TP Linear − 0.279 0.789 0.623 p < 0.001***

80–100 C/N vs SOC Linear − 0.069 0.483 0.234 p > 0.05NS

C/N vs TN Linear − 0.016 0.888 0.789 p < 0.0001****

C/N vs TP Linear 0.007 0.287 0.083 p > 0.05NS

C/P vs SOC Linear − 0.008 0.074 0.006 p > 0.05NS

C/P vs TN Linear 0.0005 0.037 0.001 p > 0.05NS

C/P vs TP Linear − 0.016 0.911 0.832 p < 0.0001****

N/P vs SOC Linear 0.4179 0.175 0.031 p > 0.05NS

N/P vs TN Linear 0.1381 0.459 0.211 p > 0.05NS

N/P vs TP Linear − 0.325 0.843 0.711 p < 0.0001****

Results (in bold) are significant at 0.05, 0.01, 0.001, and 0.0001 denoted by *, **, ***, and ****, respectively

Non-significant results (p > 0.05) are denoted by letters NS
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However, no significant correlation was found between
the N/P ratio and SOC content in all subsoil layers
(p > 0.05; Table 2). No significant association between
the N/P ratio and TN in all layers of profile except 20–
40 cm layer where a strong negative correlation was
observed (p < 0.05). N/P ratio and TP were strongly as-
sociated with each other throughout the soil profile.

3.5 SOC fractions throughout the soil profile and their
association with C/N/P stoichiometry

Long-term fertilization with manure and mineral fertilizers
significantly improved the SOC throughout the soil profile
and its stabilization mechanisms. The results regarding vari-
ous unprotected, physically, chemically, physico-chemically,
physico-biochemically protected fractions of SOC along the
soil profile have been provided and discussed in our prelimi-
nary publication (Abrar et al. 2020). The data is also
reproduced as a supplementary Table S1. The correlation
among these fractions and the CNP stoichiometry is produced
as follows.

3.5.1 Association of C/N/P stoichiometry with unprotected
and physically protected SOC fractions

A significant negative correlation (p < 0.001) of the C/N
ratio with cPOC was observed in 0–60 cm layers.
However, no other statistically significant associations
were found in the rest of the subsoil layers (Fig. 2a).
Similarly, no meaningful relationship was recorded be-
tween C/N ratio and fPOC in both the topsoil and the
last subsoil (80–100 cm) layer; however, a positive re-
lationship with a smaller tendency was noted in the 40–
60 and 60–80 cm layers (Fig. 2b).

In the 0–40 cm, a significant negative relationship was
recorded between C/N ratio and μagg fraction, whereas no
association was noted in all the subsoil layers. C/N ratio sig-
nificantly negatively correlated with iPOC in all layers from 0
to 60 cm, with the tendency decreased with depth increment
(Fig. 2c, d).

A strong negative correlation was noted between the C/
P ratio and cPOC in both topsoil layers, i.e., 0–40 cm. At
the same time, no clear link was found between the C/P
ratio and cPOC in the rest of the layers. Similar to the C/
N ratio, no significant correlation (p > 0.05; Fig. 2b) was
observed between the C/P ratio and fPOC throughout the
profile. A meaningful negative relationship of the C/P
ratio with μagg was found only in both topsoil layers. A
similar relationship of the C/P ratio was noted with iPOC.
However, no significant association was observed in all
the subsoil layers (Fig. 4c, d).

Regression analysis revealed that N/P ratio correlated neg-
atively with the non-protected cPOC in both layers of the
topsoil. However, no significant (p > 0.05) relationship was
noted in all the subsoil layers. Likewise, no significant asso-
ciation was recorded between the N/P ratio and fPOC
throughout the profile. A significant negative correlation was
found between the N/P ratio and physically protected μagg in
the 2nd topsoil layer. However, N/P ratio negatively associat-
ed with iPOC in both topsoil layers (Fig. 6c).

Fig. 1 Relationship between total organic carbon (TOC), total nitrogen
(TN), and total phosphorus (TP) in the soil after long-term fertilization
with manure and mineral fertilizers (N = 75)
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3.5.2 Association of C/N/P stoichiometry with chemically
and biochemically protected SOC fractions

Similar to physically protected iPOC, a significant negative
relationship was found between C/N ratio and hydrolyzable
silt (H-dSilt) in 0–40 cm and with non-hydrolyzable silt (NH-
dSilt) in 0–20 and 40–60 cm layers; however, the tendency
was decreased gradually with the increase in depth (Figs. 2e,
3a). A strong negative correlation between the C/N ratio and
H-dClay was observed throughout the soil profile except for
the subsoil layer 60–80 cm. (Fig. 2f).

A significant association (but with smaller tendency,
i.e., y = − 0.0034) was found between the C/P ratio and
H-dSilt in the 20–40 cm layer, and almost similar kind of

relationship was noted in the 80–100 cm layer, while a
negative correlation between the C/P ratio and H-dClay
was found in both topsoil layers. A moderate negative
correlation was recorded in the 80–100 cm of subsoil
(Fig. 4e, f). In both topsoil layers, a strong negative rela-
tionship was observed between the C/P ratio and NH-dSilt
and NH-dClay (Fig. 5a, b). Interestingly, only in the 80–
100 cm, a weak negative correlation (p < 0.05; Fig. 6e, f)
was found between chemically protected H-dSilt and N/P
ratio and the first two layers of topsoil between H-dClay
and N/P ratio. In contrast, no significant relationship was
noted in all the layers up to 0–80 cm. In both topsoil
layers (up to 0–40 cm), a significant negative association
was noticed between the N/P ratio and NH-dSilt.

Fig. 2 Relationship between C/N ratio and various OC content of fractions along with soil profile layers after long-term fertilization with manure and
mineral fertilizers (N = 75 and n = 15)
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3.5.3 Association of C/N/P stoichiometry
with physico-chemically and physico-biochemically protected
SOC fractions

Chemically protected H-μSilt was negatively correlated
with the C/N ratio but only in both topsoil layers, and
the greater tendency was noted in the 0–20 cm layer com-
pared with the 20–40 cm layer. Similarly, the C/N ratio
and H-μClay correlated significantly with each other in
20–40 and 40–60 cm layers (Fig. 3c, d). A strong nega-
tive relationship between the C/N ratio and NH-μSilt was
observed in the 1st layer of the topsoil and 1st two layers
of subsoil. At the same time, no significant correlation
was noticed in other layers. In contrast, C/N ratio corre-
lated strongly with NH-μClay only in the topsoil layers
(Fig. 3e, f). A moderate significant correlation (R2 =

0.343) was found in the 20–40 cm layer of topsoil, where-
as no meaningful relationship was observed in all the
other layers. A notable (p < 0.05) association was record-
ed in the 0–20 cm, and a strong relationship in 20–40 cm
was found between C/P ratio and H-μClay. A strong sig-
nificant correlation between C/P ratio and NH-μSilt in the
0–20 cm and a moderate relationship was found in the
20–40 cm layer. A similar association was noted in both
topsoil layers between the C/P ratio and NH-μClay.

No significant correlation was found in the whole profile
between the N/P ratio and H-μSilt. In contrast, a significant
negative correlation was found only in the 2nd layer of topsoil
(20–40 cm). Interestingly, a positive association of N/P ratio
with NH-μSilt was noticed in the 40–60 cm layer (Fig. 7e). In
0–20 cm layer, N/P ratio had a meaningful correlation (R =
0.541) with NH-μClay (Fig. 7f).

Fig. 3 Relationship between C/N ratio and various OC content of fractions along with soil profile layers after long-term fertilization with manure and
mineral fertilizers (N = 75 and n = 15)
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4 Discussion

4.1 C, N, P contents and stoichiometries affected with
mineral and manure fertilization across profile

Soil organic carbon (SOC) is an important parameter deter-
mining soil health and fertility status; hence, efforts to im-
prove its content are aimed to sustain crop production and
ensure food security. However, significant changes in SOC
can only be visualized by long-term land management prac-
tices, e.g., fertilization and manure application (Gerzabek
et al. 2001; Abrar et al. 2020; Ashraf et al. 2020) as fresh input
of manure significantly changes the C and N mineralization
within the soil (Luo et al. 2016; Butterly et al. 2019) inducing

priming effect, i.e., positive or negative (Kuzyakov et al.
2000; Zhu et al. 2018).

Relative input and output quantities of SOC and N
determine the soil C and N contents (Trumbore et al.
1996), and accumulation of both of these can be attrib-
uted to the slow degradation of indigenous SOC (Qiu
et al. 2018). Long-term application of fertilizers and
manure considerably increases SOC and N accumula-
tion, soil microbial biomass (Kundu et al. 2007; Wang
et al. 2019; Ashraf et al. 2020), and higher soil N
availability which further enhances the microbial activi-
ty, enhancing soil N mineralization (Liu et al. 2019).
Additionally, we have reported wide variations among
the protection mechanisms of SOC as influenced by

Fig. 4 Relationship between C/P ratio and various OC content of fractions along with soil profile layers after long-term fertilization with manure and
mineral fertilizers (N = 75 and n = 15)
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long-term application of manure combined with mineral
fertilizers (Abrar et al. 2020).

A gradual decrease in SOC and TN contents with an in-
crease in depth (Table 2) has also been reported previously
(Drahorad et al. 2013). Both accumulation and decomposition
determine the N in the soil and are closely associated with the
SOC; hence SOC and N contents demonstrate consistent dis-
tribution patterns along with profile (Tian et al. 2010).
Similarly, a strong association (R2 = 0.926) between SOC
and TN (Fig. 1a; p < 0.0001) was observed along with the soil
profile.

As expected, the addition of manure in combination with
mineral fertilizers (NPKM) improved the SOC, TN, and TP
contents mainly in surface horizons, i.e., first two layers (0–
40 cm) except for TP, which showed a significant increase

throughout the soil profile. Interestingly, the sub-surface soil
layers (40–60, 60–80, and 80–100 cm) showed the highest
SOC and TN contents in the case of manure application alone
(M) (Table 1).

Microbial activity regulated SOC mineralization in addi-
tion to soil nutrient status (N and P) and their stoichiometry
(Kirkby et al. 2013; Chen et al. 2014a) and this can be a
regulatory factor influencing the C accrual (Sistla and
Schimel 2012). As microbial demand for these nutrients
arises, microbes performed their activity depending on the
stoichiometric decomposition theory (Sinsabaugh et al.
2009; Heuck et al. 2015). Thus, nutrient constraint might sup-
press microbial activity and limit SOC degradation (Chen
et al. 2014b; Zhu et al. 2018) and vice versa. Long-term ap-
plication of manure can significantly influence the microbial

Fig. 5 Relationship between C/P ratio and various OC content of fractions along with soil profile layers after long-term fertilization with manure and
mineral fertilizers (N = 75 and n = 15)
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community and microbial C/N/P stoichiometry resultantly the
SOC and N mineralization (Ashraf et al. 2020) by priming
effects (Blagodatskaya and Kuzyakov 2008). The phenome-
non is evident in topsoil layers as CN ratio was decreased in
the top two layers, while the C/N ratio was higher in lower soil
layers (60–80 and 80–100). The increased mineralization of N
in topsoil because of high SOC and microbial activity may be
one of the possible reasons for lower CN ratios (Table 1) in
these layers. Contrarily, the CP ratio was decreased through-
out the soil profile in treatments receiving mineral fertilizers
relative to those receiving alone manure (M) and control (CK).
The increased TP concentration along with the profile is the
possible reason for decreased CP ratio as C concentration did
not decrease; instead, it was increased in topsoil layers.

Reduction in C/N ratios and increased N/P ratio in soil have
also been reported in northern and central Europe and North
America, because of N deposition (Bobbink et al. 2010).

Cycling of C occurs in combination with N and P, both of
which undergo significant alterations in biogeochemical cy-
cling (Falkowski et al. 2000). The primary sources of organic
matter input into the subsoil are roots and root exudates, dis-
solved organic matter, and topsoil SOC translocated by bio-
turbation (Rumpel and Kögel-Knabner 2011). Hence the con-
tents of C, N, and P are lower in subsoil layers than in the
topsoil (Table 1), where the addition of organic manure and
crop roots directly add these elements (Abrar et al. 2020). The
rate of mineralization of C and N is also high (Ashraf et al.
2020). The differences in the mineralization of SOC and N

Fig. 6 Relationship between N/P ratio and various OC content of fractions along with soil profile layers after long-term fertilization with manure and
mineral fertilizers (N = 75 and n = 15)
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after long-term fertilizer application was principally due to the
SOC stabilization through different protection mechanisms
(Wang et al. 2019; Xu et al. 2019). The SOC and N degrada-
tion was controlled by the DOC, Olsen-P, and N availability
(Mooshammer et al. 2014), which was actively enhanced by
NPKM fertilizer application (Ashraf et al. 2020). These vari-
ations affect the C, N, and P stocks in the soil and, in most
cases, lead to a considerable decline of these stocks; however,
the total stoichiometric ratios in soils seem to be somewhat
controlled, at least in an ecosystem (Cleveland and Liptzin
2007; Xu et al. 2013; Khan et al. 2016).

The improvement in nutrient accession with a regular ma-
nure application was found in recent experiments

(Sadeghpour et al. 2017; Mi et al. 2016; Abrar et al. 2020),
and this accretion might be associated with the input by indig-
enous nutrient reserves of OM-enriched soils (Chen et al.
2017).

In the 40–100 cm layers, in most cases, no significant as-
sociations were noticed between C/N/P stoichiometry and
protection mechanisms. It implies that the relative proportion
of slow recycling OC was also increased with the increase in
depth (Jobbágy and Jackson 2000), which may attribute to the
slower/insignificant mineralization of the OC and hence more
variations in the C/N ratios. Moreover, the labile OC propor-
tion decreases, whereas that of recalcitrant OC increases with
the increment in soil depth (Fang and Moncrieff 2005).

Fig. 7 Relationship between N/P ratio and various OC content of frac-
tions along with soil profile layers after long-term fertilization with ma-
nure and mineral fertilizers (N = 75 and n = 15) Note: (N = 75, n = 15

where N is the total number of observations in the whole profile while
n is the total number of observations in each soil profile layer from 0 to
100 cm)
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Furthermore, the influence of external environmental factors
is becoming less significant in the deep soil layers due to soil
buffering capacity in comparison to topsoil layers. For exam-
ple, temperature and moisture content in subsoil layers are
relatively very less compared with the topsoil layers (Luo
et al. 2010). Consequently, the associations between SOC
content and environmental factors tend to be weaker with
increasing soil depth. Moreover, the SOC stabilization in the
subsoil was dictated mainly by the fresh C inputs from the
topsoil (Fontaine et al. 2007; Abrar et al. 2020).

The input of combined mineral and organic manure
(NPKM) fertilization markedly increased the SOC and TN
content in the topsoil. In contrast, in the subsoil, M alone
increased the SOC and TN content. In this study, C, N, and
P contents increased considerably with additions of manure
which could be ascribed to the continuous inputs of organic
materials for 35 years further to the higher biomass produc-
tion. Similar positive impacts of manure application on C, N,
and P were also reported in other studies based on long-term
experiments (Rochette and Gregorich 1998; Kanchikerimath
and Singh 2001; Nayak et al. 2007).

Through assessment of C/P and N/P ratios, although we
noted significant differences in C and N contents, low soil P
content always resulted in greater C/P and N/P ratios. This
pattern shows, as reported by Walker and Adams (1958),
i.e., N/P ratio was primarily regulated by C/P ratio in the soil.
Despite the lack of controlled stoichiometry of C/N/P in the
subsoil layers, the P distribution along with the profile still
provides insight to understand biotic regulations of soil nutri-
ents. Also independent of locality of parent material and ver-
tically downward translocation of P leaching, the microbes are
still capable of affecting P gradient via uptake and
translocating P from P-rich subsoil horizons to the topsoil to
fulfill their nutrient constrictions (Zhang et al. 2005). In
NPKM, a low C/P ratio was an indicator of high P availability
throughout the profile. Moreover, the decrease in C/P and N/P
ratios with the increase in C and N contents after application of
manure and combination of mineral plus manure showed a
high P content corresponding to C and N in the soils.

4.2 Relationship of C/N/P stoichiometry with non-
protection and physical protection

The discrepancies in the OC and Nmineralization subjected to
the long-term mineral and organic fertilization (Ashraf et al.
2020) were primarily due to the SOC stabilization attributed to
different protection mechanisms (Wang et al. 2019; Xu et al.
2019). Any factor influencing the protection mechanisms and
various fractions of SOC would significantly affect the SOC
stabilization.

Significant negative correlation (R = 0.797 and 0.932) was
found between C/N ratio and cPOC in both layers of topsoil,
and the 1st layer of the subsoil with the maximum tendency

(y = − 0.38) was noted in the surface soil layer indicating that
C/N ratio affected cPOC only in the topsoil layers. This can be
explained as the sole/combined application of manure with
NPK increased unprotected OC, i.e., cPOC and fPOC in the
topsoil layers (Supplementary Table; Abrar et al. 2020). The
SOC and N mineralization is generally higher in the topsoil
due to more disturbance by management practices, i.e., fertil-
ization application, tillage operations, and cultivation (Ashraf
et al. 2020), and relatively lesser or insignificant in the subsoil
layers from 40 to 100 cm layers. Alternatively, our study con-
vinced with the findings by Abrar et al. (2020) that more OC
stabilization was found in the subsoil layers.

Assessment of C/N ratio and fPOC yielded no significant
correlations (p > 0.05) in both the topsoil layers; however, a
strong positive association between C/N ratio and fPOC with
least tendencies were found in the 40–80 cm layers. This may
be attributed to negative associations between TOC and fPOC
that eventually resulted in the positive priming, i.e., the mi-
crobes utilized the C of fPOC as a vital energy source after
fertilizer addition (Blagodatskaya and Kuzyakov 2008); there-
by, the OC of fPOC may be related positively to the soil
productivity (Lehmann and Kleber 2015). Consistent with this
finding, Marzi et al. (2020) reported a negative relationship
between N mineralization and C/N ratio, indicating that the
mineral N thus produced was taken up by microbes (i.e., as
immobilization) and resultantly showed reductions in mineral
N in some treatments (Marzi et al. 2020). Physical protection
underlies the mechanisms such as occlusion within
microaggregates, and adsorption to the mineral surfaces has
been proposed to stabilize OC adequately and thereby affects
OC turnover (Torn et al. 1997; Marschner et al. 2008).

Six et al. (2000b) stated that macro- and microaggregates
were susceptible to plowing practices, and the intensive
plowing may lead to a more considerable disruption and hence
limits the process of aggregation. Moreover, tillage decreased
the microaggregate and silt plus clay-associated OC content
(Song et al. 2016). Organic matter provides the gluing and
cementation agents for the formation of macroaggregates,
which are the key repositories of OC (Six et al. 2000a).
Macroaggregates preserve the labile C pools, i.e., cPOC and
fPOC, by encapsulation from microbes. In return, labile C
helps to improve aggregate stabilization (Six et al.
2002c). Hence, decreased physical protection due to disrup-
tion of management practices e.g., tillage may cause detrimen-
tal effects on the active C pools which ultimately leads to C
decline (Somasundaram et al. 2018), because of their vulner-
ability to oxidation (Luo et al. 2010). The soil N/P ratio com-
prises an essential foundation for assessing the change in nu-
trient limitation status of terrestrial ecosystems after N appli-
cation (Bui and Henderson 2013; Schreeg et al. 2014).
Physically protected SOC was also higher in topsoil layers
(Supplementary Table, Abrar et al. 2020) and was improved
significantly in treatments receiving manure with NPK
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compared to CK. This finding has further been supported by
our results as a significant negative correlation (R = 0.516 and
0.539) was observed in topsoil layers (0–40 cm) between C/N
ratio and μagg fraction and iPOC. Similar to the reduction in
the SOC along with depth, the relationship was weaker in the
subsoil layers. These relationships indicated the role of stoi-
chiometric ratios in soil and also of the microbial population.
Similarly, C/P ratio was negatively correlated with the unpro-
tected (cPOC) and physically protected SOC (μagg and
iPOC) in topsoil layers. At the same time, no or very weak
correlation was observed in the subsoil layers, indicating that
the long-term fertilization influenced the nutrient stoichiome-
try as well as the protection mechanisms.

In the present study, the physical ly protected
microaggregate (μagg) and iPOC correlated negatively with
the increment in C/P and N/P ratios in both topsoil layers,
whereas no significant association was noted between these
variables in the deep soil layers (up to 100 cm). This may be
attributed to the deficiency of P in macroaggregates which
limits the ATP (adenosine triphosphate) formation (Elser
et al. 2003), whichmay hamper the microbial growth and limit
the OC mineralization (Blanco-Canqui and Lal 2004), thus
enhancing OC stock (Van Groenigen et al. 2006; Hontoria
et al. 2016). Conversely, in microaggregates and silt plus clay
fractions, smaller C/P and N/P ratios suggest that microbial-
derived organic compounds might provide a higher capacity
for P release (Zechmeister-Boltenstern et al. 2015; Cao and
Chen 2017).Moreover,Wei et al. (2014) indicated that greater
phosphatase activity in microaggregates increased mineraliza-
tion, which yielded large amounts of orthophosphate (PO4

−)
to promote microbial growth and release of C. Hence, com-
pared with C/N ratio, C/P and N/P ratios can contribute more
useful knowledge about the capacity of aggregates to stabilize
C. Regression analysis revealed that N/P ratio correlated neg-
atively with cPOC both layers of the topsoil. However, no
significant (p > 0.05) relationship was noted in all the subsoil
layers. Likewise, no meaningful relationship was recorded
between NP ratio and fPOC throughout the profile. A close
association between the N/P ratio and physically protected
μagg may be due to the good aggregation in the topsoil owing
to the sufficient amount N provided by mineral and NPKM
fertilization.

In our study, the SOC fractions, i.e., cPOC and iPOC, were
most sensitive to the C/N ratio (0–40 cm), which is in agree-
ment with the total SOC content changes. This sensitivity may
be attributed to the less stabilization degree and short turnover
time (Lützow et al. 2006; Poeplau and Don 2013) as well as
the mineralization of SOC and N (Ashraf et al. 2020). The
non-protected fraction, i.e., cPOC, was observed to be most
responsive to the change in C/N/P ratios in the topsoil layers
(0–40 cm) (Figs. 2a, 4a, 6a).

Our study demonstrated that the OC fractions were noted to
be most responsive in the topsoil layers (0–40 cm); the

variability in the C fractions in the subsoil layers under ma-
nure fertilization was significantly greater compared with the
rest of treatments due to the lack of soil disturbances, i.e.,
tillage and other management operations, and hence caused
aggregation in the subsoil layers, therefore influencing SOC
stabilization. Moreover, Six et al. (2002d) reported the con-
version of till to no-till enhanced aggregation and hence af-
fecting SOC. Furthermore, the substrate and moisture avail-
ability in different depths determine the shifts in microbial
community composition, i.e., bacteria, fungi, etc. (Fierer
et al. 2003; Cleveland and Liptzin 2007).

4.3 Relationship of C/N/P stoichiometry with chemical
and biochemical protection

A strong negative correlation between chemical and biochem-
ically protected OC fractions (H-dSilt, H-dClay, NH-dSilt,
and NH-dClay) with the C/N ratio in topsoil layers (Fig. 4)
indicated their importance in the C stabilization within topsoil
after long-term manure application (Abrar et al. 2020).
Similarly, the C/P ratio was also negatively correlated with
chemical and biochemically protected fractions, indicating
the importance of P availability within topsoil layers as well
as subsoil layers and its role in C stabilization.

Interestingly, the N/P ratio did not influence the physically
protected OC fractions both in silt and clay size fractions
throughout the soil profile, except a strong correlation was
observed between H-dSilt and N/P ratio in the last subsoil
layer (Fig. 6e). This implies that C/N and C/P ratio are more
important than the N/P ratio in various C stabilization or de-
composition mechanisms. However, the N/P ratio significant-
ly influenced the chemical and biochemically protected SOC
fractions in topsoil layers. The complex chemical nature and
make-up of organic compounds determine the biochemical
protection of SOC (Six et al. 2002c) that may be related to
the regular additions of fresh OC in the deep soil layers
(Fontaine et al. 2007). Further to the plant and microbial-
associated nature, the OC comprises of charcoal or black C
(Roth et al. 2012), which is a biochemically rigid material and
is independent of saturation behavior due to lack of significant
relation with silt or clay fractions (Six et al. 2002c; Stewart
et al. 2008).

4.4 Relationship of C/N/P stoichiometry with physico-
chemical and physico-biochemical protection

Low mineralization in silt and clay-sized (< 0.053) fractions
was mainly owing to the physico-chemical protection of OC
associated with silt plus clay fractions (limited microbial ac-
cess) for stabilization (Sarker et al. 2018). The relative amount
of aggregates enhanced from top to subsoil layers. Hence, the
discrepancy in aggregate size distribution is the critical indi-
cator of the variability in mineralization among the soil layers.
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Consistent with these studies, our results demonstrate that the
relationship between SOC and C/N and C/P was significant in
the topsoil layers and this relationship became weaker with
depth and it can be associated with the reduced microbial
activity with no-tillage (Raiesi and Asadi 2006; Sarker et al.
2018) in the subsoil layers.

Long-term manure and fertilization application significant-
ly influenced both the chemical and physico-chemical protec-
tion mechanisms of SOC, which may be attributed to changes
in mineralization of SOC and N (Ashraf et al. 2020).
Furthermore, Conant et al. (2011) perceived the OC resistance
to decomposition was either because of chemical or physico-
chemical protection, and it supports the conception that the
physical protection due to aggregation determines both chem-
ical and physico-chemical protection mechanisms.
Additionally, the SOC characteristics, enzyme-associated ki-
netics, and microbial adaptations are crucial for SOC miner-
alization and degradation owing to temperature sensitivity
(Billings and Ballantyne 2013). Physical and physico-
chemical protection mechanisms play a vital role in C stabili-
zation (Abrar et al. 2020).

The mechanisms such as the barrier formation between
aggregates and microbes (i.e., physical protection) within
aggregate involve physico-chemical interactions and are
responsible for the maximum SOC stabilization and hence
sequestration capacity (Six et al. 2002c). Increment in the
total P content resulted in lower C/P and N/P ratios due to
the addition of inorganic P related to higher P adsorption
by the soil in comparison to N (Tiessen et al. 1982;
Tischer et al. 2014).

The association between fraction C contents and soil C, N,
and P ratios can be influenced by the availability of N and P in
the soil and also by the management practices as already
reported by Abrar et al. (2020) that microbial stoichiometry
also influences the C and N mineralization. Similar findings
were reported in previous studies that microbial C/P ratio was
a useful indicator for anticipating nutrient availability since P
immobilization leads to a decline in the C/P ratio due to the
limited supply of active C fractions (Alvarez et al. 1998;
Kwabiah et al. 2003).

5 Conclusion

The pool sizes of OC, TN, and TP and the OC protection
mechanisms were influenced by the long-term mineral and
manure fertilizer application. The manure input enhanced soil
microbial activity and elemental recycling, which changed the
SOC protection in various fractions. Overall, it is widely ac-
cepted that manure inputs can improve soil quality. The C/N/P
ratios had a strong relationship with SOC and its various frac-
tions throughout the soil profile, though with varied strength.
The association was more robust in topsoil layers, with the

least effective in the deep subsoil layers. It is recommended
that manure should be used in combination with mineral fer-
tilizer for improved SOC and its stabilization for healthy soil
and better production.
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