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Abstract: Nutrient fertilizer application to agricultural land has led to greenhouse gas emissions
and has altered soil nitrogen (N) deposition. In soil, N can be degraded in four ways: entering
surface water through water flow, absorption by plants and microorganisms, decomposition into gas,
and deposition as minerals. This study proposes the concept of N degradability and aims to clarify
how farming activities affect N degradability in soil. Over 260 soil profiles were excavated, and the
effective soil depth, coordinates, soil types, and vegetation were recorded at each measurement point.
The following characteristics were determined in the soil samples: pH, organic matter, total N, total
phosphorus, total potassium, total soluble N, available phosphorus, and available potassium. The
sample characteristics were subjected to Pearson correlation analysis, principal component analysis,
and one-way analysis of variance. The 260 samples included four soil types: dark brown soil, black
soil, albic black soil, and meadow soil. Black soil exhibited more stable N levels compared with
the other three soil types, showing a tendency towards N accumulation. Ground vegetation was
categorized into seven types: forest, rice, maize, red adzuki bean, grassland, soybean, and others.
Forests contributed the most to N deposition. Conversely, planting maize led to a tendency for N
loss compared with forests. This study can provide a reference for the sustainable development of
agriculture and the balance of ecological protection.

Keywords: ground vegetation; nitrogen deposition; plants; soil organic nitrogen

1. Introduction

Global greenhouse gas (GHG) emissions have become a major threat to the entire
biosphere [1–5]. Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) from farm-
land are the main contributors to global warming [2]. Fertilizer application to agricultural
land has led to GHG emissions [5]. Nitrogen (N) fertilizers are mainly derived from fossil
fuels through the synthesis of ammonia, ultimately producing urea [6]. This has resulted in
changes in atmospheric N levels, leading to a focus on the impact of soil N deposition in
forests [7,8], grasslands [9], and coastal ecosystems [10,11] in recent years.

Soil N pools participate in plant, microbial, and N-transformation-related biological
processes that influence GHG emissions [12]. After the application of fertilizers to the soil,
N may also enter groundwater, leading to eutrophication [13]. Globally, the top 1 m of
the soil contains approximately 95 Pg of N; this layer plays a crucial role in the global
N balance and serves as a key node for N deposition [12]. Researchers have found that
farming activities on uncultivated land almost always lead to a significant decrease in soil
N storage [14–16]. Land-use practices determine the total nitrogen (TN) content in the soil,
and after agricultural cultivation is abandoned, natural vegetation restoration leads to a
significant increase in TN. Specifically, in 0–10 cm of soil, TN is 1.77 mg/g for cropland and
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3.01 mg/g for forest; in 10–20 cm, it is 1.24 mg/g and 1.75 mg/g, respectively [12]. There
are similar reports, such as the conversion of agricultural land into grassland in Minnesota,
USA, which resulted in a 27% increase in TN over a period of 10 years [17].

N deposition can be seen as a passive regulatory response of the soil ecosystem. After
N fertilizer is applied, N can be degraded in four ways. These pathways include mineral-
ization and deposition in the soil [18], absorption by plants and microorganisms [1,19–21],
entering surface water bodies [22], and release into the atmosphere [3–5,23]. The amount
of N fertilizer needed by the soil ecosystem depends on several factors. On the one hand,
appropriate N deposition is a crucial component in stimulating plant growth. N is a key
nutrient element for plant growth [24]. N deposition increases N availability in the soil, en-
hancing plant productivity [13,24–27]. On the other hand, excessive N deposition can lead
to soil acidification [6], salinization [28], and soil compaction [29], all of which negatively
impact the ecosystem [6]. Continuous agricultural cultivation and the use of fertilizers can
result in the aforementioned problems. Each plant has distinct GHG emissions, and there
are variations in these emissions among different types of field crops. These differences
are related to their growth environment and root characteristics [30,31], with rice emitting
over three times more GHGs than maize [3]. Therefore, this study compared rice and
maize. Importantly, N deposition can significantly enhance terrestrial carbon sequestration,
contributing to climate change mitigation [7,32].

With reference to the analysis of soil organic carbon (SOC) biodegradability [33], this
study proposes N degradability to clarify how farming activities affect N degradability
in soil. Total soluble nitrogen (TSN) is the N that plants and microorganisms can directly
absorb and utilize [34,35]. The degradability rate is measured by considering the percentage
of TSN in TN. A smaller value indicates that N is more likely to be deposited in the soil [7].
This study provides an important reference for the balance between sustainable agricultural
development and ecological protection.

2. Materials and Methods
2.1. The Effective Soil Depth and Sample Collection

Two hundred sixty soil profiles were excavated. The effective soil depth, slope, coordi-
nates, soil type, and vegetation of each measurement point were recorded. The effective
soil depth is the thickness of the dark surface soil with a high organic matter content.
The longitude range for sample collection was 127.0–130.0◦ E, and the latitude range was
44.0–46.0◦ N. The sample collection sites are shown in Figure 1. This area has a typical
temperate continental monsoon climate with an annual average temperature of 3 ◦C, an
annual effective accumulated temperature of 2300 ◦C, an annual average precipitation of
570 mm, and a frost-free period of 123 days [36].

At each sampling site, a random location was selected to excavate a soil profile with a
width of 1.2 m and a depth of 1.2 m. The excavated profiles were first trimmed, divided
according to the soil horizons, and photographed with a scale. Subsequently, soil drilling
sampling was conducted within a 50 m radius of the profile point, with 3–5 points sampled
to determine the depth of the soil layer. More than 260 soil profiles were excavated, with
over 1000 soil drilling sampling points collected. Satellite remote sensing technology was
used to create a map of sampling points for each soil layer thickness within the area. Soil
cultivation layer samples were collected at a depth of 5–15 cm, while the subsurface horizon
layer and parent material layer were not sampled. For fertility measurements, samples
were collected by mixing material from five points to obtain 1.50 kg, which was then placed
in sample collection bags, dried, sieved through 2 and 0.25 mm sieves, and stored for
further analysis.

Based on the soil profile, the soil types were distinguished as dark brown soil, black
soil, albic black soil, and meadow soil. The ground vegetation was classified into seven
types: forest, rice, red adzuki bean, grassland, soybean, maize, and others. The last category
represents land used for growing fruits and vegetables. The fertilization rates were as
follows: for maize, 150–180 kg N/ha, 75–90 kg P2O5/ha, and 60–75 kg K2O/ha; for soybean,
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40–60 kg N/ha, 50–60 kg P2O5/ha, and 50–60 kg K2O/ha; and for rice, 100–140 kg N/ha,
60–75 kg P2O5/ha, and 60–75 kg K2O/ha.

Figure 1. Location of the soil samples. The soil sample point is located in the black soil area of
Heilongjiang. Soil was collected along a line. There were 260 sampling points. The longitude range
for sample collection was 127.0–130.0◦ E, and the latitude range was 44.0–46.0◦ N. According to
the Genetic Soil Classification of China (GSCC) [37], the samples comprised four soil types: dark
brown soil, black soil, albic black soil, and meadow soil. In total, more than 260 soil profiles and over
1000 soil drilling sampling points were excavated.

2.2. Soil Fertility Measurement

For 260 samples, the pH, organic matter, TN, total phosphorus (TP), total potassium
(TK), TSN (water-soluble N), available phosphorus, and available potassium were mea-
sured. The specific methods followed the agricultural industry standards of the People’s
Republic of China (NYT889-2004, NYT1121.2-2006, NYT1121.6-2006, NYT1121.7-2014, and
NYT1121.24-2012, LYT228-2015). Specifically, ‘water soluble N’ is quantified as ‘TSN’. For
example, according to NYT1121.2-2006, soil pH was determined by weighing 10 g of a soil
sample and placing it in a 50 mL beaker. Then, 25 mL of water distilled three times was
added and stirred with a stirrer for 1 min, and the pH was measured after standing for
30 min. Additionally, based on research on SOC biodegradability [33], N degradability was
determined using the following formula:
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Nitrogen degradability = 100 ×
(

TSN
TN

)
% (1)

2.3. Correlation Analysis of Soil N Degradability

To minimize the influence of the sample background and for finer classification, 100 soil
samples with a thickness of 10–20 cm of albic black soil were selected. The N degradability
data were subjected to Pearson correlation analysis with the effective soil depth, latitude,
and longitude. Among these 100 samples, 40 were from rice cultivation. For these 40 sam-
ples, N degradability was subjected to Pearson correlation analysis with pH, organic matter,
TP, TK, available phosphorus, and available potassium. The results are presented with
simple linear regression plots, where the R2 value represents the Pearson coefficient.

2.4. Principal Component Analysis (PCA) of Soil N Degradability

PCA was performed based on the soil types (dark brown soil, black soil, albic black soil,
and meadow soil), with the continuous variables being N degradability, soil depth, latitude,
longitude, pH, organic matter, TN, TP, TK, TSN, available phosphorus, and available
potassium. PCA was also performed to classify the vegetation types (forest, rice, others,
red adzuki bean, grassland, soybean, and maize). The analysis failed to distinguish the
categories based on these variables, indicating that the degree of association among the
variables could not be detected. Therefore, one-way analysis of variance (ANOVA) was
used for comparisons.

2.5. One-Way ANOVA of Soil N Degradability

One-way ANOVA was performed on N degradability based on the soil types (dark
brown soil, black soil, albic black soil, and meadow soil). Significant differences in the
organic matter content were expected among the different soil types under the same
farming conditions. One-way ANOVA was conducted separately for the seven vegetation
types (forest, rice, others, red adzuki bean, grassland, soybean, and maize) in different soil
types. Prior to the analysis, the N degradability values were arcsine transformed because
they were all below 20%. One-way ANOVA analysis was repeated based on the soil depth.

2.6. Statistical Analysis

The effective soil depth was analyzed using ArcGIS (ESRI ArcMap version 10.8). PCA
was performed using GraphPad Prism (version 9.3.1). One-way ANOVA was carried out
using SPSS Statistics (version 17.0). The figures were prepared using 360 Photo Editor
(version 1.0.0).

3. Results
3.1. Recognition of Four Soil Types and the Effective Soil Depth

Table 1 shows the soil properties, including the pH, organic matter, TN, TP, TK, TSN,
available phosphorus, and available potassium, for the four soil types. Figure 1 displays
the soil profiles, based on which four soil types were identified: dark brown soil, black
soil, albic black soil, and meadow soil. Albic black soil was divided into the black soil
layer, albic layer, and illuvial horizon layer. Black soil was divided into the black soil layer,
cambic horizon layer, and illuvial horizon layer. Dark brown soil was divided into the black
soil layer, illuvial horizon layer, and parent material layer. Meadow soil was divided into
the black soil layer and the parent material layer. Within the sampling range, the spatial
distribution of the effective soil depth and N degradability is shown in Figure 2A and
Figure 2B, respectively. The effective soil depth was concentrated in the range of 10–25 cm
(Figure 2C), while N degradability was 7.5–12.5% (Figure 2D).



Agronomy 2024, 14, 1094 5 of 12

Table 1. The soil properties.

pH OM (%) TN (g/kg) TP (g/kg) TK (g/kg) TSN
(mg/kg)

AP
(mg/kg)

AK
(mg/kg)

Dark brown soil
Mean 5.53 3.31 1.92 0.72 15.53 178.67 26.71 127.51

SD 0.33 1.84 1.08 0.23 1.38 106.43 26.34 36.82

Albic black soil
Mean 5.59 2.88 1.62 0.67 16.25 145.65 30.80 119.80

SD 0.38 1.26 0.68 0.19 1.00 62.47 22.56 65.68

Meadow soil
Mean 5.74 4.31 2.19 0.94 15.80 201.00 28.68 168.56

SD 0.39 1.83 0.84 0.32 1.30 92.72 23.23 111.91

Black soil
Mean 5.70 3.96 1.98 1.03 15.33 155.55 18.51 136.45

SD 0.35 1.24 0.59 0.32 1.47 71.90 17.47 35.11

AK, available potassium; AP, available phosphorus; OM, organic matter; SD, standard deviation; TK, total
potassium; TN, total nitrogen; TP, total phosphorus; TSN, total soluble nitrogen.
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Figure 2. The effective soil depth and spatial distribution of nitrogen (N) degradability. (A) Two
hundred sixty samples representing the spatial distribution of the effective soil depth in the area.
(B) Two hundred sixty samples representing the spatial distribution of soil N degradability in the
area. (C) Histogram of the effective soil depth statistics. (D) Histogram of the soil N degradability
statistics. The 260 samples were from four soil types: dark brown soil, black soil, albic black soil, and
meadow soil. Satellite remote sensing technology was used to create a map of the sampling points
for each soil depth in the area.
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N degradability was analyzed in relation to the effective soil depth, latitude, pH,
organic matter, TP, TK, available phosphorus, and available potassium. The effective soil
depth (Figure 3A, p = 0.27) and latitude (Figure 3B, p = 0.69) did not correlate with N
degradability. Additionally, there was no correlation between N degradability and pH or
organic matter. However, soil N degradability correlated with TP (Figure 3C, p = 0.002) and
available potassium (Figure 3D, p = 0.0003) in the soil.
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Figure 3. Correlation analysis of soil nitrogen (N) degradability. (A) Correlation between the effective
soil depth and soil N degradability (n = 100). (B) Correlation between latitude and soil N degradability
(n = 100). There were 100 samples from land with albic black soil with a soil depth of 10–20 cm.
Among these 100 samples, 40 were used to cultivate rice. (C) Correlation between total phosphorus
(TP) and soil N degradability (n = 40). (D) Correlation between available potassium and soil N
degradability (n = 40). In each graph, the pink area represents the 95% confidence interval.

3.2. The Effect of Tillage Activities on Soil N Degradability

The PCAs for different soil and vegetation types are shown in Figure 4A,B, respec-
tively. The soil N degradability did not cluster based on the soil or vegetation type, so
the 260 samples cannot be grouped by soil or vegetation type. Only black soil showed
significant differences compared with the other soil types (Figure 4C). This finding supports
the reason why PCA was unable to group the samples by soil or vegetation type. Interest-
ingly, the analysis of different soil types in Figure 4C revealed that the N degradability of
black soil was significantly lower than the other three soil types. This suggests that N in
black soil is more stable and shows a tendency towards deposition. The results comparing
different plant types in dark brown soil, albic black soil, and meadow soil are described in
Figure 4D–F. In albic black soil, after maize was planted, N degradability was significantly
higher than in grassland and forest. This indicates that planting maize in albic black soil,
relative to uncultivated land, causes N loss.
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Figure 4. The effects of agricultural tillage on soil nitrogen (N) degradability. (A) Principal component
analysis (PCA) of the soil types based on soil fertility. (B) PCA of the vegetation types based on soil
fertility. Soil fertility includes soil depth, latitude, longitude, pH, organic matter, total nitrogen, total
phosphorus, total potassium, total soluble nitrogen, available phosphorus, and available potassium.
(C) Comparative analysis of soil N degradability in dark brown soil, black soil, albic black soil,
and meadow soil. Comparative analysis of soil N degradability of different plants in (D) meadow
soil, (E) albic black soil, and (F) dark brown soil. Different letters in the graphs indicate significant
differences (p < 0.05). The bars represent the standard errors.

There were no significant differences in N degradability among the different effective
soil depths (Figure 5A). However, the one-way ANOVA for the 260 surface plant samples
(Figure 5B) showed that forests had the lowest N degradability, significantly lower than
the other vegetation types, suggesting that forests contribute the most to N deposition.
Conversely, planting maize caused N to leave the soil cycle.
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21–30, and >30 cm (n = 100). There were no significant differences. (B) Bubble plot of soil N degrad-
ability comparative analysis for different vegetation types (n = 260). The dot colors represent the
pH, and the dot sizes represent the effective depth. The black bars represent the standard errors.
Different letters in the graph indicate significant differences (p < 0.05). ‘Others’ represents land used
to cultivate fruits and vegetables.

4. Discussion

For many years, researchers posited that the global N deposition rate has increased
continuously [38]. However, with the enhancement of human environmental awareness
and the implementation of laws, this is no longer true [39]. Persistent N deposition has led
to soil acidification and eutrophication [40]. The soil N cycle includes two main components:
N inputs (N deposition, biological N fixation, and litter N return) and N outputs (plant N
uptake, gaseous N losses, and hydrological N leaching) [8].

4.1. Ground Vegetation Affects Soil N

The soil N cycle includes soil N deposits in the form of litter on the soil surface, part
of which returns to the N cycle in the biosphere, while the other part decomposes and
remains stable in the soil matrix over time [41]. These N deposits are ultimately mineralized
by soil microbes and deposited in the soil. The N deposition between organic soil and
mineral soil is also different under the same vegetation conditions [13]. The results of the
present study also indicate that the N degradability of forested soils, based on the analysis
of 260 samples, is significantly lower than that of grassland (Figure 5B). However, there was
no significant difference in N degradability among dark brown soil, black soil, albic black
soil, and meadow soil (Figure 4A,C), which may be due to the high similarity in organic
matter content among these four soil types.

In a natural state, vegetation can directly impact N cycling through the absorption,
utilization, and loss of N [42]. Depending on the fertility of the soil, vegetation adapts to
the environment by regulating its own growth and photosynthetic rates [43]. Plants take
atmospheric N, excrete it into the soil through root secretion, and deposit it in the soil in the
form of mineral N under the action of N-fixing bacteria. Then, nitrifying bacteria decompose
the mineral N into NH4

+, which enters the atmosphere or plants [42]. To obtain more N,
plants must invest more resources in the production of extracellular enzymes, which in
turn leads to slower growth [44]. Different plant species show significant differences in
the rate of soil N element mineralization [42]. Interestingly, plants that cannot acquire N
in large quantities tend to mobilize rhizosphere microorganisms to obtain more N [45].
In return, microorganisms can access plant roots and secreted enzymes [46]. The present
study revealed significant differences in N degradability, with maize having the highest
value (Figures 4E and 5B).

4.2. Farming Activities Affect N

During domestication processes, crops may exhibit characteristics of coevolution [21,43,47].
They evolve to meet human demands for yields, often overlooking their own natural
fertilizer requirements. Human agricultural cultivation requires the provision of crops with
sufficient water and nutrients through cultivation techniques and field management [47].
Not all field management practices are appropriate, as farming activities involve the use
of chemical fertilizers, which not only meet the needs of plant growth, but also enter the
atmosphere or surface waterbodies. According to the microbial N mining hypothesis,
under low soil N conditions, plants and soil microbes use unstable carbon to produce extra-
cellular enzymes, catalyzing the decomposition of soil organic matter to obtain N [42,45,48].
Conversely, the heavy use of N fertilizers makes it easier for plants and microbes to access
N sources, potentially accelerating N deposition. The results of the present study indicate
that in forests and grasslands that have not been fertilized with N, forest soils have lower N
degradability and are more inclined to N deposition (Figure 5B). However, fertilized crops
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did not show reduced N degradability, meaning that the soils of cultivated crops did not
exhibit stronger N deposition, possibly due to appropriate fertilizer use.

Wild leguminous plants have the ability to fix N, possibly because N absorption from
the air enhances their photosynthetic capacity and N rhizodeposition [49,50]. Although
over 50% of the N requirements of soybeans are met through symbiotic N fixation with
rhizobia [51], the present study still applied 40–60 kg N/ha when planting soybeans.
There were no significant differences in the N degradability of red adzuki beans and
soybeans compared with the other crops (Figures 4E and 5B), which can be attributed to
the application of different N fertilizers.

Farming activities also involve tillage methods [52], mixing soil [27,53], and altering
soil porosity and permeability [54]. Among the various factors that influence soil N cycling,
soil types with higher pH levels are positively correlated with microbial N mineralization
and nitrification processes [8]. In this study, N degradability did not correlate with pH; N
degradability showed weak correlations with TP and available potassium (Figure 3C,D).
This could be because the surface soils of the four soil types used in this study were all
similar to black soils.

4.3. Limitations

Rice soils may contain higher levels of gaseous soluble N [5,55]. Some of this N
may have been lost during sample transportation, which poses a certain limitation to the
accuracy of this experiment. However, N emissions from rice are reported to be less than
6 kg/ha for N2O and less than 300 kg/ha for CH4 [5]. Based on an estimated soil depth
of 20 cm during the 130-day rice-growing period, when converted to soil samples, these
emissions were much lower than the TSN measured in this experiment. Such experimental
errors are acceptable and thus did not affect the overall credibility of the results.

The levels of soluble N are not static; rather, they can vary widely throughout the year.
In climatic conditions like those in Heilongjiang Province, the period from November to
mid-April of the following year is the frozen period, during which soil samples cannot be
obtained. After the temperature rises in the spring each year, entering the sowing period,
although sampling is possible, there will be several fertilization and tillage processes to
meet the growth needs of the crops from the beginning of sowing to the mid-late stage
of crop growth, causing significant soil disturbance. Additionally, to meet the needs of
crop growth, fertilization at different times will also affect the soil nutrient levels, leading
to large fluctuations in soil nutrients, masking the natural characteristics of the soil, and
making the soil unsuitable for on-site soil analysis and sampling. During the autumn crop
maturity period, there is no disturbance from fertilization and tillage, the surface returns to
its natural state, and the soil’s own nutrients are relatively stable, making it a scientifically
reasonable sampling period for soil analysis.

5. Conclusions

There is currently no clear method for measuring N stability in soil. This study
referenced the calculation method for SOC biodegradability to propose N degradability as
an effective method for assessing N stability in soil. The lower the value of N degradability,
the more N tends to be retained in the soil. Additionally, N in black soil was more stable
compared with dark brown soil, albic black soil, and meadow soil, indicating a tendency
towards N deposition. Agricultural activities lead to the loss of N from the soil system. It is
currently unknown whether this lost N enters the atmosphere or the water system. This
could be a potential direction for future research.
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