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Abstract

In southern China, the long-term irrational utilization of land resources has caused severe
damage to the ecology and environment of the entire region. Serious issues such as soil
degradation and water erosion have led to the decline of soil quality and productivity. In
this study, the spatial distribution characteristics of soil carbon, nitrogen, and phosphorus
in Zhuxi watershed, Changting County, southern China, were analyzed by coupling geo-
statistics with GIS. The analysis generated several important results: (1) The concentrations
of soil organic matter (OM), alkali-hydrolyzable nitrogen (AN), and available phosphorus
(AP) are at moderate levels, and AP exhibits local enrichment in the downstream farmland,
while the concentrations of total nitrogen (TN) and total phosphorus (TP) remain at low
levels. (2) The optimal theoretical model for AN is an exponential model, while other
nutrients follow spherical models. Except for AP, which has a nugget effect exceeding 75%,
the nugget effects of other nutrients range between 25% and 75%, indicating that their
spatial distribution is moderately correlated. According to Kriging interpolation results,
the distribution of OM, TN, and AN shows a clear trend of decreasing from northeast to
southwest, followed by a gradual increase, which is generally consistent with the direction
of rivers. The trends of TP and AP are more irregular, generally decreasing from down-
stream to upstream. (3) OM, TN, and AN exhibit a negative correlation with the degree of
soil erosion, indicating that soil erosion is associated with the loss of carbon and nitrogen
nutrients. However, the impact on phosphorus is relatively insignificant.

Keywords: soil erosion; spatial distribution; ferralic cambisols watershed; geostatistics;
soil nutrient

1. Introduction

Soil nutrients are the most important material basis of soil fertility, which is crucial
for sustainable agriculture [1]. Regulating soil development processes is a fundamental
measure to promote high-yield and high-quality agriculture [2,3]. The ferralic cambisols
hilly region in southern China is rich in water and heat resources, offering huge production
potential. However, due to long-term irrational land use and the interaction of natural
conditions, soil degradation and water erosion have become severe, leading to reduced
soil fertility, productivity, and ecological environment deterioration [4-6]. Analyzing the
spatial distribution characteristics of soil nutrients to determine soil fertility can provide a
basis for rational fertilization in sustainable agriculture and promote soil erosion control,
improving the local ecological environment and achieving sustainable social and economic
development in mountainous areas [7,8].
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Since the 1970s, scholars have begun studying the spatial variability of soil properties,
applying geostatistical theory to soil science. Recognizing that soil properties are region-
alized variables with both geological structure characteristics and statistical randomness,
Webster et al. [9] made successful explorations, promoting research on soil spatial variabil-
ity. Because geostatistics requires uniform sampling, quantitative studies on the spatial
variability of soil properties over large areas face difficulties. Initially, most studies on
soil spatial variability were limited to small scales. Webster et al. used transgressive Krig-
ing to create spatial distribution maps of soil pH, exchangeable potassium, and available
phosphorus concentration on a 0.77 km? farm [10]. Numerous studies have shown that
soil nutrients in small areas are spatially correlated, with the spatial correlation distance
of soil organic matter ranging from 50 to 350 m [7,11]. The spatial correlation distances
of available phosphorus and available potassium vary significantly, with some studies
showing distances over 100 m [12] and others below 60 m [13], confirming the universal
existence of soil nutrient spatial variability.

Yost et al. [14] were among the first to apply statistical methods to study soil property
spatial variability at a larger scale. They investigated the spatial correlation of soil nutrients
on the Hawaiian Islands and found that the spatial correlation distances of P, K, Ca, and
Mg concentration ranged from 32 to 42 km. Gaston et al. [15] used geostatistical methods to
study the spatial distribution of soil properties (organic matter, pH, soil texture) and weeds
in the Mississippi Delta, finding a significant correlation between weeds and organic matter
concentration and soil texture. Haefele and Wopereis [12] studied large areas of paddy
fields in the Senegal Valley, West Africa, discovering obvious spatial variations in various
nutrients, which guided fertilization strategies. These studies indicate that soil shows
spatial correlation at large scales, and mastering its spatial variation laws is practically
significant for guiding soil surveys.

As one of the 30 typical monitoring watersheds in China, the Zhuxi watershed exhibits
complex and diverse soil erosion characteristics, representing the typical red soil erosion
area in southern China. Nitrogen is a key limiting factor for ferralic cambisols productivity;
the coupled migration patterns of nitrogen with carbon and phosphorus are crucial for
understanding the mechanisms of soil degradation in eroded areas. This study took the
Zhuxi watershed as a case, obtained extensive basic data through field sampling and
laboratory testing, and analyzed the spatial distribution characteristics of soil nutrients
using geostatistical methods combined with GIS technology, aiming to provide references
for implementing sustainable agriculture and controlling soil erosion in the watershed.
The systematic analysis of the spatial heterogeneity changes in soil carbon, nitrogen, and
phosphorus in the Zhuxi watershed after the implementation of ecological restoration
projects has filled the gap in research on nutrient dynamics in the basin following restoration.
Through the in-depth integration of geostatistics and GIS, the correlation threshold between
soil erosion and nutrient loss has been quantified, providing parameter support for precise
restoration in ferralic cambisols regions.

2. Materials and Methods
2.1. Study Area

The Zhuxi watershed is located in the east of Hetian Town, Changting County, Fujian
Province (Figure 1), with geographical coordinates between 116°23/30”-116°30'30"” E and
25°38/15"-25°42/55" N, covering a total area of approximately 44.96 km? [16]. The water-
shed is widely distributed with coarse-grained granite, which contains minerals (feldspar,
quartz, mica, etc.) forming a good mosaic structure. The rock is solid and hard. Due to
its subtropical location and influence of marine monsoons, weathering is strong, forming
a thick weathering crust. However, the weathering crust has a loose structure and poor
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erosion resistance due to unweathered quartz sand grains. The landform is dominated by
low mountains and hills, with an altitude of 270-680 m. The terrain tilts from northeast
to southwest, with fragmented topography and valley basins along the river, presenting
an interlaced distribution of basins and valleys. It has a subtropical monsoon humid cli-
mate, with warm and humid spring and summer, cold and dry autumn and winter, a long
summer and short winter, distinct dry and wet seasons, and frequent disastrous weather.
The average annual temperature is 18.3 °C, the average annual precipitation is 1700 mm,
with large interannual variations. Most rainfall (76% of the annual total) concentrates from
March to August [17]. The soil is mainly red soil and eroded red soil developed from
late Yanshanian coarse-grained biotite granite under long-term humid and hot climatic
conditions. Corresponding to red soil in the Chinese soil classification system, its equivalent
in the FAO-WRB classification is ferralic cambisols, which is characterized by rich iron and
aluminum content and strong acidity. Paddy fields are distributed in the downstream area,
and fluvo-soil is found along both sides of the river. The zonal vegetation is subtropical
evergreen broad-leaved forest, but due to long-term human destruction and policy errors,
the surface vegetation has been severely damaged, with almost all original vegetation
replaced by secondary forests.
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Figure 1. The location of study area.

2.2. Soil Erosion Data

Based on the slope map, land use map, and vegetation coverage map, computer-
aided classification and identification were first conducted using the watershed land use
identification results and topographic slope data, referring to other soil erosion-related
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materials (see Table S1). Finally, a topological relationship was established, errors were
checked and modified, and soil erosion data for the Zhuxi watershed were generated
(Figure 2 and Table 1).

0 05 1 2 3
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Figure 2. The map of soil erosion in the Zhuxi watershed.

Table 1. The grade of soil erosion in the Zhuxi watershed.

Soil Erosion Type Grade Area (km?)
Slight erosion 1 27.39
Light erosion 2 11.82

Moderate erosion 3 3.81

Intense erosion 4 1.28
Extreme erosion 5 0.47
Severe erosion 6 0.17

2.3. Sample Collection

For field soil sampling positioning, the approximate location was first determined
according to the soil sampling sketch. Upon arriving at the sampling area, a handheld GPS
was used to accurately locate the sample points based on recorded coordinates. Sampling
points were selected considering different slopes, vegetation coverage, and soil erosion
degrees, avoiding human activity interference. If the points on the sampling sketch did not
meet requirements, their positions were adjusted, and coordinates were recorded. After
determining sample points, soil profiles were dug with a hoe to observe soil genetic layers.
Surface soil samples (about 1 kg) were collected by random sampling from 5 points around
the profile and stored in soil bags.

A total of 118 soil samples (see Folder S1) were collected in the field. After indoor GIS
sample point correction, a soil sample distribution map was generated, including spatial
information of sampling points and basic recorded information, forming a complete soil
sample database (Figure 3).
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Figure 3. The distribution of soil sampling site in the Zhuxi watershed.

2.4. Analytical Methods

According to the soil characteristics of the study area, key factors significantly af-
fecting plant growth were selected: soil organic matter (OM), total nitrogen (TN), alkali-
hydrolyzable nitrogen (AN), total phosphorus (TP), and available phosphorus (AP). These
indices were measured using methods described in Methods of Soil Agricultural Chemical
Analysis [18], as shown in Table 2.

Table 2. The analyzed items and methods.

Analysis Items Analysis Methods

High-temperature External Heating Potassium Dichromate

OM Oxidation—Volumetric Method

N Kjeldahl Digestion Method

AN Alkali Hydrolysis-Diffusion Method

TP Sodium Hydroxide Fusion-Molybdenum-Antimony-Anti
Colorimetric Method

AP Double Acid Extraction-Molybdenum-Antimony-Anti

Colorimetric Method

2.5. Data Analysis

This study mainly used the semivariance function in geostatistics for data analysis,
combined with Kriging interpolation, to analyze the spatial variability of soil nutrient
indices in the watershed. Parameters of the semivariance function, which represent the
spatial variation and correlation degree of regionalized variables, are key to studying soil
characteristic spatial variability and the basis for accurate Kriging interpolation [19]. The

semivariance expression is

1 N ,

h) = —— Z(x;)—Z(x;+h 1

in which N(h) is the number of observation points at interval i; Z(x;) and Z(x; + h) are
the measured values of the regionalized variable at spatial positions Z(x;) and Z(x; + h),
respectively. The semivariograms were calculated and the variability maps were created in
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ArcGIS 10.2 software (ESRI Inc., Redlands, CA, USA). Experimental data were processed
under IBM SPSS 24.0 software.

3. Results and Discussion
3.1. Characteristics of Soil Nutrients

Statistical characteristic analysis of soil nutrients is the premise and basis for establish-
ing spatial variability analysis. As shown in Table 3, the variation ranges and averages of
OM, TN, and TP were 0.29-67.38 g-kg !, 0.04-1.3 g-kg !, and 0.04-0.8 g-kg !, respectively.
Referencing the soil nutrient classification standard used in China Soil Survey (Table 4), the
study area showed a large variation range for OM and small ranges for TN and TP. The
average OM concentration was 22.28 g-kg !, at level 3 (medium), while the average TN
and TP were 0.42 g-kg~! and 0.25 g-kg !, at lower levels of 5 and 6. The variation ranges of
AN and AP were 15.25-230.38 mg-kg ! and 0.1-56 mg-kg !, respectively. Their averages
were 79.98 mg-kg~! and 14.03 mg-kg !, reaching medium levels.

Table 3. The statistical characteristics of soil in the Zhuxi watershed.

Item Sample Mean Min Max SD (CO/X Skewness  Kurtosis
OM (g-kg™h) 118 22.28 0.29 67.38 17.29 0.78 0.93 3.15
TN (g-kg™1) 118 0.42 0.04 1.3 0.34 0.81 0.78 2.51
AN (mg-kg™1) 118 79.98 15.25 230.38 50.75 0.63 0.70 2.52
TP (g-kg™') 118 0.25 0.04 0.8 0.22 0.88 1.39/0.47* 3.46/2.34*
AP (mg-kg™ 1) 118 14.03 0.1 56 20.26 1.44 1.17/0.08* 2.59/1.86*

Note: SD standard deviation, CV coefficient of variation, * the value after natural logarithm transformation.

Table 4. The classification standard of soil nutrient.

Grade OM TN AN TP AP
(g'kg™1) (g'kg™1) (mg-kg1) (g'kg™1) (mg-kg—1)
1 >40 >2 >150 >2 >40
2 30-40 1.5-2 120-150 1.5-2 20-40
3 20-30 1-1.5 90-120 1-1.5 10-20
4 10-20 0.75-1 60-90 0.7-1 5-10
5 6-10 0.5-0.75 30-60 0.4-0.7 3-5
6 <6 <0.5 <30 <04 <3

The coefficient of variation (CV) reflects relative variation, i.e., the degree of dispersion
of random variables. According to relevant research, CV < 0.1 indicates weak variability;
0.1 < CV <1 indicates moderate variability; and CV > 1 indicates strong variability [19].
Table 3 shows significant differences in variation coefficients of different soil nutrients in
the study area, ranging from 0.08 to 1.44. AP has a CV of 1.44 (strong variability), possibly
due to regional differences in fertilization measures, making AP concentration in some
farmlands much higher than in unfertilized soils, consistent with the Sun Bo et al. research
in red soil areas [20]. However, the Yan et al. [21] research in the adjacent basin showed
relatively smaller variability, which indicates that there is significant uncertainty in the
variation of phosphorus. Other soil nutrients showed moderate variability. OM and TN
have a high correlation, with the CV around 0.8. TP is affected by fertilization measures
and has low mobility in soil, so its CV reaches 0.88, while the CV of AN was 0.63. The
variation in soil nutrients is related to their chemical behavior in soil, parent materials, land
use patterns, and fertilization conditions. Most soil nutrients in the study area showed
moderate variability. Kurtosis and skewness coefficients reflect the normal distribution of
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data. When the kurtosis coefficient is close to 3 and the skewness coefficient is less than 1,
data are considered normally distributed. Thus, Table 3 shows that OM, TN, and AN are
approximately normally distributed, while TP and AP (after log transformation) do not
follow a normal distribution.

Overall, soil OM, AN, and AP concentrations were at moderate levels, reaching
medium levels, while TN and TP remained at a low level, indicating poor overall
nutrient status.

Before the soil and water conservation restoration, the nutrient concentration in the
surface soil of the Zhuxi watershed were as follows: OM 6.52 g-kg~!, TN 0.39 g-kg~!,
AN 22.39 mg-kg~!, and TP 0.65 g-kg ! [22].

3.2. Geostatistical Analysis of Soil Nutrients
3.2.1. Trend Analysis of Soil Nutrient

Trend surface analysis is a mathematical method using functions to simulate the spatial
distribution and variation trend of geographic objects, reflecting the overall variation trend
of spatial data. The existence of global trends significantly affects local variation analysis,
so global trends should be removed during local variation analysis. Figure 4 shows the
soil nutrient trend maps generated by the geostatistical module of ArcGIS 10.2, where
the X-axis represents the due east direction, the Y-axis the due north direction, and the
Z-axis the sample values. The green line on the left rear projection represents the east-west
global trend, and the blue line on the right rear projection represents the north-south global
trend. A parallel coordinate straight line projection indicates no trend; a tilted straight line
indicates a first-order trend; a “U”-shaped projection indicates a second-order polynomial
trend [23]. To reduce errors caused by high-order global trends requiring more parameters
for interpolation, low-order or simple effects were selected for estimation or removed when
multiple trend effects or intermediate-order trends existed.

(c) (d)

Figure 4. Cont.
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Figure 4. The trend chart of soil nutrients in the Zhuxi watershed: (a) OM, (b) TN, (c) AN, (d) TP,
(e) AP.

As shown in Figure 4, soil OM shows a “U”-shaped change in the east-west direction
(high on both sides, low in the middle) and a decreasing linear trend from north to south.
The variation trend of AN was similar to that of OM. TN showed an inverted “U”-shaped
trend in the north—south direction, generally close to OM, indicating a strong correlation
between nitrogen and organic matter. TP and AP showed a decreasing trend from west to
east in the east-west direction and a significant inverted “U”-shaped trend in the north—
south direction, possibly related to fertilization and phosphorus migration. Farmlands
in the watershed are distributed in the west and along the central river. Fertilization and
weak phosphorus migration lead to higher phosphorus concentration in the west and
central river areas. For soil nutrients, TP and AP show first-order trends in the east-west
direction, while other indices show second-order trends. In the north-south direction, OM
and AN showed first-order trends, and others showed second-order trends. In subsequent
semivariance analysis, corresponding low-order trend effects were removed based on each
soil nutrient’s trend to obtain more accurate results.

3.2.2. Soil Nutrient Semivariance Models

The essence of spatial interpolation research is to use spatial modeling to fit function
equations that fully approximate the spatial distribution characteristics of elements. Semi-
variance analysis (see Figure S1) is the basic step to study soil nutrient spatial variability
and the premise for determining geostatistical analysis and Kriging interpolation, iden-
tifying the spatial correlation domain of correlated nutrient data. The cross-validation
module was used to select the model type with the mean standard deviation (MS) closest
to zero, the root mean square of prediction error (RMS) as small as possible, the average
standard deviation of prediction (ASE) as close as possible to RMS, and the root mean
square standard error of prediction (RMSS) closest to 1 [23], i.e., the model with the largest
correlation coefficient between estimated and predicted values is optimal. According to
the semivariance function selection criteria, the optimal theoretical models and parameters
for soil nutrient indices are shown in Table 5. And the cross-validation result shown in
Table 6. Except for AN, whose optimal model was exponential, other nutrients follow
spherical models.

In Table 5, Cy represents the pure nugget variance, usually indicating variation caused
by experimental error and scales smaller than the sampling scale. (Cy + C) is the sill value,
indicating that the semivariance function value increases with the sample interval, stabi-
lizing at a constant value at a certain interval (range). The ratio C/(Cy + C) represents the
degree of spatial variability. A higher ratio indicates greater spatial variability from random
parts, while a lower ratio indicates greater variability from spatial autocorrelation. A ratio
close to 1 means the variable has constant variation across the entire scale. Structurally, the
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ratio C/(Cy + C) reflects the degree of spatial correlation of system variables: <25% indicates
strong spatial correlation, 25-75% indicates moderate correlation, and >75% indicates weak
correlation [19]. The principal axis direction shows the overall variation trend of samples,
and the range reflects the spatial variation characteristics of soil properties (soil properties
are spatially independent beyond the range and correlated within it).

Table 5. The semivariance theory model and parameters of soil nutrient in the Zhuxi watershed.

Range

Item Model Nugget (Cp) Sill (Cy + ©) Co/(Co + ©) (%) (m) R2
OM Spherical 151.94 294.70 0.52 2655.98 0.499
N Spherical 0.04 0.10 0.39 1422.39 0.805
AN Exponential 1536.10 2726.00 0.56 5333.97 0.531
TP Spherical 0.40 0.71 0.56 242290 0.698
AP Spherical 357.24 470.81 0.76 844.50 0.699
Table 6. The cross-validation result.
Item Mean Root Mean Mean Standardized Root Mean ‘ Average Standard
Square Square Standardized Error
OM —0.15372 14.86525 —0.00961 0.93063 16.14202
TN 0.00069 0.30685 0.00162 0.96273 0.32179
AN —0.48489 48.02672 —0.00889 1.00767 47.52079
TP 0.00523 0.22142 0.02023 0.91748 0.24351
AP 0.01592 19.5293 —0.00022 0.96872 20.20895

Spatial variability of soil properties results from the combined effect of structural
and random factors. Typically, structural factors promote strong spatial correlation of soil
nutrients, while random factors weaken it. Table 5 shows that AN has the largest nugget
value, followed by AP, indicating strong spatial variability of soil available nutrients at the
smallest interval due to human influence. OM also has a large nugget value, suggesting
high spatial variability or sampling error. TP and TN have small nugget values, indicating
low variation in total nutrient concentration at small scales.

Except for AP, whose nugget effect exceeds 75%, other soil nutrients in the study area
show nugget effects of 25-75%, indicating moderate spatial correlation in their distribution.
Random factors contribute to the spatial variability of soil nutrients. AP, TP, and AN have
large nugget effects, indicating that fertilization significantly impacts phosphorus and AN.
AP shows weak spatial correlation, especially affected by random factors. TN has the
smallest nugget effect, meaning random factors minimally impact it. OM has a nugget
effect of 0.5, with structural and random factors contributing equally.

The range is the distance where the variogram reaches the sill value, representing the
spatial autocorrelation distance of soil properties. If the distance between two soil nutrient
observations exceeds this value, they are independent; if smaller, they are spatially corre-
lated. TN has the largest range (5333.97 m). Although the sampling mean nearest-neighbor
distance is 316.94 m and some sample pairs exceed the range, most meet requirements,
indicating the feasibility of spatial interpolation for soil nutrient concentration.

3.3. Kriging Interpolation of Soil Nutrients
3.3.1. Spatial Distribution of OM
As shown in Figure 5, OM concentration is mostly below 20 g-kg !, concentrated in

the midstream and southern areas of the watershed. Areas above 40 g~kg’1 are patchily
distributed in the northwest downstream and northeast upstream. The distribution shows



Nitrogen 2025, 6, 77

10 of 15

a clear trend of decreasing from northeast to southwest and then gradually increasing,
basically consistent with the river direction. The northeast area has high altitude, steep
slopes, less human activity, and well-protected vegetation due to long-term forest closure
for natural regeneration. During sampling, the research team found an A horizon soil layer
ten centimeters thick in valley lows, leading to high OM concentration. The northwest
downstream area is a basic farmland protection zone with high-quality cultivated land and
high OM concentration. The midstream area has severe soil erosion, with most collapsing
hills distributed here, resulting in low OM concentration. The southeast area also has
serious soil loss due to forest fires, leading to low OM concentration. Overall, after years of
management, OM concentration has significantly improved, especially in the northeast,
which has reached a high level through long-term forest closure for natural regeneration.
However, OM concentration is still low, particularly in the central area, indicating that OM
restoration requires a long process.

Legend
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Figure 5. The spatial distribution of OM in the Zhuxi watershed.

3.3.2. Spatial Distribution of TN

Figure 6 shows that soil TN concentration is mainly below 0.45 g-kg~!, concentrated
in the midstream zone, with small high-value areas in the northwest downstream and
northeast upstream. Its distribution trend is similar to OM, decreasing first and then
increasing from east to west, but in a direction perpendicular to the watershed, showing
a more irregular strip distribution. Since soil nitrogen concentration mainly exists in
soil organic matter, TN is positively correlated with OM, hence their similar distributions.
Additionally, the nitrogen cycle mechanism differs from that of organic matter, and nitrogen
distribution is more affected by soil biological cycles, fertilization, and other factors. Thus,
although OM concentration is abundant in some areas, the overall TN level in the entire
watershed remains low. Nitrogen is the mineral element with the highest plant demand
and a common limiting factor for plant growth. Relevant studies show that even with
extensive nitrogen fertilization, 50% of nitrogen accumulated in plants still comes from the
soil. Therefore, during future watershed development and management, attention should
focus not only on nitrogen fertilization but also on improving soil nitrogen concentration.



Nitrogen 2025, 6, 77

110f15

Legend

(g * kg™
[ ]<02s }N\
[ Jozs-oss
[ ] oss-04s
[ o.45-050
B os0-075
| RUEE

0 05 1 2 3 4
Kilometers

Figure 6. The spatial distribution of TN in the Zhuxi watershed.

3.3.3. Spatial Distribution of AN

As shown in Figure 7, soil AN concentration is mostly below 85 mg-kg~!, mainly
concentrated in the midstream area, with small high-value areas in the northeast upstream
and northwest downstream. The distribution trend decreases along the watershed and then
increases, similar to OM, further indicating a strong correlation between soil organic matter
and nitrogen. AN better reflects the recent soil nitrogen supply status as an indicator of soil
nitrogen availability. AN concentration is related to OM concentration and quality: high
OM and high maturity lead to high available nitrogen, and vice versa. The eastern area had
high vegetation coverage and OM concentration due to long-term forest closure for natural
regeneration, so soil nitrogen supply capacity was high. The downstream area had high
OM and AN concentration, while the central area had low OM and low AN concentration.
Overall, AN was at a medium level, but the central area remains poor. Due to the poor
TN level, the long-term nitrogen supply capacity is weak, requiring further improvement
through management.
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Figure 7. The spatial distribution of AN in the Zhuxi watershed.
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3.3.4. Spatial Distribution of TP

Figure 8 shows that soil TP concentration is mostly below 0.4 g-kg~! in the mid-upper
reaches, with a small concentrated area above 0.4 g-kg~! in the western downstream. The
entire watershed has low TP concentration, with a maximum of only 0.86 g-kg~!'. TP
distribution was strip-shaped and irregular, generally increasing from east to west, close
to the river direction. Soil phosphorus partly comes from parent rocks, and during soil
formation, phosphorus migration or enrichment causes significant spatial differences. The
figure shows that phosphorus decreases with increasing altitude. Additionally, phosphorus
may be affected by fertilization, with relatively higher concentration in downstream farm-
lands. Most soil TP is in an invalid state for plants, so TP concentration cannot indicate soil
phosphorus supply. However, it is generally believed that applying phosphorus fertilizer
promotes plant growth when TP is below 0.8-1 g-kg~! [24]. The figure shows that most
areas in the watershed have TP below 0.65 g-kg !, so phosphorus fertilization should be
emphasized during soil erosion control to promote plant growth.

0 05 1 2 3 4
- e s Kilometers

Figure 8. The spatial distribution of TP in the Zhuxi watershed.

3.3.5. Spatial Distribution of AP

Figure 9 shows that AP distribution is irregular, generally decreasing from west to
east. The downstream western area has high AP concentration, with areas near the town
exceeding 20 mg-kg !, indicating a certain “urban effect” on AP. In the upstream area, in
high-altitude and steep-slope regions, AP concentration was mostly below 10 mg-kg~!, sug-
gesting that AP may also be affected by topography. Soil AP refers to the part of phosphorus
available to plants in the short term, being the most comprehensive indicator reflecting soil
phosphorus supply. It depends on soil reactions, total phosphorus concentration, organic
matter concentration, particle composition, and other factors. From an environmental safety
perspective, soil AP levels reaching 20 mg-kg ! are in a significantly enriched state [25].
The AP distribution in the study area showed that phosphorus fertilization in downstream
farmlands has become wasteful and may even cause environmental pollution. Overall,
AP concentration was greatly affected by human fertilization, and the study area’s AP
concentration has basically reached a medium level. The lack of TP and enrichment of AP
indicate that phosphorus fertilization during watershed management has not been well
converted and stored in the soil but is wasted due to irrational application. Therefore, how
to apply phosphorus fertilizer according to local conditions requires more attention.
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Figure 9. The spatial distribution of AP in the Zhuxi watershed.

3.4. Relationship Between Soil Erosion and Soil Nutrients

The Kendall correlation analysis results between watershed soil erosion grades and soil
nutrient indices are shown in Table 7. Soil erosion grade shows significant associations with
various soil nutrients. Specifically, soil erosion grade exhibits a highly significant negative
correlation (p < 0.01) with OM, TN, and AN, with correlation coefficients of —0.292, —0.369,
and —0.412, respectively. Field surveys also found that carbon and nitrogen were the
main causes of soil degradation, consistent with Sun Bo’s [20] research in red soil areas. In
contrast, there is a highly significant positive correlation between soil erosion grade and AP
(r=0.259, p < 0.01), suggesting that the AP may increase with the intensification of erosion,
a phenomenon that may be related to the migration and accumulation characteristics of
phosphorus during the erosion process. Among the soil nutrients themselves, there are
also notable correlation patterns. For instance, there is a very strong positive correlation
between TN and AN (r = 0.855, p < 0.01), reflecting a close intrinsic link between them.
Additionally, TP and AP show a highly significant positive correlation (r = 0.757, p < 0.01),
indicating that the AP is largely dependent on the total phosphorus level in the soil. OM is
significantly positively correlated with both TN and AN (r = 0.782 and 0.796, respectively,
p < 0.01), which may be attributed to the important role of OMr in nitrogen retention and
supply in the soil system. During soil erosion control, effective utilization of carbon and
nitrogen nutrients must be emphasized to ensure vegetation growth.

Table 7. Correlation coefficients of soil erosion grade and soil nutrients.

Soil Erosion Grade oM TN AN TP AP
Soil erosion 1 —0.292 ** ~0.369 ** —0.412 ** 0.042 0.259 **
grade

oM 1 0.782 ** 0.796 ** 0.315 ** 0.149 *

TN 1 0.855 ** 0.433 ** 0.216 **

AN 1 0.389 ** 0.163 *

TP 1 0.757 **

AP 1

Note: ** means significant correlation at 0.01 level, * means significant correlation at 0.05 level.
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4. Conclusions

The nutrient distribution patterns revealed in this study can provide specific guidance
for ecological restoration in the Zhuxi watershed: (1) in the northeastern and downstream
areas, the existing vegetation coverage should be maintained, and disturbances should
be reduced to protect regions with high OM and AN; (2) in the midstream areas with
severe erosion, vegetation restoration (such as planting nitrogen-fixing plants) is needed to
increase carbon and nitrogen storage; (3) in the downstream farmland, phosphorus fertilizer
application strategies should be optimized to avoid pollution risks caused by excessive
AP. Compared with the early study on this watershed, the current concentrations of OM
and AN have increased significantly, indicating that ecological restoration measures have
achieved initial results. However, TN and TP are still at low levels, requiring long-term
monitoring and improvement.

While the number of sampling points in the watershed is sufficient to reflect the overall
trends, it may underestimate nutrient variations at the microscale (<100 m). Additionally,
this study did not include analyses of soil pH and potassium concentration, which limits
the comprehensive evaluation of soil fertility. Specifically, soil pH indirectly influences
the cycling of nutrients such as carbon, nitrogen, and phosphorus by regulating nutri-
ent transformation (e.g., changes in chemical forms) and microbial activity. Meanwhile,
available potassium—an essential nutrient for crop growth—may provide supplemen-
tary insights into red soil fertility evaluation through its associations with soil erosion
and ecological restoration measures. These factors should therefore be incorporated in
subsequent research.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nitrogen6030077/s1, Figure S1: The semivariogram plots of soil nutrient in
the Zhuxi watershed: (a) OM, (b) TN, (c) AN, (d) TP, (e) AP; Table S1: The intensity grade index of soil
erosion; Folder S1: point118.
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