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Abstract: The Yellow River Delta wetlands in the Yellow River Delta National Nature Reserve are
facing serious degradation due to water scarcity and soil salinization. This study aims to investigate
the mechanism of wetland degradation by analyzing the small-scale distribution of soil nutrients
and preferential flow transport patterns in the Robinia Pseudoacacia community, which is a typical
vegetation community in degraded wetlands. Soil physical and chemical properties based on field
staining experiments were analyzed, and indoor solute penetration experiments were conducted to
investigate the distribution of soil nutrients and hydrological characteristics. The results showed
that the contents of soil organic carbon, organic matter, total nitrogen, and available phosphorus
decreased with increasing soil depth, with higher contents in the preferential flow area than in the
matrix flow area. Soil organic carbon, organic matter, total nitrogen, total phosphorus, and available
phosphorus showed positive correlations with each other, while soil pH and conductivity exhibited
negative correlations with the above nutrients. The efflux rate of the Acacia community exhibited
a gradual decline as soil depth increased, and the relative concentration of the solution exhibited a
non-monotonic pattern of decrease, increase, and subsequent decrease with increasing soil depth. The
findings could provide valuable guidance for the restoration and management of degraded wetlands
in the Yellow River Delta.

Keywords: wetland degradation; preferential flow; penetration experiment; nutrient patterns; Yellow
River Delta

1. Introduction

The Yellow River Delta, situated in Dongying City, Shandong Province, is a unique
wetland ecosystem characterized by the confluence of the Yellow River sediment and
tidal water. It is also an important stopover for migratory birds. In recent years, human
activities such as port construction, aquaculture development, salt manufacturing, farmland
reclamation, and oil field construction have intensified in the coastal area of the Yellow River
Delta [1], leading to a reduction in freshwater resources and degradation of the ecosystem.
This has resulted in shoreline erosion, forest degradation, and other environmental and
ecological problems, and has threatened the ecological security of the soil in the Yellow
River Delta [2-4]. Based on the need for wetland restoration, many scholars have studied
the hydrological connectivity characteristics of the Yellow River Delta from larger scales [5],
but small-scale hydrological effects tend to constrain large-scale hydrological connectivity.
Current studies of soil preferential flow in the Yellow River Delta region have paid little
attention to soil nutrient transport and distribution.

The discovery of the preferential flow phenomenon represents a significant shift in the
field of water and solute transport studies, moving away from a focus on homogeneous
transport towards a recognition of the inhomogeneous nature of such processes [6,7].
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Preferential flow represents an imbalanced movement of water through soil, influenced by
a range of factors, including soil texture and structure, macroporosity, water repellency, bulk
density, organic matter content, the presence of vegetation roots, gravel, the rate of solute
application, irrigation practices, tillage regimes, and the impact of wet-dry and freeze-thaw
cycles [8-14]. Three main types of preferential flow can be identified: macropore flow,
funnel flow, and finger flow [15]. These different types of flow exhibit distinct characteristics,
including encircling behavior, instability, imbalanced transport, rapid transport speeds,
and trailing penetration curves [16,17].

In recent research, soil column penetration experiments have emerged as a prevalent
approach for investigating small-scale preferential flow in soils [18]. Such experiments
are typically performed on either in-situ columns taken from the study site or artificially
constructed columns featuring large pores. Tracer substances are applied to the surface
of the columns, either through the simulation of rainfall or through the manipulation of
the water head in a marsupium, and the concentration and volume of the effluent are
monitored at predetermined intervals. The resulting penetration curves and process lines
are then analyzed to gain insight into the transport of solutes through the soil [19].

A number of studies have used this approach to compare the solute penetration charac-
teristics of different soil types, through the use of artificial macroporous
columns [20,21]. In other studies, the penetration curves of both in-situ and remodeled soil
columns have been compared to provide evidence for the existence of preferential flow in
soils [22]. These studies demonstrate the usefulness of soil column penetration experiments
in furthering our understanding of the complex and inhomogeneous processes of water
and solute transport in soils. Another study indicates that the degradation of wetlands
leads to a gradual increase in soil temperature and bulk density, and a corresponding
decrease in soil conductivity and moisture content. Furthermore, changes in soil physical
properties were accompanied by differences in soil nutrient contents at various stages of
wetland degradation [23].

Research on soil nutrients is particularly important in the restoration of degraded
wetlands. An analysis of degraded wetlands in the Lake Taihu area using a spatiotemporal
intergenerational approach revealed further insights into the impact of wetland restora-
tion on soil properties [24-26]. As the restoration process progressed and vegetation was
restored, an increase was observed in soil organic carbon, total nitrogen, alkaline decompo-
sition nitrogen, and soil porosity, with the number of restoration years serving as a positive
predictor of these changes. Conversely, soil dry capacity and pH were found to decrease
over the course of the restoration process. These findings highlight the importance of
considering multiple soil parameters in the evaluation of wetland restoration efforts and
demonstrate the utility of the spatiotemporal intergenerational method in understanding
the dynamics of soil properties in degraded wetlands.

The present study aims to understand the preferential flow transport pattern of de-
graded acacia communities and the distribution of nutrients in degraded soils in the Yellow
River Delta. The goal of this research is to investigate the relationship between preferential
flow and nutrient distribution, to provide theoretical guidance for the protection of the
regional ecological environment. By offering theoretical guidance and technical support for
the effective management of regional water resources and ecological protection, this study
seeks to contribute to the preservation of the valuable wetland ecosystem of the Yellow
River Delta.

2. Materials and Methods
2.1. Study Area

The present study is conducted in the Yellow River Delta National Nature Reserve
situated in Dongying City, Shandong Province, China (Figure 1), with a geographical extent
that spans between 37°35’' N to 38°12' N and 118°33’ E to 119°20’ E. The National Nature
Reserve is divided into three geomorphological zones, namely onshore, tidal, and subtidal.
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The soil types in the area are dominated by tidal soils and salt soils, which are primarily
composed of alluvium derived from the Yellow River.
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Figure 1. Experiment area.

The climate in the study area is characterized by a warm-temperate continental mon-
soon pattern with pronounced seasonal variations and marked inter-annual variability in
precipitation. The vegetation in the Reserve primarily comprises deciduous broad-leaved
forests, marsh vegetation, and salt vegetation. Among these, the artificial acacia forest,
located on the east side of the thousand two, Dawenliu Nature Reserve, and the old Yellow
River Road, is the largest in China. The average age of the acacia forest in the Yellow River
mouth management station is over 20 years, while that on the east side of the Yellow River
Road is 20 years. These forests are primarily located in newly formed silt lands resulting
from the Yellow River flooding diversions and are situated at an altitude of 2-3 m. The soil
in these areas is fertile, with a salt content of less than 0.3%.

2.2. Field Experiment

The present study was conducted in the acacia community within the Yellow River
Delta National Nature Reserve, located in Dongying City, Shandong Province, China
(latitude and longitude: 37°48'00” N, 119°00'45” E, elevation 4.0 m). Three plots (CH1,
CH2, and CH3) were randomly selected, spaced more than 3 km apart from each other,
within the community. These plots were chosen based on the criteria of flat terrain and the
presence of wetland patches without standing water throughout the year. In the process
of weed removal, the soil surface was minimally disturbed, and a square quadrat with
an area of 1.2 m x 1.2 m was set up with the sample tree as the center. Additionally, no
precipitation was recorded in the week prior to the experimental study.

2.3. Soil Column Breakthrough Experiment

The present study aimed to examine the solute penetration characteristics in various
vegetation communities within the Yellow River Delta National Nature Reserve in Dongy-
ing City, Shandong Province, China. To accomplish this objective, soil vertical profiles were
excavated, and in situ soil columns were collected at four different depths (0-10, 10-20,
20-40, and 40-60 cm), repeated sampling per layer.
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The solute penetration experiments were carried out using Brilliant Blue solution at a
concentration of 1 g/L [27]. The experiments were performed under controlled conditions
with a constant water head of 1 cm. The test was terminated and data were recorded
and analyzed once the first drop of solution had exited the column. Subsequently, the
concentration of the effluent was measured using a UV spectrophotometer at a wavelength
of 627 nm.

2.4. Outflow Fluid-Related Parameters

The monitoring of the outflow index included various parameters such as the initial
penetration time, the relative concentration of the outflow solution, the outflow rate, and
the cumulative volume of the outflowing solution. The initial penetration time was defined
as the elapsed time from the initiation of the titration experiment to the emergence of the
first drop of effluent, expressed in minutes. The relative concentration of the outflowing
solution, expressed as a dimensionless value, was calculated as the ratio of the effluent
concentration to the initial concentration of the infiltrating solution. The initial concen-
tration of the Brilliant Blue infiltrating solution was 1 g/L, and the relative concentration
of the solution (C/C0) was calculated as the ratio of the effluent concentration (C) to the
initial concentration (C0), so the outflow liquid concentration value is the relative outflow
liquid concentration. The outflow rate was calculated as the volume of outflowing liquid
per unit time, expressed in milliliters per minute, and was determined using the equation:
V = Q/t, where Q represents the volume of outflow in time t, expressed in milliliters, and t
represents the penetration time, expressed in minutes. The cumulative outflow volume
was determined by summing the outflow volumes over the duration of the experiment.

2.5. Soil Physical and Chemical Determination

Soil samples were collected from various depths (0-10, 10-20, 20-40 cm, and
40-60 cm) around the quadrat and immediately sealed to preserve their characteristics.
These samples were then transported to the laboratory for further analysis of their physical
and chemical properties.

The bright blue solution was used as the staining tracer, with a concentration of
4 g/L and a volume of 50 L. The solution was applied evenly to the surface of the sample
using a manual spray bottle. After the application of the Brilliant Blue staining tracer
was completed, the sample was covered with plastic film to reduce rainfall washing or
evaporation from the surface.

After 24 h of bright blue staining solution application, the middle part of the sample
plot, 1.0 m x 1.0 m (length and width), was selected as the study sampling area to eliminate
boundary effects. Sampling was carried out in the vertical profile, in the preferential flow
zone and the matrix flow zone (the stained area was considered as the preferential flow
area and the unstained area as the matrix flow area), respectively, using a standard ring
knife (100 cm®) with a soil depth gradient of 10 cm, with three replicates of each soil layer
in the stained and unstained zones, and the soil samples taken in both zones were placed in
a refrigerator at 4 °C to await sample analysis. The measurement of relevant indicators was
conducted in accordance with the methodology described by Vogt et al. [28] to guarantee
accuracy in the results.

3. Results
3.1. Outflow Rate and the First Penetration Time Variation

Figure 2 indicates the outflow rates of soil columns at different soil depths in acacia
communities. (a) For soil depths 0-10 cm, the first penetration time (time from the start
of the titration to the first drop of solution) of CHal was 1'10.9” and 1'17.3", the first
penetration time of CHa2 was 1'23.8” and 1'55.9”, and the first penetration time of CHa3
solution was 1'16.2"” and 2'6.1”. The average value of the first penetration time of CHal,
CHa2, and CHa3 solutions at 0-10 cm soil depth was 92, which means the solution
penetrates the soil column in a short time, and there was no significant difference (p > 0.05)
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in the first penetration times of the three groups. (b) Soil depth 10-20 cm, the penetration
time of the three groups ranged from 3'54.4"” to 4 h 46", The first penetration time of CHal
solution was 11'54.5"12/58.9”, 13/21.1”, and 19'50.9”, the first penetration time of CHa2
solution was 7/2.910'22",28'7.9"”, and 4 h 46", the first penetration time of CHa3 solution
was 3'54.4”,4/36.1”,5'39",7'43.9" and 10’12, the time was longer than that of 0-10 cm
depth, and the penetration time of CHa3 solution was lower than that of CHal and CHa2.
However, there were significant differences (p < 0.05) in solution penetration times for
different in situ soil columns at the same soil depth, for example, CHa2 penetration time
for one in situ soil column was much higher (4 h) than other soil columns. (c) At soil
depths of 2040 cm, penetration times for three groups ranged from 2'57.1” to 37'33.5”, the
first penetration times of CHal solution were 4'3.8”,8/32.2"”,9'5.2",10'43.9”, 28'41.1”, and
37'33.5", the first penetration times of CHa2 solution were 4181” and 4800”, and the first
penetration times of CHa3 solution were 2'57.1”, 4'27.2",5'36.7", 6/16.1", 6/16.1" and 6'23" .
There are differences in the penetration effect of different in situ soil column solutions at
the same site and soil depth, for example, CHal. The first penetration time of the CHa2
solution was significantly higher than that of CHal and CHa3, and the flow rate was zero
for a long time in CHa2 soils at 20-40 cm depth, the solution was retained in the soil layer.
(d) At soil depths of 40-60 cm, the penetration times of the three groups ranged from 224"
to 3h 1'15.3”, CHal solution penetration times were 11'51.9”, 13/23.8", 18/21.6”, 18'36.4"
and 26/52.6”, and CHa2 solution penetration times were 34'34.7”,50'43.2",1h 16'17.3",1h
16'22.6" and 3 h 1'15.3”, and CHa3 solution penetration times were 2'24", 3'56.1”, 4'34.3",
7'0.7" and 7'23". The first penetration times of CHal, CHa2, and CHa3 solutions were
significantly different (p < 0.05), and the penetration effect of different soil columns at the
same soil depth in the same place was different, for example, CHa2.

Figure 2. Variation of outflow rate of Robinia Pseudoacacia communities with time.

The outflow rate of soil depth 0-10 cm gradually decreases with the extension of
penetration time, and finally reaches the stable infiltration state with a larger stable outflow
rate. The steady outflow rates were significantly lower at soil depths of 10-20, 20—40, and
40-60 cm than at soil depths of 0-10 cm. In summary, the steady outflow rates of CHal,
CHa2, and CHa3 were less than 1 mL/min at soil depths of 10-20, 2040, and 40-60 cm. The
flow rate fluctuated with penetration time at different soil depths and showed instability.
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3.2. Characteristics of Outflow Fluid Concentration

Figure 3 represents the variation of effluent liquid phase pair concentration with
penetration time in the indoor in situ soil columns of acacia communities at different soil
depths. (a) At soil depths of 0-10 cm, the initial values of effluent phase pair concentrations
ranged from 0.40 to 0.50, and the final values of effluent phase pair concentrations were as
high as 0.90. The effluent phase pair concentrations of CHal, CHa2, and CHa3 showed a
trend of decreasing and then increasing (b) At soil depths of 10-20, 2040, and 40-60 cm, the
effluent phase pair concentrations of the three groups of samples varied significantly with
penetration time. (c) At soil depths of 10, 20, 2040, and 40-60 cm, there were significant
differences in the effluent phase pair concentrations of the three groups of samples with
the extension of penetration time. In summary, there was strong heterogeneity in the
relative concentrations of solution from different soil columns at the same soil depth with
penetration time in Robinia Pseudoacacacia communities.

Figure 3. Changes in the relative concentration of a solution of different soil depths with time.

3.3. Soil Nutrient Characteristics

Figure 4 and Table 1 show the soil organic carbon, organic matter, total nitrogen, and
available phosphorus content showed a decreasing trend with increasing soil depth, while
total phosphorus content was less variable.

Figure 5 and Table 2 show the soil organic carbon content, organic matter content, to-
tal nitrogen, and available phosphorus content in the preferential flow zone of the acacia
community at soil depth 040 cm were 6.958 £ 6.083, 11.995 £ 10.486, 0.710 £ 0.606 g/kg,
3430 + 1.037 mg/kg, respectively. The matrix flow areas were 4.280 £ 2.439,
7.378 £ 4.205, 0.453 £ 0.271 g/kg, and 2.600 = 0.298 mg/kg, respectively. Soil depth
0—40 cm total phosphorus content was 0.530 + 0.038 and 0.570 + 0.030 g/kg in the
preferential flow and matrix flow zones, respectively. Soil organic matter, organic car-
bon, total nitrogen, and available phosphorus gradually decreased with increasing soil
depth in the preferential flow area and the substrate flow area, and the content of several
components in the preferential flow area was higher than that in the matrix flow area.
There was no significant pattern of soil total phosphorus content with increasing soil
depth in the preferential flow and matrix flow zones. There was no significant difference
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(p = 0.38 > 0.05) between the total phosphorus content of soils in the preferential flow area
and the matrix flow area, and they were uniformly distributed.
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Figure 4. Changes of soil nutrients properties ((a) means soil organic carbon, soil organic matter,
(b) means total soil nitrogen, total soil phosphorus, (¢) means soil available phosphorus) with
soil depth.

Table 1. Soil physical-chemical properties in Acacia Communities.

Soil Depth
Physicochemical Properties
0-10 cm 10-20 cm 20-40 cm 40-60 cm
Mass water content 0.269 £ 0.046 0.226 £+ 0.015 0.245 £+ 0.007 0.215 £ 0.011
Bulk density(g/ cm?) 0.912 4+ 0.094 1.304 £ 0.052 1.384 £+ 0.002 1.427 + 0.177
Total porosity/% 0.568 £+ 0.031 0.480 £ 0.014 0.489 £+ 0.000 0.459 £ 0.040
Capillary porosity/% 0.508 + 0.064 0.463 £+ 0.004 0.478 + 0.005 0.444 4+ 0.021

Maximum moisture capacity /% 0.631 & 0.097 0.369 & 0.026 0.353 4 0.000 0.326 & 0.068
Capillary moisture capacity/% 0.492 + 0.035 0.352 £ 0.026 0.344 £ 0.003 0.317 £ 0.067
Minimum moisture capacity /% 0.438 £ 0.037 0.335 £ 0.027 0.334 £ 0.002 0.311 & 0.064

Soil water storage/mm 0.026 £ 0.002 0.031 £ 0.003 0.035 + 0.001 0.032 4 0.002
Organic carbon/(g/kg) 12.204 4 5.374 2.929 4 0.292 2.237 £0.729 1.561 £ 0.411
Organic matter/(g/kg) 21.039 £ 9.265 5.050 £ 0.503 3.857 £ 1.257 2.692 £ 0.709
Total nitrogen/(g/kg) 1.345 £ 0.631 0.358 £ 0.043 0.270 £ 0.094 0.183 & 0.039
Total phosphorus/(g/kg) 0.614 £ 0.033 0.569 £ 0.055 0.538 4= 0.045 0.518 & 0.038
Available phosphorus/(mg/kg) 3.927 +£1.933 2.398 4 1.031 1.792 £0.111 1.655 £ 0.231
Conductivity /(uS/cm) 114.2 £26.8 1455 £ 111.3 209.1 +£71.9 387.0 £ 1254
pH 8.960 £ 0.053 9.063 & 0.246 9.137 £0.170 8.983 £ 0.304
— g_”:' 20 gf:.l
zg,; 3w
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Figure 5. Variation of soil nutrients with depth in preferential flow and matrix flow zones.
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Table 2. Content of soil nutrients in different areas.
Soil Nutrient Organic Organic Total Total Available
Indexes Carbon Matter Nitrogen Phosphorus Phosphorus

Preferential flow area  6.96 £ 6.08*  12.00 +10.49* 071 £0.61* 0.530 £ 0.038  3.430 + 1.037 **
Matrix flow area 428 +£244* 737 +£42* 0.45+0.27*  0.570 + 0.030 2.60 £ 0.30 **

* Means p < 0.05, ** means p < 0.01.

4. Discussion
4.1. Preferential Flow Types and Characteristics

The morphology of preferential flow can be broadly classified into three categories:
macropore flow, funnel flow, and finger flow [15]. Judging from the conditions of occurrence
of preferential flow, there is a stratified difference in the structure of the soil where finger
flow occurs, showing that the upper layer is loose and the lower layer is compact. The
soil bulk density in acacia forests exhibits a positive correlation with increasing soil depth,
whereas the porosity exhibits the opposite trend as shown in Figure 6. This suggests
soil profiles show differences in layer differentiation with a relative homogeneity, which
highlights finger flow as the dominant type of preferential flow triggered by unstable
wetting fronts [29]. Judging from the staining shape, the finger flow usually appears as
“tongue” and “finger” in the soil profile as shown in Figure 7. The uneven distribution of
capillary force and surface tension leads to the instability of the wetting front, resulting
in the rapid transport of water or solutes through a smaller pathway. This transport
mechanism allows for a large volume of water flow and the quick dispersion of soluble
substances to deeper soils and groundwater.
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Figure 6. Changes in soil bulk density (a) and soil porosity (b) with soil depth.
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The occurrence of finger flow results in a portion of the finger flow pathway trans-
porting a large volume of water flow in a non-uniform, downward direction. Instead, it
presents a “tongue” or “finger” infiltration phenomenon around the majority of the soil
matrix [30,31]. The fast infiltration rate associated with finger flow can pose a risk to water
redistribution and groundwater pollution [32]. This is linked to the fact that the root system
of the acacia community is primarily distributed at this depth, along with a thicker layer of
dead sediment and humus on the surface, which forms pores in conjunction with the root
pore channels created by the physical action of the root system. This forms a network of
interconnected pores and increases the preferential flow pathway. Additionally, the litter
layer serves to reduce raindrop erosion, preserve the soil surface structure, and enhance
soil hydraulic conductivity, thereby facilitating the rapid transport of water and solutes.
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Figure 7. Soil dye profile of Robinia Pseudoacacia community in the study site.

We found in the soil column penetration experiment that the first penetration time of
CHa3 solution in different soil depths did not differ significantly, all of them were below 10,
and the soil texture was more uniform; however, the penetration time of CHa2 solution in
different soil depths differed significantly, and the penetration time fluctuated the most, and
the penetration time of CHa2 solution in the same soil depth difference differed significantly,
which was due to the soil texture caused by strong heterogeneity in the three sample sites
CH1, CH2, and CH3. Compared with CHa2, the difference in infiltration time of CHal
solution at different soil depths is smaller, but the difference in infiltration time of CHal
solution at different soil depths is obvious, and the infiltration time at 10-20 and 40-60 cm
soil depths is consistent, and the infiltration time at this depth is greater than that at 0-10
and 2040 cm soil depths, indicating that the phenomenon of preferential flow at 0-10 cm
soil depth. The stable outflow rate of acacia communities in the original soil column at soil
depth 0-10 cm is significantly higher than other soil depths, which is because the soil depth
0-10 cm of acacia communities has the smallest soil bulk density and loose soil, while the
total porosity, large porosity, water holding capacity, aeration, and drainage capacity are
the highest. Meanwhile, 0-10 cm is the main distribution range of vegetation roots, and the
root system and soil contact with soil to form pore space and enrich the preferential flow
path, this depth has a better inflow effect.

The temporal pattern of declining and then increasing relative concentration of the
solution in the 0-10 cm soil depth within acacia communities is a result of the interplay
between preferential flow and soil matrix flow. At the early stage of solution application, the
presence of preferential flow leads to a relatively low concentration of outflow solution. As
time progresses, the preferential flow effect decreases and fine soil particles gradually fill the
preferential flow paths, leading to the establishment of a more extensive lateral and vertical
pore network. This increased permeability facilitates the transport of solution through
the soil matrix, resulting in a gradual dominance of soil matrix flow and a corresponding
increase in the relative concentration of solution over time.

Contrarily, the change in the relative concentration of solution over time at other soil
depths within the acacia communities was not substantial. A portion of the in situ soil
column outflow relative concentration was found to be zero, likely due to adsorption by
soil particles. The remaining portion showed a slightly increasing trend over time, but the
magnitude of this increase was modest.

4.2. Soil Nutrient Distribution in the Preferential Flow and Matrix Flow Zones

The vertical distribution of soil nutrients in acacia communities revealed a marked
“surface enrichment” phenomenon [33,34], attributed to the decomposition of abundant
surface litter, elevated soil microbial activity, and the robust degradation of vegetation litter,
as well as to the inter-root symbiotic acquisition of nutrients by acacia.
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The vertical distribution analysis of soil nutrients in acacia communities revealed that
the values of soil organic carbon, organic matter, total nitrogen, total phosphorus, and other
soil nutrient contents in the preferential flow areas were significantly higher than those
in the substrate flow areas. Based on root observations in the preferential flow area and
matrix flow area during our field sampling, this difference is most likely due to the higher
root content observed in preferential flow areas compared to substrate flow areas. A higher
root density leads to an increased release of organic compounds (root exudates) in the root
zone, thereby affecting the availability of soil nutrients in the inter-root zone [34,35]. As a
result, the preferential flow areas exhibit a higher concentration of soil nutrients compared
to the matrix flow areas. Additionally, preferential water flow in the soil carries materials,
including nutrients, along a well-defined path, leading to a buildup of nutrients in the
preferential flow area, as the flow may become stagnant in some parts of the path.

As shown in Figure 8, Soil organic carbon, organic matter, total nitrogen, total phos-
phorus, and available phosphorus were significantly positively correlated, and soil organic
carbon and organic matter were extremely strongly correlated with soil total nitrogen,
which indicates that the combined form of nitrogen and organic matter accounts for the
vast majority of the soil. The correlation between soil pH, electrical conductivity and soil
organic carbon, organic matter, total nitrogen, total phosphorus, and available phosphorus
were negatively correlated. The correlations of soil organic carbon, organic matter, total
nitrogen, total phosphorus, and available phosphorus were significantly higher in the
preferential flow area than in the substrate flow area.
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Figure 8. Relation between soil properties in preferential flow area and matrix flow area.

5. Conclusions

In the context of preferential flow transport of indoor solute penetration, the analysis
of soil nutrient distribution and dynamic changes in acacia communities reveals significant
heterogeneity. The highest stable outflow rate was observed in the soil layer at 0-10 cm
depth, while the lowest was recorded in the soil layer at 40-60 cm depth. The relative
concentration of the outflow from the soil at 0-10 cm depth displayed a fluctuating pattern,
initially decreasing and then increasing over time.

In terms of soil nutrient content, higher concentrations of soil organic carbon, organic
matter, total nitrogen, and available phosphorus were observed in the preferential flow
area, compared to the matrix flow area. The variations in soil total phosphorus content
were minimal with increasing soil depth, and no significant differences were observed
between the preferential flow and substrate flow areas.

Additionally, positive correlations were observed between soil organic carbon, organic
matter, total nitrogen, total phosphorus, and available phosphorus, while negative correla-
tions were found between soil pH and conductivity with soil organic carbon, organic matter,
total nitrogen, total phosphorus, and available phosphorus. A positive correlation was also
noted between soil pH and conductivity, with a higher correlation in the preferential flow
area than in the substrate flow area.

To address soil degradation in the Yellow River Delta, efforts can be made to improve
soil nutrients through artificial supplementation with organic matter such as peat and
biochar, optimization of irrigation methods, and promotion of preferential flow. This, in
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turn, will mitigate soil salinization and promote the restoration of wetlands, ultimately
leading to the sustainable development of the wetland ecosystem.
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