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Abstract: Not enough research has been conducted on the mechanisms influencing the stability of
soil aggregates in coastal saline—alkaline soil and the dynamic changes in aggregates in the succession
process of coastal saline-alkaline soil brought on by longer planting times. In this study, soil aggregate
composition, stability, and influencing factors of 0—20 cm, 20-40 cm, and 40-60 cm soil layers in
different planting time stages were analyzed in the reclaimed land at the initial stage of afforestation
and the Taxodium hybrid ‘Zhongshanshan’ plantation with planting times of 6, 10, 17, and 21 years.
The results show that, with the increase in planting time, the aggregate stability of the plantation
increased significantly. In the 0-20 cm soil layer, the geometric mean diameter (GMD) and aggregate
size >0.25 mm (R 25) increased by 81.15% and 89.80%, respectively, when the planting time was
21 years, compared with the reclaimed land. The structural equation (SEM) showed that planting
time had a direct positive effect (path coefficient 0.315) on aggregate stability. However, soil sucrase
(0.407) and B-glucosidase (0.229) indirectly improved the stability of aggregates by affecting soil
organic carbon. In summary, the establishment of Taxodium hybrid ‘Zhongshanshan’ plants on coastal
saline—alkali land is beneficial for stabilizing soil aggregates, improving soil structure, and boosting
soil quality. Long-term planting of Taxodium hybrid ‘Zhongshanshan’ can be an effective measure for
ecological restoration in this region.

Keywords: planting time; coastal saline-alkali land; stability of soil aggregates; Taxodium hybrid
‘Zhongshanshan’; soil enzyme activity

1. Introduction

Excessive sodium and other salt ions in the coastal saline-alkali land cause soil bind-
ing agents to disperse and colloidal ion composition to change, which in turn causes soil
aggregates to disintegrate, soil structure to deteriorate, soil quality to decline, and vegetation
coverage to decrease [1,2]. In the context of global warming, saline-alkali land is an important
potential reserve land resource, and the construction of forestry ecological engineering based
on tree planting is very important for the restoration of vegetation in saline-alkali land,
improving soil quality, increasing soil carbon storage, improving the ecosystem, and helping
to realize the “double carbon target”. Improving saline-alkaline land through plant planting
is a crucial step [3]. Studies have shown that phytoremediation can significantly reduce
soil salt content and improve soil physicochemical properties [4,5]. Soil properties have a
critical impact on ecosystem restoration [6]. One of the key indicators to assess the quality
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of the soil is aggregate stability. Soil aggregate is the fundamental building block of soil
structure and a significant component of soil [7,8]. Thus, changes in aggregate stability can
be used to infer changes in soil quality, and soil aggregates themselves can be employed as a
critical indication of ecosystem restoration [9,10]. Enzyme activity, aggregate structure, and
physical and chemical characteristics of soil react quickly to variations in the surrounding
environment during the establishment of forestry ecosystems [11]. When ecosystems are
restored, there is typically a gradual rise in soil organic matter as well as a rise in biological
variety and populations, which influences aggregate changes [12]. To improve soil quality, it
is crucial to investigate how plantation aggregate changes at different planting dates.

One of the key elements of plantation ecosystems is planting time, which can have an
impact on the stability and composition of soil aggregates by affecting the decomposition
of litter [13], carbon storage and flux [14], microbial activity and community character [15],
and other factors. According to earlier research, when vegetation is restored in regions
affected by soil erosion, the porosity of the soil aggregate is greatly increased, and the
aggregate structure is clearly stable [16]. The stability of soil aggregates gradually rose as
the number of restoration years increased, as did the macroaggregates [17]. Soil aggregates
were significantly impacted by restoration duration and soil depth during the process
of vegetation restoration, and following vegetation restoration, soil’s ability to sequester
carbon was increased [18]. In karst regions, reforestation greatly enhances the conservation
of soil organic carbon by fostering the development of soil macroaggregates [19]. Organic
carbon can also encase itself by promoting the formation of aggregates, forming a physical
barrier that reduces its decomposition by soil enzymes [20]. Soil aggregates and organic
carbon have a strong link. Organic carbon participates in the formation of aggregates
through organic and inorganic cementation, and the development and formation of aggre-
gates is also an important mechanism of organic carbon fixation. Soil enzymes affect the
transformation and accumulation of organic matter and the decomposition of humus in
soil, and then cause the change in aggregates [21,22]. Thus, it is worthwhile to investigate
the connection between enzyme activity and soil aggregate stability.

However, previous studies on aggregates have focused more on the organic carbon
and nitrogen content of aggregates [23], the effects of agricultural practices [24,25], the
effects of organic fertilizer application [26], the effects of different land uses [20,27], the
relationship with microbial diversity [28], the effects of adding biological carbon [29-31], etc.
Few research has been conducted on how the timing of planting affects aggregate stability.
Studies on the stability of aggregates mainly focus on the tropical and subtropical secondary
forest in Parana [32], the subtropical red soil region in South China [33], the degraded
grassland region in Hebei Province [34], and the black soil region in Northeast China [35].
However, studies on the coastal saline—alkali land are very rare. Considering that Taxodium
hybrid ‘Zhongshanshan’ has excellent characteristics of flood resistance, waterlogging
tolerance [36], and salt tolerance [37], and can actively improve soil properties and soil
quality [38], it is suitable for afforestation in saline-alkali coastal land. So, the goal of this
study was to examine the stability and composition of soil aggregates under Taxodium
hybrid ‘Zhongshanshan’ at different planting times in coastal saline-alkali land, analyze
the relationship between environmental factors, enzyme activity, and aggregate stability,
and identify the mechanisms that influence soil aggregate stability.

Based on previous studies, we put forward the following hypotheses: (1) the construc-
tion of Taxodium hybrid ‘Zhongshanshan’ plantations can reduce the effect of salinization
in the soil; (2) soil enzyme activity indirectly affects the stability of aggregates; and (3) the
stability of soil aggregates in coastal saline-alkali land increase with the increase in plant-
ing time.

2. Materials and Methods

2.1. General Situation of the Study Area and Plot Setting

At the intersection of the North Subtropical Zone and the Warm Temperate Zone,
Yancheng City, Jiangsu Province, China’s Dafeng District (33°05' N, 120°49’ E) features an
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obvious monsoon environment, prevailing southeasterly and easterly winds in the spring,
high wind speeds, and frequent typhoons in the summer. The yearly average temperature
is 14.1 °C. The hottest month is July, with an average temperature of 27.0 °C, while January
is the coldest, with an average temperature of 0.8 °C. There is 1068.0 mm of yearly rainfall
and 1361.0 mm of annual evaporation on average. The study area is a silt beach formed
under the accumulation of sediment, which is a typical wetland of the Yellow Sea beach.
The soil type belongs to the coastal silt soil, where the proportion of silt is high, and the
soil fertility is low. The overall salt composition is mainly sulfate, and the original soil
conductivity is roughly 1600-5000 uS/cm [39].

The effect of planting time on soil aggregate was studied by using the method of space
for time. Based on our investigation, a sample plot survey method was adopted in April
2023. In Dafeng Forest Farm, Yancheng City, Jiangsu Province, China (Figure S1), the 6-, 10-,
17-, and 21-year Taxodium hybrid “Zhongshanshan’ artificial forest with a relatively high
proportion in this area was selected as the research object (hereinafter referred to as TZ,
TZ19, TZ17, and TZ;1), and the reclaimed land at the early stage of afforestation was selected
as the control group (hereinafter referred to as CK). Reclaimed land has evolved from tidal
flats. In the early stages of the development and utilization of tidal flats, it is necessary to
reduce groundwater through land preparation and ditching. The reclaimed land before
afforestation is usually contracted to local residents to grow soybeans, rapeseeds and other
crops. Three 20 m x 20 m fixed plots were randomly distributed for the four kinds of
Zhongshan fir forests and the reclamation land at the initial stage of afforestation, with a
total of 15 plots. These plots essentially had the same habitat conditions.

2.2. Soil Sample Collection

Among the 20 x 20 m standard quadrates, 3 small quadrates of 1 m x 1 m were
randomly selected according to an “S” shape. The undisturbed soil samples were collected
from the three soil layers of 0-20, 20—40, and 40-60 cm of each small quadrate in the form
of soil blocks. The fresh soil samples of the same soil layer collected from three different
quadrates in the same place were mixed evenly and immediately put into the foam box
with an ice pack. Following the removal of the stones and plant remnants in the laboratory,
some of the soil was immediately placed in a refrigerator set at —4 °C, while the remainder
was allowed to air dry for subsequent operations. At the same time, a soil profile of 1 m in
length, 0.5 m in width, and 1 m in depth was set in the center of each sample plot. Three
soil layers of 0-20, 2040, and 40-60 cm were selected from top to bottom with a ring knife
to collect undisturbed soil samples. A total of 90 soil samples were taken in the laboratory
for the following measurements.

2.3. Determination of Physical and Chemical Properties of Soil

The pH and conductivity of soil were measured using the potential method (ratio
of soil to water, 5:1). The exchangeable cations were determined via the sodium acetate
method, the exchangeable Na* content was determined using the ammonium acetate—
ammonium hydroxide method, and the alkalization degree was calculated using the ratio
of exchangeable Na* content to exchangeable cation content [40]. The determination of
soil moisture was performed by the drying method [41]. Soil bulk density, non-capillary
porosity, capillary porosity, total porosity, soil permeability, and drainage capacity were
measured by the ring knife method (V, 100 cm?) [41]. Soil organic carbon (SOC) was
determined by the external heating method with potassium dichromate [42]. Soil microbial
biomass carbon (MBC) was determined by chloroform fumigation extraction [43]. The
content of nitrate nitrogen was determined by ultraviolet colorimetry [44]. The content of
ammonium nitrogen was determined by indophenol blue colorimetry [44].

2.4. Soil Aggregate Classification and Stability Evaluation

(1) Classification of soil aggregate particle group samples: The international soil
particle classification standard was used to divide the soil aggregate particle group (the
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U.S. Department of Agriculture Soil particle Grading Standards roughly divided the soil
aggregate into 4 groups according to particle size, which were <0.053 mm, 0.053-0.25 mm,
0.25-2 mm, and >2 mm), separated and slightly modified according to Stemmer et al. [45].
A total of 50.0 g of fresh soil sample was weighed and placed in a beaker filled with
250 mL of distilled water (water-to-water ratio, 5:1). The solution was soaked overnight.
Ultrasonic dispersion was conducted with a probe-type ultrasonic generator (JYD-650,
Shanghai Zhixin Instrument Co., Ltd., Shanghai, China, 2001) at low energy (170 J/min)
for 5 min. The particle groups with 2000-200 um particle sizes were separated via the wet
sieve method, and then the particle groups with 200-20 um particle sizes were separated
by the sedimentation siphon method, and then the particle groups with 20-2 um and
<2 pum particle sizes were separated by the centrifugal method. After freeze-drying of the
obtained particle group sample, the particle group with 2000-200 um particle sizes was
passed through a 100-mesh sieve and set aside.

(2) The mean meight diameter (MWD) and geometric mean diameter (GMD) of soil
aggregates were calculated by Equations (1) and (2), respectively. The content of stable
aggregates >0.25 mm (Rg5) was calculated by Equation (3). The fractal dimension (D) is
obtained by taking the logarithm base 10 on both sides of Equation (4) to obtain Equation (5).
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where R; is the average diameter (mm) of water-stable aggregates of each particle size;
Wi; is the mass percentage (%) of water-stable aggregates of each particle grade. M5
is the mass of water-stable aggregates with particle size >0.25 mm; Mr is the total mass
of water-stable aggregates; M(,g;) is the mass of aggregates with particle size less than R;.
Rmax is the maximum particle size of aggregates.

2.5. Determination of Soil Enzyme Activity

According to German et al., the activities of soil peroxidase (POD) and polyphenol
oxidase (PHE) were analyzed [46]. Soil urease activity (URE) was determined by the
sodium phenol-sodium hypochlorite colorimetric method [47]. Soil sucrase activity (SUC)
was determined by 3, 5-dinitrosalicylic acid colorimetry with an absorbance of 508 nm [48].
Soil B—glucosidase activity (BG) was determined by fluorescence microplate analysis [49].

2.6. Data Analysis

The data were statistically analyzed using Excel 2021 software, and the results were
presented as mean = standard deviation. The variations in soil physicochemical parameters,
enzyme activities, and aggregate stability in various planting times and soil layers were
compared using one-way ANOVA (SPSS, version 26.0, Chicago, IL, USA). The effects of
planting time and soil depth on each indicator were investigated using a two-way ANOVA
(SPSS, version 26.0, Chicago, IL, USA). The impact of physicochemical characteristics on
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enzyme activity was investigated using Canoco5 (Microcomputer Power, Ithac, NY, USA)
redundancy analysis (RDA). Using the genescloud platform (https:/ /www.genescloud.cn),
Spearman correlation analysis was carried out on the soil aggregate stability, physicochem-
ical characteristics, and enzyme activity. A correlation calorific value map was created.
The structural equation model (SEM) linking physical and chemical characteristics of soil,
enzyme activity, and aggregate stability was created using IBM SPSS Amos 25 GrapH-
ics software (Amos, version 25.0, Chicago, IL, USA). Origin 2018 software was used for
drawing (Origin, 2018 version, Northampton, MA, USA).

3. Results
3.1. Physical and Chemical Properties of Soil

Planting time and soil depth significantly affected soil physicochemical properties
(Figures 1 and 2). The lengthening planting period brought about a notable rise in soil
bulk density (Figure 1e), whereas soil pH decreased (Figure 2b). Ammonium nitrogen,
nitrate nitrogen, and microbial biomass carbon all decreased first and then increased
(Figure 2d,e,g), and the soil organic carbon fluctuated (Figure 2f). Compared with the
three soil layers in group CK, the average conductivity and basicity of TZ,; decreased
significantly by 69.89% and 36.56%, respectively (Figure 2a,c). In the 0-20 cm soil layer,
ammonium nitrogen in TZ; increased by 53.97% (Figure 2d) compared to the CK group,
while microbial biomass carbon increased by 21.99% (Figure 2g). As the soil layer deepens,
nitrate nitrogen, soil organic carbon, and microbial biomass carbon showed a downward
trend (Figure 2e—g), while soil pH and basicity showed an upward trend (Figure 2b,c). The
basicity of TZ;; in the 40-60 cm soil layer increased by 398.33% compared with the 0-20 cm
soil layer (Figure 2c), and the soil organic carbon in TZ4 decreased by 84.19% (Figure 2f).
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Figure 1. Soil physical properties. (a): Capillary porosity; (b): Non capillary porosity; (c): Total
porosity; (d): Drainage capacity; (e): Soil bulk density; (f): Moisture content; (g): Soil aeration.
Although distinct capital letters signify notable differences between soil layers at the same planting
time, distinct lowercase letters suggest notable variations between planting intervals within the same
soil layer (p < 0.05). pt represents planting time, pq represents soil depth, ***: p < 0.001, **: p < 0.01,
*: p < 0.05, and NS indicates no significant difference. CK: reclaimed land, TZ4: planting time of
6 years, TZ1o: planting time of 10 years, TZyy: planting time of 17 years, TZ;: planting time of
21 years.


https://www.genescloud.cn

Forests 2024, 15, 1376

6 of 17

13
’EQOU (a) Pi*** pgNS p NS 2 (b) PiNS p*** pugNS 80+(c) Pe*® Pt pg®
5 800 s 2 70l
= < 0
w700 2 = =
< | 2 60 < o
=600 T 2332 T 2 <, %
2500 =
= 400 % X
= L
Sa00 ., . =
2 200} < 22 i
8 100
0
0-20cm  20-40cm  40-60cm 0-20cm  20-40cm  40-60cm 0-20cm  20-40cm  40-60cm
24 14
21(€) PE*** P Progt** (D Pt HE Pt ® Pttt
<

20-40¢cm

40-60cm

0-20cm

20-40cm  40-60cm 0-20ecm  20-40cm  40-60cm

MBC(mg/kg)
— 8 [

0-20em

20-40cm  40-60cm

Pe* pa*** pegNS

: B cx

1z,
12,
Bz,
B,

Figure 2. Soil chemical properties. (a): Conductivity; (b): Soil pH; (c): Basicity; (d): Ammonium
nitrogen; (e): nitrate nitrogen; (f): Soil organic carbon; (g): Microbial biomass carbon. Although

distinct capital letters signify notable differences between soil layers at the same planting time, distinct
lowercase letters suggest notable variations between planting intervals within the same soil layer
(p < 0.05). pt represents planting time, pq represents soil depth, ***: p < 0.001, **: p < 0.01, *: p < 0.05,
and NS indicates no significant difference. SOC: soil organic carbon, AN: ammonium nitrogen, MBC:
microbial biomass carbon, NN: nitrate nitrogen. CK: reclaimed land, TZg4: planting time of 6 years,
TZ1y: planting time of 10 years, TZy: planting time of 17 years, TZ;: planting time of 21 years.

3.2. Analysis of Soil Enzyme Activity

Figure 3 shows the changes in different enzyme activities with planting time and soil
depth. With the increase in planting time, the activities of urease, polyphenol oxidase,
and peroxidase first increased and then decreased (Figure 3b—d), while 3-glucoside activ-
ity fluctuated (Figure 3e). In the 0-20 cm soil layer, urease activity in TZ;7 increased by
59.47% compared with the CK group (Figure 3b). Peroxidase activity in TZ¢ increased by
33.92% compared with the CK group (Figure 3d). The deeper the soil layer, the more pro-
nounced the decreasing trend observed in the activities of urease, 3-glucoside, and sucrase
(Figure 3a,b,e); the activity of polyphenol oxidase showed an upward trend Figure 3c), and
the activity of peroxidase showed fluctuations (Figure 3d). The soil layer of 40-60 cm was
higher than that of 0-20 cm. CK-TZ;; sucrase activity decreased by 93.16%, 94.74%, 99.55%,
80.66%, and 99.04%, respectively (Figure 3a).
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Figure 3. Soil enzyme activity. (a): Sucrase activity; (b): Urease activity; (c): Phenoloxidase activity;
(d): Peroxidase activity (e): f—Glucosidase activity. Although distinct capital letters signify notable
differences between soil layers at the same planting time, distinct lowercase letters suggest notable
variations between planting intervals within the same soil layer (p < 0.05). pt represents planting
time, pd represents soil depth, ***: p < 0.001, **: p < 0.01, *: p < 0.05, and NS indicates no significant
difference. CK: reclaimed land, TZ4: planting time of 6 years, TZo: planting time of 10 years,
TZ17: planting time of 17 years, TZ,;: planting time of 21 years.

3.3. Soil Water Stability Agqregate Size Content Characteristics

The distribution characteristics of aggregates in the study area showed that aggregates
with a diameter of <0.25 mm (micro-aggregates) accounted for the majority, with an
average content of 77.68% (Figure 4). The percentage of large aggregates (aggregates with a
diameter of >0.25 mm) in the 0-20 cm soil layer increased as planting time increased. The
percentage of aggregates with a dimension of 0.053 mm-0.25 substantially fell by 47.05%
when compared to the CK group, while the percentage of big aggregates increased by
89.96% (Table 1). Large aggregate content initially declined and subsequently increased
between 20 and 40 cm of soil (Figure 4). At the same planting period, there was a notable
decline in the percentage of large aggregates as the soil layer became deeper, while the
percentage of aggregates with a diameter of less than 0.053 mm experienced a considerable
increase. For instance, the percentage of large aggregates in the TZy; group’s 40-60 cm soil
layer dropped by 93.75% as compared to between 20 and 40 cm of soil, while the percentage
of aggregates with a diameter of less than 0.053 mm increased by 213.99% (Table 1).

B > 1 mm [ 0.25-1mm[___]0.053-0.25mm [ <0.053mm

100
90
80
70
60
50
40
30
20
10

0

0-20cm 20-40cm 40-60cm

Figure 4. Composition of soil aggregates. CK: reclaimed land, TZ4: planting time of 6 years, TZ;:
planting time of 10 years, TZ;7: planting time of 17 years, TZ;;: planting time of 21 years.
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Table 1. Size class of soil aggregates.
Soil Layer 501;$§§2e§ate CK TZ TZ1o TZys TZn
>1 mm 0.084+ 0009 Ac  0.125+0009 Ab 0063 +0.005Ad  0.063 + 0.005 Ad 0.2 +0.132 Aa
0.25-1 mm 0225+ 0021 Ac 0228 +0.014Ac 0248+ 0009 Ac 0329 +0.006 Ab 0385+ 0.007 Aa
0-20cm 0.053-025mm  0.413 + 0.011 Aa 0.21 + 0.005 Ac 0397 +0019Ba  0352+0024Bb  0.219 + 0.006 Cc
<0.053 mm 0279+ 0008 Cbc 0438 +0.015Ca 0293+ 0.025Bb 0256 +0.022Cc  0.196 + 0.005 Cd
>1 mm 0.061+0.002Bb 0017 +0004Bd  0.026+0005Bc 0007 +0.001Be  0.132 + 0.004 Ba
0.25-1 mm 0161+ 0.015Bc  0.032 + 0.006 Be 0.19 + 0.022 Bb 0.069+ 0.005Bd  0.299 + 0.013 Ba
2040em 053 0.25 mm 03940016 Ab  0213+0.025Ad 0452 +0.009Aa 0367 +0003Ab 0271 +0.011 Bc
<0.053 mm 0388+ 0.003Bc 0739 +0.033Ba  0332+0023Bd  0556+0.007Bb  0.298 + 0.018 Bd
>1 mm 0.0340003Ca  0.007+0.001Bbc  0.007+0.003Cbc  0.004+0.001Bc  0.008 = 0.002 Cb
0.25-1 mm 0132+0011Ba 0017 +0006Bc  0.034 + 0.006 Cb 0.02+0.001Cc  0.028 + 0.003 Cbe
40-60cm 0.053-0.25 mm 0.295 + 0.02 Bb 0.1+ 0.013 Bd 0.314 + 0.01 Cb 0258 +0.009Cc 0349 + 0.014 Aa
<0.053 mm 0544+ 0029 Ad  0876+0018 Aa  0.644+0016 Ac 0718 £0.01 Ab  0.615+ 0.015 Ac

Data represent the average of three replicates & standard errors. Although distinct capital letters signify notable
differences between soil layers at the same planting time, distinct lowercase letters suggest notable variations
between planting intervals within the same soil layer (p < 0.05). CK: reclaimed land, TZ: planting time of 6 years,
TZ,0: planting time of 10 years, TZ;7: planting time of 17 years, TZ,;: planting time of 21 years.

3.4. Stability Analysis of Soil Aggregates

With the increase in planting time, MWD, GMD, and R ;5 showed a significant
upward trend, while fractional dimension showed a significant downward trend (Fig-
ure 5a—d). As the soil depth increased, MWD, GMD, and Ry 55 showed a decreasing trend,
while fractional dimension showed an increasing trend (Figure 5a—d). The MWD of soil
layers TZy; that were 0-20 cm and 20—40 cm increased by 66.77% and 60.94% (Figure 5a),
GMD grew by 81.15% and 61.28% (Figure 5b), and Ry 25 increased by 89.80% and 93.88%
(Figure 5c) in comparison to the control group. Fractional dimension decreased by 8.39%
and 4.81%, respectively (Figure 5d). Compared with the 0-20 cm soil layer in the TZ;
group, MWD, GMD, and R 25 decreased by 80.65%, 78.7%, and 93.7%, respectively, and
fractional dimension increased by 14.67% in the 40-60 cm soil layer (Figure 5a—d).

0.6

0-20cm  20-40cm  40-60cm 0-20cm  20-40cm  40-60cm

s £ D _34(d)

Sk g ok LKk
P P4 P
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20-40cm  40-60cm

0-20cm
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Figure 5. Stability indicators of soil aggregates at different planting times and soil depths.
(a): Mean weight diameter; (b): Geometric mean diameter; (c): Content of stable aggregates >0.25 mm;
(d): Fractal dimension. Diverse lowercase letters denote significant differences between planting
periods in the same soil layer (p < 0.05), whereas different capital letters show significant variations
between soil layers with the same planting time. pt represents planting time, pd represents soil depth,
***: p <0.001, NS indicates no significant difference. CK: reclaimed land, TZ¢: planting time of 6 years,

TZ1y: planting time of 10 years, TZy: planting time of 17 years, TZ;: planting time of 21 years.
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3.5. Impact of the Physical and Chemical Characteristics of Soil on the Activity of Enzymes

Soil physicochemical properties and soil enzyme activity were subjected to redundancy
analysis (RDA). The findings indicated a negative correlation between urease activity
and the activities of peroxidase, polyphenol oxidase, and (3-glucosidase. Sucrase activity
revealed an inverse relationship with soil bulk density, basicity, and pH and a positive
correlation with soil aeration, moisture content, drainage capacity, soil organic carbon,
microbial biomass carbon, total porosity, capillary porosity, nitrate nitrogen, and electrical
conductivity. Soil enzyme activity was mostly influenced by environmental factors, with
total porosity being the dominant explanatory variable, accounting for 47.2% (p < 0.01) of
the variation in enzyme activity. Soil physical and chemical parameters had a noteworthy
effect on soil enzyme activities, as evidenced by the cumulative explanatory variation of
the first and second axes, which was 96.86% (Figure 6).

1.0

RDA2(19.36%)

- L2
SD pH

-1.0

.10 RDAI(775%) 1.0

Figure 6. Redundancy analysis of soil physicochemical properties and enzyme activity. BG:
B—Glucosidase activity, POD: peroxidase activity, PHE: polyphenol oxidase activity, URE: ure-
ase activity, SUC: sucrase activity, AN: ammonium nitrogen, NN: nitrate nitrogen, Ba: basicity, Con:
conductivity, CP: capillary porosity, TP: total porosity, MC: moisture content, DC: drainage capacity,
SD: soil bulk density, SA: soil aeration.

3.6. Enzyme Activity and Soil Physicochemical Characteristics’ Effects on Aggregate Stability

Spearman correlation analysis was performed on soil aggregate stability, enzyme
activity, and other physicochemical properties to obtain the correlation calorific value map.
The findings demonstrated a strong positive association (p < 0.01) between MWD, GMD,
and Ry 5 and -glucosidase activity, sucrase activity, urease activity, total porosity, soil
aeration, soil organic carbon, nitrate nitrogen, drainage capacity, and microbial biomass
carbon. Additionally, there was a significant positive correlation (p < 0.05) between MWD,
GMD, and Ry 75 and non-capillary and capillary porosity. While there was a strong negative
association (p < 0.05) with basicity and a substantial negative association (p < 0.01) with
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polyphenol oxidase activity, peroxidase activity, soil bulk density, and soil pH, there was
no significant link with ammonium nitrogen, conductivity, or moisture content (Figure 7).
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Figure 7. Heat map of correlation between soil aggregate stability, enzyme activity, and other soil
physicochemical properties. *: p < 0.05, **: p < 0.01,**: p < 0.001. R: Rq 25, BG:  —Glucosidase activity,
POD: peroxidase activity, PHE: polyphenol oxidase activity, URE: urease activity, SUC: sucrase
activity, AN: ammonium nitrogen, NN: nitrate nitrogen, Ba: basicity, Con: conductivity, CP: capillary
porosity, NCP: non-capillary porosity, TP: total porosity, MC: moisture content, DC: drainage capacity,
MBC: microbial biomass carbon, SD: soil bulk density, SA: soil aeration, SOC: soil organic carbon.

3.7. Mechanism of Aggregate Stability Impacts of Soil Physical and Chemical Characteristics,
Enzyme Activity, and Planting Time

Seven indices were found to have a strong and significant correlation with aggregate
stability through Spearman analysis. GMD, an index that measures aggregate stability, was
used to construct the structural equation (SEM) that connects soil physical and chemical
properties, enzyme activity, aggregate stability, and planting time. The results showed that
the planting time had a positive effect on the stability of aggregates directly (path coefficient
was 0.315, Figure 8a), and the planting time also had an indirect effect on the stability
of aggregates. The direct effects of soil enzyme activities on the stability of aggregates
were small and insignificant, and soil enzyme activities mainly improved the stability of
aggregates through indirect effects (Figure 8a). For example, the activities of sucrase and
-glucosidase improved the stability of aggregates by directly affecting soil organic carbon
(path coefficients were 0.407 and 0.229, respectively, Figure 8a,b). By positively impacting
the amount of nitrate nitrogen in aggregates, urease indirectly increased their stability (path
coefficient was 0.479, Figure 8a,b). Soil pH had a negative effect on enzyme activity and
thus on aggregate stability (path coefficient was —0.405, Figure 8a,b).
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RMSEA=0.025
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Figure 8. (a) A structural equation model that illustrates the direct and indirect effects of soil
physicochemical characteristics, enzyme activity, and planting time on soil aggregate stability.
(b) This subfigure indicates how planting time, soil physicochemical characteristics, and enzyme
activity affect aggregate stability directly, indirectly, and overall. **: p < 0.001, **: p < 0.01,
*1 p < 0.05. The directional influence of one variable on another is shown by arrows. The stan-
dardized path coefficient is indicated by the numbers next to each arrow. Positive and negative
correlations are shown by the blue and red arrows, respectively. BG: f —Glucosidase activity, URE:
urease activity, SUC: sucrase activity, NN: nitrate nitrogen, SD: soil bulk density, SOC: soil organic
carbon, TIME: planting time.
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4. Discussion
4.1. Differences in Soil Physical and Chemical Properties with Planting Time and Soil Depth in
Coastal Saline—Alkali Land

Soil aggregates disintegrate, soil structure deteriorates, and soil quality declines as a
result of the excess sodium, potassium, and other salt ions present in the coastal saline—
alkali soil, dispersing soil binding agents and changing the composition of colloidal ions [2].
Compared with bare soil, the salt content can be reduced by planting vegetation [50]. The
results of this study showed that, compared with the control group, the conductivity and
basicity of the forest land decreased significantly (Figure 2a,c), and soil pH also decreased
gradually with the increase in planting time but did not reach a significant level (Figure 2b),
indicating that soil ion content decreased significantly through the planting of the Taxodium
hybrid ‘Zhongshanshan’, and soil conditions were continuously improved. The results
are the same as those of the Yellow River Delta coastal saline-alkali land [51]. With the
increase in soil layer, the basicity (Figure 2c) and soil bulk density (Figure le) of forest land
significantly increased, while the contents of capillary porosity, soil ventilation (Figure 1a,g),
nitrate nitrogen, soil organic carbon, and microbial biomass carbon (Figure 2e f,g) signif-
icantly decreased, indicating that the improvement ability of planting Taxodium hybrid
“Zhongshanshan’ on soil quality and structure decreased with the increase in soil layer. This
is in line with several studies’ conclusions [52-55]. In the 020 cm soil layer, nitrate nitrogen
increased with the increase in planting time, while ammonium nitrogen first decreased and
then increased (Figure 2d,e). This may be because changes in soil structure and properties
affected soil mineralization characteristics with the increase in planting time. SOC changes
in different soil layers were more complex (Figure 2f). SOC in the control group (020 cm)
soil layer was much smaller than that of forest land, indicating that the soil organic carbon
content was greatly increased after afforestation, which was consistent with the results of
the research conducted in mangrove forests [56]. The reason is that after afforestation, a
large amount of litter is produced, which makes organic carbon sources rich [57]. With the
increase in planting time, SOC decreased first and then increased, which was the same as
the conclusion of Deng et al.’s work [58].The possible reason is that after the construction of
Taxodium hybrid ‘Zhongshanshan’ forest, a large amount of organic carbon accumulates on
the soil surface at an early stage, but the rapid growth of Taxodium hybrid ‘Zhongshanshan’
requires a large amount of nutrients for its growth. Later, due to the increase in stand
cover and the improvement of ground litter, water, and light conditions, soil respiration
was weakened, and SOC content on the surface was restored. At the early stage of the
20-40 cm soil layer, soil carbon decreased, and then carbon storage gradually recovered to
the level of reclamation land in the early stage of afforestation, and then net carbon income
increased. This is the same as previous experiments in some areas [58—60]. The reason may
be that although SOC content in surface soil is greatly increased after planting Taxodium
hybrid ‘Zhongshanshan’ forest, SOC can only penetrate deep soil with water and other
media [61,62]. Therefore, compared with surface soil, SOC content in deep soil will lag.
With the gradual improvement of forest ecology, organic carbon will be continuously im-
ported. SOC gradually increased, and eventually TZ,; surpassed CK. It is possible that the
Taxodium hybrid’s well-developed roots had an intercepting impact on the organic matter
that migrated to the lower layer, trapping the nutrients primarily in the 0-40 cm soil layer,
explaining the significantly greater SOC content in the 40-60 cm soil layer of the control
group compared to the forest land. Consequently, the forest land’s 40-60 cm soil layer
had a much lower SOC level than the control group. The surface MBC content decreased
first and then increased with the increase in planting time but did not reach a significant
level (Figure 2g). The reason may be that the ecosystem was not stable in the early stages
of afforestation, which led to a downward trend in microbial biomass carbon. After that,
the amount of surface litter under the forest increased year by year, the environment was
constantly improved, the microbial activity was improved, and the decomposed organic
matter was enhanced. Therefore, the soil microbial biomass content increased year by year
after more than 10 years of planting. Because of a drop in oxygen content, root exudates,
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and plant and animal wastes in the soil, the MBC content drastically reduced as soil depth
increased, causing deep soil to have a significantly lower MBC content than surface soil [63].
The change in MBC with time and soil depth is the same as that of secondary vegetation
succession in semi-arid abandoned land on the Loess Plateau [64].

4.2. Analysis and Influencing Factors of Soil Enzyme Activity in Different Planting Times in
Saline-Alkali Coastal Land

Planting time has an important effect on soil enzyme activity. Stand structure, forest
microclimate, and plant and animal secretions change with increasing planting time, which
directly or indirectly affects soil enzyme activity [65]. The activities of sucrase, urease, and 3-
glucosidase decreased with increasing soil depth (Figure 3a,b,e), consistent with the results
of experiments conducted in coniferous forests in northern Finland [66]. This is caused by
the soil surface plants” high nutritional content, high root density, copious root secretions,
and sufficient litter supply, all of which support the growth and reproduction of both plants
and animals as well as the release of associated enzymes [63]. But deep soil differs greatly
from surface soil in terms of its physical and chemical characteristics, and the bulk density of
the soil rises with the increase in soil depth (Figure 1e). Lower soil enzyme activity is found
in lower soil layers due to plant root development inhibition and the reduced activity of soil
microbes [67]. In particular, the activities of polyphenol oxidase and peroxidase, which are
related to the decomposition of difficult-to-degrade carbon, did not decrease significantly
with the increase in soil depth [68] (Figure 3c,d), which is comparable with the findings
of the Northern Chinese Scots pine investigation [69]. The reason for the relatively small
effect of oxidase activity on soil depth may be that the litter of the Chinese fir plantation is
mainly composed of lignin, polyfiber, and polyphenols, which are difficult to decompose
and have more chances to penetrate into the deep soil with water and other substances.
Although they were substantially greater than those of the control group, the activities of
peroxidase and polyphenol oxidase showed a declining trend as planting time increased
(Figure 3c,d). It is probable that following afforestation, the amount of organic matter in
the soil has decreased since microbes need to break down tough organic matter to obtain
nutrients. After the improvement of the understory ecosystem, the nutrients provided by
easily decomposed organic matter can meet the needs of microorganisms. At the same time,
the microorganisms that produce polyphenol oxidase have poor competitive ability, and the
enzyme activity for difficult-to-decompose organic matter will gradually decrease [70,71].
In addition, in this study, nitrate nitrogen showed an increasing trend with the increase in
planting time (Figure 2e), and some studies showed that with the addition of N in larch
forest land, -glucosidase activity increased while polyphenol oxidase activity decreased,
which was similar to the results of this experiment [70]. As the planting time increased, the
activities of urease in the 0—40 cm soil layer initially grew and then dropped (Figure 3b),
which was in line with the findings of Wu et al. [72]. However, Wang et al.’s study showed
that urease decreased first and then increased with planting time [73], possibly due to
different site conditions, climate, and other conditions. Redundancy analysis revealed
that the explanation for soil enzyme activity was 47.2% and that there was a substantial
correlation between soil enzyme activity and total porosity. It shows that increasing soil
porosity has a positive effect on soil enzyme activity in saline-alkali land areas.

4.3. Analysis and Influencing Mechanism of Soil Aggregate Stability at Different Planting Times
in Saline—Alkali Coastal Land

In this study, it was found that soil aggregates in group CK were mainly micro-
aggregates, while the average content in the control group was 76.92% (Table 1). The soil
structure was obviously improved after afforestation, which was consistent with previous
studies [74,75]. The amount of macroaggregates in the 0-20 cm soil layer increased as
planting time increased (Figure 4), and the proportion of TZ,; macroaggregates was close
to 60%, indicating that the soil aggregate structure continued to improve with the increase
in planting time. In North Chinese plantations, the content of soil macroaggregates first
grew and subsequently dropped as planting times increased [23]. Planting eucalyptus



Forests 2024, 15, 1376

13 of 17

continuously made the soil aggregates less stable [76]. The inconsistent tree species, uneven
soil, and widely varied planting time spans under investigation could all be contributing
factors to the study’s inconsistent findings. The soil aggregate’s MWD, GMD, and Ry 25
all significantly decreased while the soil layer deepened, which was consistent with Le
Bissonnais’ study findings [77], indicating that soil layer depth significantly affected the
stability of aggregates. As planting time increased, MWD, GMD, and R 75 of the 0-20 cm
soil layer showed a growing pattern (Figure 5a—c), which was consistent with studies on
vegetation restoration upon the conversion of cropland into forest on the Loess Plateau [16],
showing that as planting times increased, soil aggregate stability improved over time.
The change trend of 20-60 cm was the same, and all of them were W-shaped. The first
potential explanation is that soil disturbance following afforestation operations causes a
significant loss of deep soil organic carbon, which in turn causes a deterioration in soil
stability [59,78,79]. Therefore, the stability of TZg is significantly decreased compared with
CK. Second, there are fewer litters in the reclaimed land in the early stage of afforestation.
Furthermore, the Taxodium hybrid ‘Zhongshanshan’ is a fast-growing species that, in the
early stages of its rapid growth, has a high demand for soil nutrients. Moreover, the pace at
which litters decompose is faster than the rate at which they are produced. The instability
of nutrient supply and demand leads to drastic changes in soil organic matter, resulting
in fluctuations in aggregate stability [23]. Third, there were differences in the amount of
litter, plant roots, microbiological activity, and canopy density during different growth
and development stages, which could have an impact on aggregate stability. Aggregate
stability dramatically declined in the 40-60 cm soil layer, which was in line with Kurmi
et al.’s research findings [80]. The possible reason was that the roots of the Taxodium hybrid
‘Zhongshanshan’ were mostly distributed in the surface layer and had a certain blocking
effect on the migration of organic matter to the lower layer. Consequently, when the soil
layer grew deeper, the stability of forest aggregates dropped significantly.

Additionally, it was demonstrated using Spearman analysis, the SEM structural equa-
tion model, and other ecological statistical analysis techniques that planting time positively
impacted aggregate stability and that afforestation enhanced soil quality and structure.
The planting time impacted both directly and indirectly on aggregate stability; the latter
was impacted by changes in the soil’s chemical and physical characteristics [81] as well as
enzyme activity [15,82]. Soil enzyme activity has a negligible and direct effect on aggregate
stability; it mostly enhances aggregate stability indirectly by raising the amount of organic
carbon in the soil. Furthermore, this confirms that soil organic carbon and aggregate stabil-
ity have a direct positive link [49]. Among them, urease can also promote the improvement
of aggregate stability by increasing the content of nitrate nitrogen. According to a report by
Le et al., aggregate stability and soil nitrogen concentration are positively correlated [77].
Enzyme activity was negatively impacted by soil bulk density and pH [83-85], which
lessened the impact of enzyme activity on aggregate stability. Thus, it is important to
monitor changes in soil bulk density and pH during the afforestation of saline—alkali land,
and it is important to remember that early afforestation may be susceptible to nitrogen
limitation [86]. Therefore, the introduction of green fertilizer crops can be considered to
better improve soil quality [87].

5. Conclusions

The dynamic changes in soil aggregate stability and the mechanisms controlling them
at different planting periods of the Taxodium hybrid ‘Zhongshanshan” were examined
in this study. We discovered that after afforestation, the soil’s conductivity and basicity
dramatically dropped, significantly reducing the negative influence of soil salinization.
Significantly inversely connected with soil bulk density and pH, soil aggregate stability
had a positive correlation with 3-glucosidase activity, urease activity, sucrase activity, soil
organic carbon, nitrate nitrogen, and microbial biomass carbon. In coastal saline-alkaline
land, nitrate nitrogen and organic carbon have a major influence on aggregate stability;
the activity of enzymes indirectly influences aggregate stability. The stability of the soil
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aggregate grew greatly as the planting time increased, and the large aggregate (>0.25 mm)
showed an increasing tendency. The findings demonstrated that the establishment of a
Taxodium hybrid ‘Zhongshanshan’ plantation may considerably improve the soil structure
and quality of the saline—alkali coastal area.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f15081376/s1, Figure S1: Study area location and different planting
time of Taxodium hybrid ‘Zhongshanshan’ forest.
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