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Abstract: Fertilization affects the formation and stability of soil aggregate, as well as the nutrient
status of soil aggregate. However, the potential effect of compost on soil aggregate and its nutrient
characteristics is still unclear. In view of this, we conducted a greenhouse vegetable cultivation
experiment to evaluate soil water-stable aggregate (WSA) and its stability indices and aggregate
nutrient stoichiometry characteristics at 0 to 20 cm soil depth with four treatments: (1) no fertilizer
(CK), (2) chemical fertilizer (CF), (3) organic fertilizer (OF), and (4) chemical fertilizer plus organic
fertilizer (CO). The results showed that the proportion of the 2 to 0.25 mm fraction was the greatest,
followed by 0.25 to 0.053 mm, which accounted for 41.83 to 49.53% and 28.60 to 31.88% by weight,
respectively. The mean weight diameter (MWD) value and the proportion of the >0.25 mm fraction
in the CF, OF, and CO treatments were significantly higher than in the CK treatment. Within the
fertilization treatments, the MWD and the proportion of the >0.25 mm fraction in the CO were
significantly higher than those in CF and OF. Among all the aggregates, the soil organic carbon (SOC),
total nitrogen (TN), and total phosphorus (TP) contents were the highest in the fraction of 0.25 to
0.053 mm. The CF, OF, and CO treatments significantly increased the SOC, TN, and TP contents
compared with the CK treatment. The SOC content of fractions >2 mm and 0.25 to 0.053 mm in the
CO treatment was significantly higher than that of the CF and OF treatments, and the TN and TP
contents in all the aggregates (except < 0.053 mm) were the highest in the CO treatment. The SOC,
TN, and TP contents in the 2 to 0.25 mm and 0.25 to 0.053 mm components contributed greatly to the
s0il SOC, TN, and TP reserves. There was no noticeable difference in the nutrient stoichiometry of
the soil aggregate between the different treatments. Redundancy analysis (RDA) revealed that the
soil physicochemical factors, including SOC, TN, TP, and pH, significantly explained the stability
of the soil aggregate. To summarize, chemical fertilizer combined with organic fertilizer positively
affected the stability and nutrient accumulation of soil aggregates in greenhouse dryland.

Keywords: fertilizer; aggregate stability; nutrients; stoichiometry

1. Introduction

As a highly intensive agricultural system, greenhouse cultivation has been put into
production in many countries, such as the Netherlands, Israel, Japan, etc. [1]. In China,
greenhouse cultivation has developed rapidly, with the cultivated area increasing from
5.3 x 103 hm? in 1980 to 3.86 x 106 hm? in 2015, and it is still increasing at an annual rate
of 10% [2] and has developed into an important agricultural pillar industry in China [1].
However, with the industry development, inappropriate agricultural practices, such as
continuous application of single or compound chemical fertilizers, decrease soil organic
matter (SOM) content and increase soil organic contamination, resulting in massive soil eco-
logical pressures [3,4]. Therefore, the development of more environmentally friendly and
sustainable agricultural practices is needed. Organic fertilizer (OF) is derived from several
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organic wastes and contains a large amount of humus. Humus is composed of fulvic and
humic acid, continuously releasing carbon and nitrogen nutrients into the soil environment.
Consequently, applying OF modifiers provides an effective way to enhance soil quality and
is also conducive to the recycling of organic solid wastes [5,6]. For example, studies have
shown that OF application resulted in increased soil organic carbon (SOC), total nitrogen
(TN), and phosphorus (P), and ensured the sustainability of crop production [7]. Moreover,
complex adhesives will be formed through the combination of SOM and mineral particles,
which contributes to improve soil aggregate stability [8]. Additionally, applying OF to
the soil provides a wealth of active microorganisms, accelerating the disaggregation and
agglomeration of soil aggregate, thereby contributing to the aggregate formation [9,10].

The soil structure is usually characterized by the size distribution and stability of the
soil aggregate [11]. As fundamental units of soil structure, soil aggregates have a vital
effect on various physicochemical properties of soil and are important carriers to stabilize
and protect SOC and nutrients [12]. Using 0.25 mm as the boundary, soil aggregate can be
divided into macro-aggregate (>0.25 mm) and micro-aggregate (<0.25 mm). Generally, the
aggregate with a diameter > 0.25 mm is ideal, which has a good capacity for fertilizer and
water conservation and aeration [13]. Additionally, the mean weight diameter (MWD) can
be used as a key indicator to evaluate the stability of a soil aggregate. In agricultural soils,
fertilization affects the size and quantity distribution of a soil aggregate [14]. Specifically,
the soil aggregate stability can be enhanced due to alterations in the distribution of the
soil aggregate by adding manure or organic materials [15,16]. Studies have also shown
that the micro-aggregate ratio displayed a significant increase when composting was
applied [17]. Moreover, the nutrient level of a soil aggregate not only improves soil fertility
but also changes the soil aggregate distribution, thereby influencing the stability of the
soil aggregate [18,19]. Aggregates with different particle sizes have different abilities
in maintaining and supplying SOC and nutrients [20]. The SOC and TN contents were
mainly accumulated in macro-aggregate in the surface soil, as reported in a study [21].
Previous studies reported that approximately 90% of the SOC is stored in aggregate in the
topsoil, which is considered the key factor of soil carbon storage, and macro-aggregate is
considered to be the most important aggregate fraction for storing SOC [22,23]. Accordingly,
it is interesting to investigate the composition and distribution of aggregate in agricultural
soil and clarify the content and distribution of SOC and nutrients in soil aggregate fractions,
which is useful for us to better understand the coupling and balance mechanism of nutrients
in soil aggregate.

C, N, and P play an indispensable role in soil ecosystem functions and services, such as
nutrient cycling and transformation, habitat variability, and mineral mineralization [24,25].
Ecological stoichiometry, a comprehensive method to study the dynamic balance and
coupling of C, N, and P in the ecosystem, can analyze the composition and proportion
of C, N, and P in the ecosystem and clarify the characteristics and driving mechanism
of nutrient cycling [26]. Soil ecostoichiometry is highly significant in revealing nutrient
availability and limiting conditions, and exploring the biogeochemical cycle of C, N, and
P [27,28]. Additionally, the dynamics of SOM may be influenced by nutrient stoichiometry.
Nutrients such as N and P affect the growth and turnover of soil microorganisms and are
particularly important for subsequent C sequestration [29]. The soil nutrient stoichiometry
is influenced by soil characteristics, management practices, and climate conditions [30].
Presently, research on soil nutrient stoichiometry primarily focuses on grassland [30],
woodland [31,32], global or national scale [33,34], as well as the whole soil of cultivated
land [35]. However, there is a lack of a systematic comparison of studies on nutrients and
stoichiometry at the scale of soil aggregate in greenhouse dryland under different fertilizers.
With this in mind, an investigation regarding the response of nutrients and stoichiometry to
different fertilizers in soil aggregate fractions is necessary, which has practical significance
for guiding rational fertilization and improving soil quality.

A greenhouse vegetable cultivation soil with four fertilization treatments was selected
for this study to investigate different fertilization treatments’ effects on soil aggregate stabil-
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ity and nutrients. The purposes of our study were: (1) to reveal different fertilization treat-
ments’ effects on soil aggregate distribution and stability and aggregate-associated SOC,
TN, and TP, and (2) to analyze the stoichiometric characteristics of aggregate-associated
nutrients and soil physicochemical factors’ effects on aggregate stability following different
fertilization treatments. We hypothesized that: (1) fertilization will affect the soil aggregate
distribution and increase soil aggregate stability, and the combined application of chem-
ical and organic fertilizer would perform better than either fertilizer alone in increasing
aggregate stability; (2) the change in soil aggregate distribution will affect its nutrient
distribution; (3) the improvement in soil stability will contribute to the increase in SOC,
TN, and TP. The study provides a reference for the quality management of cultivated soil,
the rational application of fertilizers, and the sustainable development of agriculture.

2. Materials and Methods
2.1. Experimental Site

A greenhouse cultivation experiment was conducted between February and December
2020 in Jiading District (31°27' N, 121°15’ E), Shanghai, China. The climate in this area is
north subtropical southeast monsoon. Average temperature, average precipitation, and
mean sunshine time in 2020 are 17.8 °C, 1650 mm, and 1900 h, respectively. The highest
mean monthly temperature (27.5 °C) and the maximum rainfall (948 mm) in 2020 are from
June to August. The soil type is dry ditch mud, and the soil texture is silt soil. The primary
soil physicochemical characteristics of the plow layer (0-20 cm) are shown in Table S1.

2.2. Experimental Design

The greenhouse cultivation experiment was designed with four treatments: (1) CK, no
fertilizer; (2) CF, chemical fertilizer; (3) OF, organic fertilizer (source from cattle manure
and fruit and vegetable peel); (4) CO, chemical fertilizer (50% N) plus organic fertilizer
(50% N). The experiment was arranged in a completely randomized block design with
triplicate plots for each. Each treatment plot was 2 m (width) and 16 m (length), and a
50 cm ditch was set to avoid the interaction between the plots. Vegetables were planted in
each plot. The detailed fertilization number of the treatments is shown in Table 1. Organic
fertilizer was made by natural composting from a local OF production company. The
physicochemical characteristics of organic fertilizer are shown in Table S2. The amount
of organic fertilizer applied is calculated using the pure nitrogen of chemical fertilizer,
equal to that of chemical fertilizer. Nitrogen fertilizer (as urea) was used twice during
the experiment, with two-thirds urea used as basal fertilizer and one-third urea used as
topdressing. Organic fertilizer, phosphate fertilizer (as calcium superphosphate), and
potassium fertilizer (as potassium sulfate) were all used as basal fertilizer. The chemical
fertilizer and organic fertilizer were applied twice per annum, evenly broadcast on the soil
surface, and then plowed into a depth of 20 cm before planting. Both fertilization and crop
harvest were conducted manually, and other field management was conducted according
to local habits.

Table 1. Fertilizer application rate of each treatment.

Chemical Fertilizer (kg ha—1)

Treatments Organic Fertilizer (kg ha—1)
N P,05 K,O
CK 0 0 0 0
CF 450 180 180 0
OF 0 0 0 19,500
CcO 225 180 180 9750

CK, no fertilizer; CF, chemical fertilizer; OF, organic fertilizer; CO, chemical fertilizer (50% N) plus organic fertilizer
(50% N).



Agriculture 2022, 12, 440

40f 15

2.3. Sample Collection

Topsoil (0-20 cm) samples from 12 plots were collected using a soil corer (5 cm in
diameter) in December 2020 (after vegetable harvest). The samples used in determining
the original physicochemical characteristics of soil were collected before the experiment in
February 2020. All soil samples were gently broken after being randomly collected from
five cores in each plot, crop residues were carefully removed, and a composite soil sample
was obtained. The mixed soil samples were placed in rectangular plastic boxes to minimize
physical disturbance and were immediately brought to the laboratory. All the samples
were manually divided into two parts: one part for the analysis of soil aggregate fractions,
and the other part was used to determine the physicochemical properties after air-drying.

2.4. Soil Aggregate Fractions

The method of wet-sieving was used to obtain water-stable aggregate (WSA) with
different size fractions [36]. Four size aggregate fractions including macro-aggregate
(>2 mm), middle aggregate (2-0.25 mm), micro-aggregate (0.25-0.053 mm), and clay and
silt (<0.053-mm) were separated. Briefly, 100 g air-dried soil sample was placed on the
2 mm sieve, and 0.25 mm and 0.053 mm sieves were successively placed below. The whole
sieve was gradually put into a bucket filled with two-thirds distilled water and soaked
for five minutes on an aggregate analyzer (TPF-100, Technology Co., Ltd., Top Cloud-agri,
Zhejiang, China). Then, the wet-sieving procedure was maintained for five minutes with an
up and down of 3.5 cm amplitude at a speed of 30 times per minute. The sieved aggregate
fractions were carefully washed into a pre-weighed aluminum box and oven-dried to
constant weight at 60 °C. Therefore, the proportion of aggregate fraction on each sieve
relative to the total sample weight was calculated. The MWD (mm) was calculated based
on wet-sieving outcomes. MWD was calculated as follows:

n
MWD =Y XiWi 1)
i=1

where Xi and Wi are the mean diameter and the mass ratio of the i-th aggregate particle
size fraction, respectively.

2.5. Determination of Soil Physicochemical Properties

The soil bulk density (BD) was obtained by cutting ring method, while the soil pH was
measured using a potentiometer in a soil water ratio of 1:2.5, w/v. The content of SOC, TN,
and TP in soil aggregate were assayed using the potassium dichromate oxidation, Kjeldahl,
and ammonium molybdate colorimetric method, respectively [37]. Therefore, SOC, TN,
and TP stock can be calculated on the basis of the above measurement outcomes Equations,
according to Fan et al. [38], as follows:

SOC stock (Mg Cha™!)=C x BD x D x 10 ()
TN stock (Mg N'ha=1) =N x BD x D x 10 (3)
TP stock Mg Pha™!) =P x BD x D x 10 (4)

where C, N, P, BD, and D represent the SOC content (g kg~!), TN content (g kg~!), TP
content (g kg’l), soil bulk density (Mg m~3), and soil depth (0.2 m), respectively; 10 is a
factor to adjust units.

2.6. Data Statistical Analysis

The average value and standard error of experimental data were completed using Mi-
crosoft Office Excel 2019. One-way analysis of variance (ANOVA) was performed to assess
the effects of different fertilization treatments on the soil aggregate fraction and stability,
SOC, TN, and TP content using IBM SPSS 24.0 software (IBM, Armonk, the United States
of America). Duncan’s multiple range test was used to determine the significant difference
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among treatments at the p < 0.05 level unless otherwise stated. All data are presented as
mean =+ standard error (SE). Pearson correlation analysis was conducted to investigate the
relationship between nutrients and stoichiometry in soil aggregate. Redundancy analysis
(RDA) was used to analyze relationships between soil physicochemical factors and MWD
using CANOCO 4.5 software (Microcomputer Power, Ithaca, NY, USA). Additionally, all
the figures were produced using OriginPro 2022.

3. Results
3.1. Fraction and Stability of Soil Aggregate

The fraction of 2 to 0.25 mm is the largest proportion in the soil aggregate (41.83-49.53%),
followed by aggregate 0.25 to 0.053 mm (28.60-31.88%) (Figure 1). Fertilization treatments
significantly increased the proportion of >2 mm compared with the CK treatment, and the
CO treatment had the highest proportion. Additionally, the proportion of 2 to 0.25 mm
aggregate in the CO treatment was significantly higher than that in other treatments. There-
fore, the proportion of >0.25 mm aggregate in the CO treatment is the highest. The MWD
was significantly increased by fertilization compared with CK, including a 26.47% increase
in the CF treatment, a 13.24% increase in the OF treatment, and a 39.71% increase in the
CO treatment. The MWD of the CO treatment was the highest, suggesting that chemi-
cal fertilizer combined with organic fertilizer was more conducive to the stability of the
soil aggregate.
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Figure 1. Soil aggregate distribution (a); mean weight diameter of aggregate (b) under different
fertilization treatments. (a) Different lowercase letters show significant differences between treatments
for the same aggregate size (p < 0.05), while different uppercase letters indicate significant differences
of >0.25 mm fraction proportion among fertilization treatments (p < 0.05). (b) Different uppercase
letters indicate significant differences among fertilization treatments (p < 0.05). Values are means £ SE
(n = 3). CK, no fertilizer; CF, chemical fertilizer; OF, organic fertilizer; CO, chemical fertilizer (50% N)
plus organic fertilizer (50% N).

3.2. Nutrient Content in Soil Aggregate

The SOC contents in the soil aggregate fractions were significantly increased by
the fertilization treatments compared to the CK treatment (Figure 2a). Among them,
the CO treatment was the most significant. In detail, the CF, OF, and CO treatments
significantly increased the SOC contents in the >2 mm fractions by 38.43%, 55.91%, and
74.70%, respectively. For the 2 to 0.25 mm fractions, the SOC contents were significantly
increased by 42.55%, 62.39%, and 64.46% under the CF, OF, and CO treatments, respectively.
The CF, OF, and CO treatments did not differ. Likewise, for clay and silt of <0.053 mm, the
CF, OF, and CO treatments increased the SOC contents up to 11.46%, 17.23%, and 19.22%,
respectively. For the 0.25 to 0.053 mm aggregate fraction, the CF, OF, and CO treatments
resulted in a 31.55%, 38.57%, and 61.47% increase in SOC concentrations, respectively.
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Moreover, the SOC contents within the 0.25 to 0.053 mm aggregate fraction were generally
highest among all the aggregate fractions, followed by macro-aggregate of >2 mm.
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Figure 2. The content of SOC (a), TN (b), and TP (c) in soil aggregate following different treatments.
Different uppercase letters indicate significant differences in aggregate fraction within the same
treatment (p < 0.05), and different lowercase letters indicate significant differences between different
treatments within the same aggregate fraction (p < 0.05). CK, no fertilizer; CF, chemical fertilizer; OF,
organic fertilizer; CO, chemical fertilizer (50% N) plus organic fertilizer (50% N).

For the TN contents in the soil aggregate of different treatments, fertilization treatment
resulted in significant variations in the TN contents compared to the CK (Figure 2b). The
CF, OF, and CO treatments significantly increased the TN concentrations in aggregate
sizes > 2 mm, increasing by 39.53%, 38.86%, and 45.29%, respectively. The TN contents
in the 2 to 0.25 mm fraction increased significantly by 51.39% and 62.02% under the OF
and CO treatments, respectively. For the 0.25 to 0.053 mm aggregate fractions, the TN
contents were significantly increased by 31.09%, 30.45%, and 34.68% with the CF, OF, and
CO treatments. For aggregate fractions of <0.053 mm, the CF, OF, and CO treatments
increased the TN contents up to 36.95%, 18.58%, and 35.30%, respectively. Conversely, the
0.25 to 0.053 mm fraction had the highest TN contents among all the aggregates. The TN
content in the CO treatment within 0.25 to 0.053 mm aggregate was significantly higher than
that of other aggregates, but no significant difference was observed among the aggregate in
the OF treatment.

Similarly, fertilization also significantly increased the TP contents in each aggregate
compared with the CK (Figure 2c). The CF, OF and CO treatments significantly increased
the TP contents of >2 mm aggregate by 42.72%, 29.92%, and 61.01%, respectively. The TP
contents for 2 to 0.25 mm fractions were significantly increased by 75.77%, 69.40%, and
96.71% under the CF, OF, and CO treatments, respectively. Similarly, for clay and silt of
<0.053 mm, the TP contents were significantly increased by 70.23%, 68.69%, and 88.59%
under the CE, OF, and CO treatments, respectively. The CF, OF, and CO treatments increased
the TP contents within the 0.25 to 0.053 mm aggregate fraction by 74.96%, 58.71%, and
113.28%, respectively. Additionally, the TP content in the fraction of 0.25 to 0.053 mm was
the highest among the fertilization treatments, followed by the aggregate of >2 mm size.
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3.3. Aggregate Associated Nutrient Stock

We calculated the storage capacity of the SOC, TN, and TP in each aggregate fraction.
(Figure 3). The results showed that the fertilization treatments increased the SOC, TN, and
TP storage capacity of the soil aggregate, except for silt and clay of <0.053 mm under the
CO treatment. In the fertilization treatments, the fraction of 2 to 0.25 mm stored more SOC,
TN, and TP, displaying the highest SOC, TN, and TP storage capacity, followed by the
fraction of 0.25 to 0.053 mm. More specifically, the SOC stock in the CO treatment within
2 to 0.25 mm aggregate was the highest, which was significantly increased by 85.58% and
31.17% compared with CK and CF, respectively, and by 7.53% compared to the OF treatment,
but could not reach a significant level. Additionally, for the 0.25 to 0.053 mm aggregate
fraction, the SOC stock of the CO treatment was significantly increased by 44.16%, 12.02%,
and 14.78%, respectively, compared to the CK, CF, and OF treatments (Figure 3a). For the
TN stock in soil aggregate, the 2 to 0.25 mm fraction of the CO treatment was the most
abundant, which was significantly increased by 83.03% compared with the CK treatment
and increased by 27.96% and 13.80% compared with the CF and OF treatments, respectively,
without any significant difference. Among the 0.25 to 0.053 mm components, the CF
treatment had the highest TN storage, which was 28.24% higher than the CK treatment, and
there was no significant difference with the OF and CO treatments (Figure 3b). Regarding
the TP stock in the soil aggregate, similarly, the TP storage in the 2 to 0.25 mm fraction
was higher than that in other fractions. Relative to the CK, CF, and OF treatments, the CO
treatment significantly increased the TP storage in the fraction of 2 to 0.25 mm by 122.02%,
27.14%, and 23.09%, respectively. For the 0.25 to 0.053 mm fraction, the TP storage of the
CO treatment was also the highest, which was 90.66%, 11.74%, and 32.80% higher than that
of the CK, CF, and OF treatments, respectively (Figure 3c).
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Figure 3. The stock of SOC (a), TN (b), and TP (c) in soil aggregate following different treatments.
Different uppercase letters indicate significant differences in aggregate fraction within the same
treatment (p < 0.05), and different lowercase letters indicate significant differences between different
treatments within the same aggregate fraction (p < 0.05). CK, no fertilizer; CF, chemical fertilizer; OF,
organic fertilizer; CO, chemical fertilizer (50% N) plus organic fertilizer (50% N).



Agriculture 2022, 12, 440

8 of 15

3.4. Nutrient Stoichiometry of Soil Aggregate

The stoichiometry of the C, N, and P in the soil aggregate under different fertilization
treatments is shown in Figure 4. The C:N ratio value range of the >2 mm fraction was
12.09 to 14.57, and the value of the C:N ratio in the CO treatment was the highest, but
there was no significant difference with other treatments. Likewise, the C:N ratio for the
aggregate fraction between 2 and 0.25 mm did not differ significantly, ranging from 12.18 to
13.30. For the 0.25 to 0.053 mm fraction, the C:N ratio of the CO treatment was significantly
higher than that of the CK and CF treatments. For the size of <0.053 mm, the C:N ratio was
reduced by fertilization compared with CK, and the CF treatment was decreased the most.
Generally, the average C:N ratio was the lowest in the CF treatment but had no significant
difference with the other treatments (Figure 4a).

(a) 20 (b) 40 o
i
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35t
15k Aa Az A a Az Aa 30k B(‘nHu 7 g A2 b
ra | AbAd 2 An | a2 A Y [Ceaply @ ¢ ~‘++ _1— Ab I ‘\“l’:\h{»
} {I T ,\h{» + I Ba A 25+ “iﬂ Aa A’h+ c
3 10+ O 20+
15+
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0 0 -
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(c) 35
3.0 Az
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a 2.0 ] ER Ba T Be )

c 0.25-0.053 mm
o | <0.053 mm
L0} Average
0.5}

0.0

CK

CF

OF CcO

Figure 4. Ecological stoichiometric characteristics of soil aggregate under different fertilization
treatments. (a) C:N (SOC/TN); (b) C:P (SOC/TP); (c) N:P (TN/TP). Different uppercase letters
indicate significant differences in aggregate fraction within the same treatment (p < 0.05), and
different lowercase letters indicate significant differences between different treatments within the
same aggregate fraction (p < 0.05). CK, no fertilizer; CF, chemical fertilizer; OF, organic fertilizer; CO,
chemical fertilizer (50% N) plus organic fertilizer (50% N).

The differences in the C:P ratio were not obvious among the treatments in the fractions
of >2 mm and 2 to 0.25 mm, with ranges of 21.61 to 26.87 and 22.09 to 27.24, respectively.
For the aggregate sizes of 0.25 to 0.053 mm and <0.053 mm, the C:P ratio of the fertilization
treatments was lower than that of CK, especially in silt and clay aggregate of <0.053 mm,
the C:P ratio of the fertilization treatments was significantly lower than that of CK. For the
average C:P ratio of all the aggregate fractions in each treatment, the fertilization treatments
were significantly lower than the CK, showing that CK > OF > CO > CF (Figure 4b).

Similarly, the N:P ratio for the aggregate fractions > 2 mm and 2 to 0.25 mm did
not differ significantly between the treatments, ranging from 1.66 to 2.00 and 1.86 to
2.28, respectively. The N:P ratio of the 0.25 to 0.053 mm and <0.053 mm fractions in
the fertilization treatments were significantly lower than the CK treatment, and the CO
treatment had the lowest N:P ratio in the fraction of 0.25 to 0.053 mm and the N:P ratio of
<0.053 mm fraction. No significant changes among the CF, OF, and CO treatments were
observed. The average N:P ratio of the fertilization treatments was significantly lower than
that of the CK treatment, and the order was CK > OF > CF > CO (Figure 4c).
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3.5. The Relationship between Nutrients and Stoichiometric Characteristics of Soil Aggregate

The relationship between the C, N, and P and stoichiometry of the soil aggregate was
analyzed using Pearson correlation analysis (Figure 5). There was an extremely significant
positive correlation between the SOC and TN among the size fractions of the aggregate
(p < 0.01), except for the significant positive correlation in the particle size of <0.053 mm
(p <0.05). The SOC had a highly significant positive correlation with the TP in all the
aggregate fractions (p < 0.01). The TN significantly correlated positively with the TP in the
fractions of >2 mm and 2 to 0.25 mm (p < 0.05) and had an extremely significant positive cor-
relation in the fractions of 0.25 to 0.053 mm and <0.053 mm (p < 0.01). The SOC had a highly
significant positive correlation with the C:N ratio in the particle size of 0.25 to 0.053 mm
(p < 0.01) and had an extremely significant positive correlation with the C:P ratio in the
0.25 to 0.053 mm (p < 0.05) and <0.053 mm (p < 0.01) fractions, but significantly correlated
negatively with the C: P ratio in the fractions of 0.25 to 0.053 mm (p < 0.05) and <0.053 mm
(p < 0.01), and showed an extremely significant negative correlation with the N: P ratio in
the 0.25 to 0.053 mm and <0.053 mm aggregate fractions (p < 0.01). The TN had an extremely
significant negative correlation with the C:N ratio in the fraction of <0.053 mm (p < 0.01)
and significantly correlated negatively with the C:P ratio in the particle sizes of 0.25 to
0.053 mm (p < 0.05) and <0.053 mm (p < 0.01). Similarly, a significantly negative correlation
existed between the TN and N:P ratio in the fraction of 0.25 to 0.053 mm (p < 0.01). The TP
had a significant positive effect on the C:N ratio in the 0.25 to 0.053 mm aggregate fraction
(p < 0.05) but had significant negative effects on the C: P ratio in the 2 to 0.25 mm (p < 0.05),
0.25 t0 0.053 mm, and <0.053 mm aggregate fractions (p < 0.01), and had significant negative
effects on the N:P ratio in the >2 mm (p < 0.05), 0.25 to 0.053 mm, and <0.053 mm aggregate
fractions (p < 0.01).
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1 1

. . . 0.8 C . . 0.8

) - 0.6 0.6
v @ X

0.4 .

081 05 P . 0.2 086 066 P . . 0.2
Lo 0

0.5¢ C:N . 0.2 0.53 C:N . 0.2

0.4 -0.4

C:p . 0 -0.66 c:p Y

-0.58 -0.63 0.66 N 0.3 -0.54 0.77 N:P 08

c) 0.25-0.053 mm (d) <0.053 mm

- 1
0000 -0 ©
0.6
0.84 N 0.62 N
0.4
0.92 0.81 P . . . - 0.2 0.91 0.79 P .

@
. 02

0.79 0.68 C:N . 0.2 -0.87 043 C:N 0.2
-0.4 0.4
063 -071  -0.86 c:p 085 -0.85 -0.98
-0.6 0.6
-0.8 o
087 072 097 070 088  N:P 090 045 -0.90 084 NiP 0.8

Figure 5. Correlation analysis between nutrients and stoichiometry in soil aggregate. (a) >2 mm;
(b) 2-0.25 mm; (c) 0.25-0.053 mm; (d) <0.053 mm. Red circles represent positive correlation and blue
circles represent negative correlation. The size of the circle is proportional to the r value. *, p < 0.05;
**, p < 0.01. The correlation coefficients are in the lower left panel. C (SOC); N (TN); P (TP); C:N
(SOC/TN); C:P (SOC/TP); N:P (TN/TP).
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3.6. Soil Physicochemical Factors” Effects on Aggregate Stability

The RDA of the soil physicochemical factors and MWD is shown in Figure 6. The first
two ordination axes provide 89.2% of the variation explained by the soil properties. A sig-
nificant positive correlation between MWD and TP (p < 0.01), SOC (P < 0.01), TN (p < 0.01),
and pH (p < 0.05) was detected, whereas a significant negative correlation existed between
MWD and C:P (p < 0.01) and N:P (p < 0.01). The order of the contribution rate of soil physic-
ochemical factors to aggregate stability is: TP > C:P> SOC> N:P > TN > pH > C:N > BD.

Q
~—
pH MWD
I'p

—
=
-
&

<

-~

0

-1.5 1.0

RDALI (74.9%)

Figure 6. Redundancy analysis (RDA) between MWD and soil physicochemical factors. MWD: mean
weight diameter. Soil physicochemical factors include SOC (soil organic carbon), TN (total nitrogen),
TP (total phosphorus), C:N (SOC/TN), C:P (SOC/TP), N:P (TN/TP), pH, and BD (bulk density).

4. Discussion

The application of organic fertilizer can improve soil structure and contribute to soil
aggregate stability [39,40]. The results from this study revealed that organic fertilizer
treatments increased the MWD value and the proportion of aggregate > 0.25 mm, with the
CO treatment being the most significant, indicating that organic fertilizer increased the soil
organic matter content, which can form a composite binder by combining with mineral
particles, enhancing the stability of the soil aggregate by reducing the soil wettability [41].
Moreover, organic fertilizer can provide the soil with abundant exogenous active organic
substances, providing the necessary organic and inorganic cementing substances for the
formation of aggregate through microorganism decomposition, and make small-sized
aggregate cement to form large-sized aggregate by stimulating biologically active soil
substances, thereby increasing the content of large aggregate and improving the stability [8].
Similar results showed that the addition of organic fertilizer contributed to the formation
of >0.25 mm aggregate and increased the soil aggregate stability [42].

In this study, we hypothesized that soil stability improvement would contribute
to the increase in nutrients. Based on the results, organic fertilizer application favored
the SOC accumulated in aggregate, and the CO treatment had a better effect. The SOC
content in the aggregate treated with CO was 19.22% to 74.70% higher than that of CK, and
6.96% to 26.20% higher than that of CF. It may be due to organic materials containing a
great deal of organic matter, promoting the formation of macro-aggregate and increasing
the organic carbon content of the aggregate [43,44]. A study found that soil aggregate
associated with organic carbon was increased by 14% to 205% with compost application [45].
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Additionally, soil aggregates with different particle sizes play different roles in nutrient
supply and transformation [46]. As Zhang et al. [47] highlighted, the contribution of the
macro-aggregate (>0.25 mm) to the SOC accumulation was greater than that of the other
aggregate fractions. Moreover, the SOC, TN, and TP content in the aggregate showed a
V-shaped change trend with decreasing particle size [48], and some of them showed an
increasing trend with the decrease in particle size [49]. In this study, the SOC, TN, and
TP content in the aggregate showed an inverted N-type change trend with the decrease
in particle size. The fraction of 0.25 to 0.053 mm contained the highest SOC, TN, and TP,
followed by the macro-aggregate of >2 mm, indicating that the trend of the nutrient supply
in the aggregate was not affected by fertilization.

The nutrient storage capacity of the soil aggregate is of great significance for nutrient
cycling and stability; approximately 90% of the SOC is stored in aggregate in the topsoil [22].
Different aggregate components exhibit different nutrient storage capacities. For example,
the contribution of macro-aggregate (>0.25 mm) to the SOC storage was greater than that of
other aggregate fractions, as reported in the Zhang et al. [47] study. Contrarily, Xie et al. [50]
found that the SOC and TN were mainly fixed in micro-aggregate (<0.25 mm) through a
21-year field fertilization experiment. The study found that fertilization positively affects
the storage of SOC, TN, and TP in soil aggregate, and 2 to 0.25 mm and 0.25 to 0.053 mm
fractions are the main storage sites of SOC, TN, and TP. This may be because of the higher
proportion of 2 to 0.25 mm and 0.25 to 0.053 mm fractions. In the 2 to 0.25 mm fraction,
the SOC stock of the CO and OF treatments was significantly higher than that of the CF
treatment. The CO treatment significantly increased the SOC stock of the micro-aggregate
(0.25-0.053 mm) compared with the other treatments. The organic fertilizer treatments
had a higher direct input of SOM into the soil, increasing the SOC storage capacity of
the soil aggregate [51]. Regarding the TN stock, there was no obvious difference between
fertilization treatments for either the 2 to 0.25 mm or 0.25 to 0.053 mm fraction, whereas
Craswell et al. [52] reported similar results, and they probably have similar N mineralization
rates. The TP stock of the 2 to 0.25 mm fraction treated with CO was significantly higher
than that treated with CF and OF. Among the 0.25 to 0.053 mm fraction, the TP stock of the
CO treatment was higher than that of the CF treatment and was significantly higher than
that of the OF treatment, and, perhaps, CF accelerates the decomposition of both organic
fertilizer and SOM, which is beneficial to the nutrient enrichment of these fractions [53].

The soil C:N, C:P, and N:P ratios are the coupling mechanism of the soil C, N, and
P balance and are an important index reflecting the nutrient composition and quality of
soil [52,54]. The mean C:N ratio, C:P ratio, and N:P ratio in the Chinese cultivated soil
are 11.8, 38.1, and 3.4, respectively [27]. Our results showed that the C:N ratio range
of the soil aggregate was 10.57 to 14.57, and the average range of the treatments was
11.71 to 13.18, which is generally higher than the national average level of cultivated
soil. The average C:N ratio of the OF and CO treatments was relatively high. A direct
reason may be that the organic fertilizer treatments had a higher C input into the soil [55].
Another potential explanation is that the SOM was at a low level of decomposition or
mineralization when organic fertilizer was applied [56]. Additionally, the C:N ratio of the
soil aggregate did not differ significantly among the different treatments, and a significant
positive correlation between the C and N was found, indicating that the decomposition
or mineralization rate of the SOM in different aggregate fractions was similar, or perhaps
there is a close relationship between the C and N and their response to environmental
changes was synchronized [25,57]. As described by Cleveland and Liptzin [58], the C
and N are structural components, and their accumulation and consumption are relatively
fixed. The C:P ratio of the soil aggregate ranged from 21.61 to 37.19 in this study, and
the average range of the treatments was 22.51 to 29.11, which is lower than the national
average level of cultivated soil. Regarding the average C:P ratio of the aggregate in
the fertilization treatments, the OF treatment was the highest, followed by the CO and
CF treatments. Although organic fertilizer treatments could directly input C into the
soil, the P content of the aggregate in the OF treatment was lower than that in the CO
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and CF treatments. Additionally, organic fertilizer application may improve the soil P
fixation by microorganisms and reduce the P mineralization potential [25,59,60] so that the
effectiveness of P in the OF treatment was less than that in the CF treatment. Moreover, the
C:P ratio in the >0.25 mm fraction did not differ significantly among the different treatments,
but the fertilization treatments effectively decreased the C:P ratio in the <0.25 mm fraction.
It may be that there were fewer microorganisms available for P fixation in the particle size
of <0.25 mm, leading to the higher P availability [25]. The N:P ratio of the soil aggregate
ranged from 1.59 to 2.88, and the average range of the treatments was 1.80 to 2.38, which is
lower than the national average level of cultivated soil. The average soil N:P ratio of the OF
treatment was the highest among the fertilization treatments, followed by the CF and CO
treatments. One reason is that, as mentioned earlier, the decomposition or mineralization
rate of the SOM under the OF treatment was slow, resulting in insufficient N or P released.
Another reason may be that the nutrient content and type are relatively fixed in fertilization
treatments, and individual nutrients for crop growth and development are insufficient
and become the limiting element of soil nutrient [60,61]. The N:P ratio of the >0.25 mm
aggregate fraction did not differ significantly under treatments, indicating that the response
of the N and P in macro-aggregate to fertilization was similar, but the N:P ratio in the
<0.25 mm aggregate fraction was significantly reduced under fertilization treatments; this
may be, as mentioned above, that the P in micro-aggregate has a higher effectiveness
under fertilization conditions, resulting in an increase in the P level and a decrease in the
N:P ratio.

The RDA showed that the MWD was significantly positively correlated with the SOC,
TN, TP, and pH, indicating that the SOC, TN, TP, and pH played an important role in
promoting soil aggregate stability. SOC is regarded as an important binding agent due to
its special functional group structure, which can cement with mineral particles to stabilize
soil aggregate [62,63]. On the other hand, the changes in soil nutrients and pH value will
regulate microbial activities and root behavior, resulting in the increase in soil biochemical
mucilage, subsequently providing evidence for the stability of soil aggregate [64]. However,
although much information is available on the relationship between soil aggregate stability
and physicochemical factors, such as SOC, what and how physicochemical factors affect
soil aggregate stability are not well understood yet. Accordingly, further investigations on
aggregate stabilization mechanisms related to soil physicochemical factors are needed.

5. Conclusions

The soil aggregate distribution, stability, and nutrient content in greenhouse vegetable
cultivation treated with different fertilizers were evaluated. The dominant grain size of the
soil aggregate was 2 to 0.25 mm and 0.25 to 0.053 mm. Fertilization significantly increased
the MWD and >0.25 mm aggregate proportion. Chemical fertilizer plus organic fertilizer
(CO) treatment had the most significantly enhanced soil aggregate stability. The SOC, TN,
and TP content in the 0.25 to 0.053 mm aggregate fraction was relatively high, and the SOC,
TN, and TP stock in the 2 to 0.25 mm and 0.25 to 0.053 mm aggregate fractions were the
primary sources of SOC, N, and P. Fertilization significantly increased the SOC, TN, and
TP content in the soil aggregate, among which the CO treatment was the most significant.
There was no obvious difference in the nutrient stoichiometry of the soil aggregate among
the treatments. The redundancy analysis (RDA) revealed that the soil physicochemical
factors, including SOC, TN, TP, and pH, significantly explained the stability of the soil
aggregate. Therefore, chemical fertilizer, with organic fertilizer, can positively affect the
stability and nutrient accumulation of soil aggregate in greenhouse dryland. However,
the findings from this study are derived from short-term experiments, and long-term
field experiments are needed in the future to consolidate these findings. The microbial
change characteristics of soil aggregate should be investigated in the future to obtain more
comprehensive information regarding aggregate change.
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