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Abstract: Soil aggregate stability is an important aspect of soil function and health. Fertilization could
potentially alter soil properties and thereby affect aggregate stability. To determine which fertilizer is
useful for improving soil fertility and stabilizing soil aggregates and thereby reducing soil erodibility,
we examined three types of fertilizer, and measured how soil organic carbon, carbohydrates, and
related soil properties influenced aggregate stability in eroded Ultisols. Treatments included control
(CK), mineral fertilizer nitrogen (N), phosphorus (P), potassium (K) (NPK), fertilizer NPK plus straw
(NPKS), and farmyard manure (FYM). Aggregate stability was tested according to Le Bissonnais
method, involving three disruptive tests: fast wetting (FW), slow wetting (SW), and mechanical
breakdown (WS). Total organic carbon, particulate organic carbon, mineral-associated carbon, and
cold-water-soluble carbohydrate, hot-water-soluble carbohydrate, and dilute acid hydrolysable
carbohydrate were measured, as well as soil intrinsic properties (including pH, bulk density, iron
and aluminum oxides). The 12-year fertilization had a larger effect on aggregate stability and
related soil properties in a 0-15 cm soil layer, whereas no effect was evident at a soil depth of
15-40 cm. MWD (mean weight diameter) under the three tests decreased with increasing soil depth.
Fertilization, especially farmyard manure evidently improved MWDgyw and MWDyg at a depth of
0-15 cm. Slaking was the main mechanism of aggregate breakdown in Ultisols studied, followed by
mechanical breakdown. Correlation analysis showed that MWDpw and MWDy at a depth of 0-15
cm increased with the increase of particulate organic carbon, total organic carbon, hot-water-soluble
carbohydrate and pH. Furthermore, their interaction with amorphous iron oxides enhanced aggregate
stability against slaking or, with amorphous aluminum oxides, modified aggregate stability against
mechanical breakdown. Consequently, particulate organic carbon was the dominant cementing agent
for aggregation in Ultisols studied, and its combination with pH, amorphous aluminum oxides,
amorphous iron oxides, and free aluminum oxides play a synergetic role in stabilizing soil aggregate.
Accordingly, farmyard manure or fertilizer NPK plus straw improved soil fertility and the ability to
resist slaking.

Keywords: Le Bissonnais’ method; mean weight diameter; soil organic carbon; carbohydrate;
fertilizer

1. Introduction

Ultisols (locally known as red soil) cover approximately 1.14 million km? in tropical and
subtropical regions of South-Eastern China, representing the dominant soil in South America and
Southeastern Asia [1,2]. Inappropriate soil management practices with intensive land development
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and utilization, as well as unfavorable soil properties, increase the risk of erosion and have been linked
with low productivity, resulting in a great hindrance to the local socioeconomic development [3-5].
Fortunately, the adverse effect of soil erosion and degradation could be offset by improved management
practices such as fertilizer input and agronomic management, which potentially could increase soil
organic matter (SOM) or soil organic carbon (SOC) and restore soil physical properties, including soil
aggregate stability [6-10].

Aggregate stability is considered an important indicator of soil physical quality, affecting soil
functions such as soil aeration, the movement and storage of soil water, soil erodibility, and carbon
sequestration [11-15]. The primary mechanisms of aggregate breakdown by water are slaking,
breakdown by differential swelling, mechanical breakdown by raindrop impact, and physiochemical
dispersion [16]. Within a site, the relative importance of these mechanisms mostly depends on the
physical and chemical properties of soil, which may be affected by agricultural practices. Most
often, improvements in aggregate stability were associated with an increase in soil organic carbon
content [17-19]. Many studies have shown that organic amendments (e.g., manure and crop residues)
to soil over time not only could maintain or increase soil fertility and SOC accumulation but also
improve aggregation [6,14,20-23]. Other workers, however, reported that SOC content and soil
structure declined following the continuous application of mineral fertilizer alone [24]. Meanwhile,
several studies indicated that aggregate stability did not increase following organic amendments (FYM,
vermicompost, and lantana compost) [25].

In fact, alteration of SOC is very slow in agricultural soil, and SOC fractions are likely more
sensitive and respond more quickly to soil management practices [26,27]. Increasing evidence has
indicated that different SOC fractions perform different functions, participating in the formation and
stabilization of soil aggregates in different ways [28-31]. More precisely, SOC fractions extracted by
water or acid can better represent soil organic binding components, which are directly involved in the
formation and stabilization of aggregates [32]. For example, Bouajila and Gallali (2010) [33] suggested
that aggregate stability was more associated with particulate organic carbon (POC) compared to SOC.
Roberson et al. (1995) [34] reported that aggregate stability was significantly correlated with soil heavy
fraction carbohydrate content. In contrast, weaker correlations have been described between water-
or acid-extractable C fractions and aggregate stability. Apart from SOC and its fractions, other soil
characteristics such as sesquioxides, texture, and exchangeable cations are involved in soil aggregation
and stabilization [19-21,35,36]. For instance, macro-aggregates in red soil tended to increase with the
accumulation of SOC and Fe-oxides following the application of manure plus nitrogen fertilizer [37].
Nevertheless, the differences in the quality and quantity of these binding agents after the application
of different fertilization over time could effectively indicate soil disaggregation or aggregation.

In China, to meet the food demands of an increasing population, more mineral fertilizers are
being applied to the soils since the 1980s, but farmyard manure and straw as sources of plant nutrients
have been renewed in recent years due to environmental problems related to the application of
mineral fertilizers alone. In the past few years, several studies have previously assessed the influence
of different fertilizer application on aggregate stability, SOC and its fractions, and other properties
across the world. However, it is impossible to transfer these findings to South-Central China, due to
differences in soil type, vegetation type, and climate conditions. In South-Central China, Peng et al.
(2015) [19] reported that the contributions of sesquioxides and soil organic matter to aggregation in
an Ultisol following long-term fertilization, whereas limited information exists regarding aggregate
stability under a different breakdown mechanism and related soil properties following long-term
fertilization, particularly in eroded dryland.

Here, we hypothesized that the application of mineral fertilizers and organic materials would
change SOC and its fractions, and improve aggregate stability. Specifically, we sought: (i) To quantify
the characteristics of SOC fractions, carbohydrate fractions, and aggregate stability (MWD) under
a long-term application of fertilization; (ii) to understand the role of SOC fractions, carbohydrate
fractions, and other soil properties in aggregate stability. The expected results could identify the
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key factors influencing aggregate stability and sustainable best fertilizer management practice for
agricultural systems in South-Central China.

2. Materials and Methods

2.1. Study Site

The field experiment was initiated at the Red Soil Experimental Station of Huazhong Agricultural
University (30°02' N, 114°21’ E; elevation: 41 m) in Xianning County, Hubei province, China, see
Figure 1, in 1998, to improve soil quality and identify the best management practice for sustainable
crop production. The region is under a typical subtropical monsoon climate with a rainy season from
May to early-July and a dry one from late-July to early-September. The annual mean temperature is
around 16.5 °C, annual rainfall averages about 1370 mm, and the annual potential evapotranspiration
is 1490 mm. The study site is representative of the regional features of natural resources and land use
in South-Central China. The soil is classified as Ultisols developed from Quaternary red clay. Water
erosion, especially interrill erosion is the domain form of soil erosion in the study area.
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Figure 1. Location of the Red Soil Experimental Station of Huazhong Agricultural University.
2.2. Treatment Details and Management Practices

This long-term field trial originally consisted of four treatments, having a plot size of 3 m x 7 m.
The plots were arranged in a randomized block design with three replications. Four fertilizer treatments
were included as follows: (1) CK, unfertilized control, (2) NPK, mineral fertilizer (N: 175 kg ha~?,
P,0s: 150 kg ha~!, K,0O, 115 kg ha™!), (3) NPKS, mineral fertilizer with straw (NPK+1666 kg ha~!
straw), and (4) FYM, farmyard manure (10,000 kg ha~! pig or chicken manure, organic matter content
30-35%). The mineral fertilizers were applied in the form of urea, calcium superphosphate, and
potassium chloride. Continuous winter wheat (Triticum aestivum L.)-summer maize (Zea mays L.)
rotation was initiated with all phases represented between 1998 and 2011. Fertilizers were applied just
before sowing. Throughout the long-term experimentation, all plant species grew rain-fed without
any supplementary irrigation. Prior to the experiment, the experimental site was an uncultivated land
with low soil quality, which has a thin A horizon resulting from soil erosion.

2.3. Field Sample Collection and Preparation

Soil samples were collected at depths of 0-5 cm, 5-15 cm, 15-25 cm, and 25-40 cm from each plot.
The sampled soil was stored in rectangular sampling boxes. Then, soils were air-dried (25-30 °C),
crushed, and soil aggregates (>5 mm) were obtained by dry-sieving. Soil pH was measured in a
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1:2.5 (soil/water ratio) using a glass electrode. Soil bulk density (BD) was estimated using 100 mL
cylinders per depth for each plot. The total porosity (TP) is calculated using the formula, P =1 —
(soil bulk density/soil density), and assuming that the soil density is 2.65 g cm 3. Free (Feq and Aly)
and amorphous (Fe, and Al,) were determined using citrate-bicarbonate-dithionite (CBD) [38] and
ammonium oxalate [39], respectively.

2.4. Extraction of MOC, POC, CHyw, CHcw, and CHpa

Soil organic carbon was determined using dichromate oxidation [40]. The SOC was assumed to
be equal to the total C with negligible inorganic C concentration as the soil pH was below 7 [41]. The
particulate organic carbon (POC) and mineral-associated organic carbon (MOC) was determined by
dispersing with sodium hexametaphosphate using the Cambardella and Elliot’s method [42]. The
dispersed fraction was sieved through a 53-pm sieve. The retained material was dried and analyzed
for organic carbon. MOC is determined as the difference between SOC and POC.

The carbohydrate fractions were determined in the three types of soil extracts, viz. cold-water-
soluble (CHcw), hot-water-soluble (CHpw), and dilute-acid-soluble (CHpa) by mixing 10 mL cold
distilled water (at 25 °C and shaking for 16 h, CW), hot distilled water (at 85 °C and heated for 2.5 h,
HW), and H,SO4 (0.25 M and shaking for 16 h, DA). All three types of soil suspension were centrifuged
at 3000 rpm for 30 min at 25 °C. Carbohydrate contents of the extract were determined by spectrometry
using the phenol-sulfuric acid method at 490 nm with glucose as the standard [43].

2.5. Soil Aggqregate Stability Tests

Aggregate stability was determined by the method of Le Bissonnais [16]. The method combines
three disruptive tests that correspond to different wetting conditions and energy: fast wetting (FW),
slow wetting (SW), and mechanical breakdown (WS). Before experiments, air-dried soil aggregates
were dried at 40 °C for 24 h to obtain constant matric potential. For the FW test, the aggregates were
immersed in deionized water for 10 min; for the SW test, a similar amount of aggregates were placed
on a filter paper and subjected to a tension of —0.3 kPa for 30 min; for the WS test, the aggregates were
first immersed in ethanol for 10 min and then transferred into a flask filled with 200 cm? of deionized
water, subsequently, the flask was corked and agitated end over end 20 times for 1 min. After each
test, the fragments for three tests were transferred to a 0.05-mm sieve in ethanol. The slaking resistant
aggregates on a 0.05-mm sieve were collected, dried in an oven at 40 °C, and its size distribution
was measured by dry sieving with sieves of 5, 2, 1, 0.5, 0.25, 0.1, and 0.05 mm. Three replicates were
examined for each test.

The mean weight diameter (MWD) for each treatment was calculated as:

n
MWD =) dw; 1)
i=1

where d; is the mean diameter of the ith sieve size and wj; is the proportion of the total aggregates in the
ith fraction. The average of these three indexes was also calculated (MWDpean). The relative slaking
index (RSI) and relative mechanical breakdown index (RMI) are used to determine the resistance of
slaking and mechanical breakdown of the soil [44].

MWDgyy — MWDy
MWDgyy
MWDsw — MWDys
MWDgyy

RSI =

x 100 )

RMI = % 100 3)
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2.6. Statistical Analysis

One-way analysis of variance (ANOVA) following least significant difference (LSD) was
conducted to determine the statistical significance of fertilization on soil pH, BD, and TP at each soil
depth, and multi-way analysis of variance (ANOVA) was carried out to test the effects of fertilization,
soil depth, and their interaction on SOC and carbohydrate fractions and aggregate stability indices.
Pearson’s correlations were performed to explore the relationship between aggregate stability indices
and soil physicochemical properties.

Correlation analysis showed that there existed multicollinearity between explanatory variables.
To determine the variables that best account for the majority of aggregate stability, stepwise multiple
linear regression (MLR) and partial least square regression (PLSR) were used and compared. Four
dependent variables (MWDgyw, MWDy, RSI, and RMI) and thirteen independent variables (TOC,
POC, MOC, CHuw, CHcw, CHpa, pH, BD, TP, Fe,, Al,, Fey, and Aly) were selected. The first three
important explanatory variables were selected to predict the response variable according to the Variable
Importance Plot (VIP > 1) in PLSR.

One-way and multi-way ANOVA, and stepwise multiple linear regression were performed using
the SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Partial least square regression analysis was
carried out using the SIMAC-P 11.5 (Umetric AB, Umea, Sweden), and the remaining figures were
made using R (version 3.2.1) software.

3. Results

3.1. Soil pH, Bulk Density, and Total Porosity

Soil was acidic and decreased gradually with soil depth (Table 1). Compared with CK treatment,
fertilizer applications (NPK, NPKS, and FYM) raised significantly soil pH at 0-15 cm soil depth. NPKS
treatment showed significantly (P < 0.05) lower bulk density and significantly (P < 0.05) higher total
porosity than CK at the 0-15 cm depth. Only slight effects of NPK and FYM treatments on bulk density
and total porosity were observed. Irrespective of fertilizers application, bulk density slightly increased
with soil depth but total porosity had the inverse trend. Overall, the results indicated that fertilizers
application increased soil pH and TP but decreased BD in the 0-15 cm soil layer. No evident differences
for pH, BD and TP at 25-40 cm depth for all treatments, however.

Table 1. Soil pH, bulk density, and total porosity under different fertilization management practices.

Soil Properties Soil Depth (cm) CK NPK NPKS FYM
pH 0-5 529d 593 ¢ 6.21a 6.11b
(1:2.5) 5-15 5.36 ¢ 553 b 6.16 a 5.61b
15-25 5.27 ab 5.35a 521b 5.08 ¢
25-40 5.08 a 5.13a 5.06 a 4.61b
Bulk density 0-5 1.20a 1.18a 1.15b 1.19a
(gem™3) 5-15 1.43 a 1.36b 1.35b 1.39 ab
15-25 1.57 a 1.57 a 1.55a 1.57 a
25-40 1.59a 157 a 1.59a l.6la
Total porosity 0-5 54.72 b 55.47 b 56.60 a 55.09 b
(%) 5-15 46.04 b 48.81 a 49.06 a 47.75 ab
15-25 40.75a 40.75a 4151 a 40.75 a
25-40 40.00 a 40.75 a 40.00 a 39.25a

Different letters indicate significance at P < 0.05 between different treatments in the same soil layer; CK: control;
NPK: mineral fertilizer NPK; NPKS: NPK plus straw; FYM: farmyard manure.

3.2. Soil Organic Carbon and Carbohydrate

The amount of TOC, POC, and MOC was significantly different among soil depths (P < 0.001), as
shown in Table 2. Fertilizer applications significantly increased the amount of TOC, POC, and MOC
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compared to the CK when only a depth of 0-5 cm was considered, see Figure 2. However, no significant
difference was observed for POC (P = 0.056) or MOC (P = 0.085) when all soil depths were considered,
see Table 2; only TOC content showed a significant difference (P = 0.029), see Table 2. Furthermore,
fertilizers and soil depths had significant interactive effects on the amount of TOC (P < 0.001) and POC
(P <0.001).

Table 2. Analysis of variance (ANOVA) results of the effects of fertilizers and soil depths on soil
organic carbon.

Factor Source d.f. F Significance
TOC Fertilizer 3 4.8 0.029
Soil depth 3 45.5 <0.001
Fertilizer x Soil depth 9 13.6 <0.001
POC Fertilizer 3 3.7 0.056
Soil depth 3 214 <0.001
Fertilizer x Soil depth 9 25.7 <0.001
MOC Fertilizer 3 3.0 0.085
Soil depth 3 53.8 <0.001
Fertilizer x Soil depth 9 1.9 0.083

d.f.: degrees of freedom; F: the ratio of the mean squares between groups and within groups; TOC: total organic
carbon; POC: particulate organic carbon; MOC: mineral-associated organic carbon.

TOC (g kg POC (gkg") MOC (gkg")
0 5 10 15 10 15
e
0-5 2b

Figure 2. Effects of fertilizer system on soil organic carbon content.

Significant accumulation of TOC, POC, and MOC at a depth of 0-15 cm occurred in accordance
with their concentration, see Figure 2 and Table 2. On average, the mean TOC, POC, and MOC contents
in the 0-40 cm layer were 14.8-51.9%, 48.9-146.9%, and 3.9-23.3% higher, respectively, after long-term
mineral or organic fertilization compared to those in the CK soil. MOC accounted for about 51.5-88.2%
of TOC at a depth of 040 cm and, therefore, represented the majority of the soil organic carbon, while
POC has a minor TOC proportion 11.8-48.5%.

Fertilization does have an effect on the amount of carbohydrate, see Figure 3, although no
significant difference was observed among fertilizer treatments at a depth of 0—40 cm, see Table 3.
Generally, statistically significant differences (P < 0.05) were obtained with regard to the amount of
carbohydrate in each soil layer among fertilizer treatments, especially at a depth of 0-5 cm, see Figure 3.
Briefly, the carbohydrate concentration for DA and HW tests at a depth of 0-5 cm ranked in the order:
FYM > NPKS > NPK > CK, but for CW test, NPKS resulted in higher levels of carbohydrate.
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Figure 3. Effects of fertilizer system on the amount of acid-soluble carbohydrate (a), hot-water-soluble
carbohydrate (b), and cold-water-soluble carbohydrate (c).

Table 3. ANOVA results of the effects of fertilizers and soil depths on soil carbohydrate.

Factor Source d.f. F Significance
CHypw Fertilizer 3 1.3 0.341
Soil depth 3 37.8 <0.001
Fertilizer x Soil depth 9 60.77 <0.001
CHcw Fertilizer 3 1.7 0.238
Soil depth 3 107.4 <0.001
Fertilizer x Soil depth 9 10.2 <0.001
CHpa Fertilizer 3 1.6 0.254
Soil depth 3 20.5 <0.001
Fertilizer x Soil depth 9 35.1 <0.001

Notably, the greatest values were found for the acid-soluble carbohydrate concentration
(356.5-943.5 mg kg 1), see Figure 3a. The values of the hot water-soluble carbohydrates were lower
than those of the acid-soluble carbohydrate at the same soil layer in each plot, see Figure 3b. More
obviously, the fraction with the lowest values was the cold water-soluble carbohydrate concentration
(8.5-253.2 mg kg 1), see Figure 3c. A significant accumulation of hot-water-soluble carbohydrates at
a depth of 0-15 cm occurred, see Figure 3b, whereas cold-water-soluble carbohydrates at a depth of
0-5 cm accumulated in accordance with their concentration, see Figure 3c.

3.3. Aggregate Stability Measured by the Le Bissonnais Method

In general, MWD values decreased with depth in all plots irrespective of the treatment applied, see
Table 4 and Figure 5. Considering all MWD related to the three tests (FW, SW, and WS), the aggregate
stability for four treatments appeared in general in the order of: MWDgy (slow wetting) > MWDyyg
(mechanical breakdown) > MWDrpy (fast wetting) in each plot, see Figures 4 and 5, indicating that
slaking was likely the main mechanism of aggregate breakdown in the soil studied, followed by
mechanical breakdown.
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Table 4. ANOVA results of the effects of fertilizers and soil depths on aggregate stability.

Treatment Source d.f. F Significance
FwW Fertilizer 3 2.0 0.182
Soil depth 3 17.1 <0.001
Fertilizer x Soil depth 9 3419 <0.001
SW Fertilizer 3 4.4 0.037
Soil depth 3 222 <0.001
Fertilizer x Soil depth 9 40.7 <0.001
WS Fertilizer 3 6.5 0.012
Soil depth 3 18.2 <0.001
Fertilizer x Soil depth 9 37.3 <0.001
6-
4 |
)
: o
= %
= 2 .‘T =
o, *
3 Y
*
* *
0 T T T T
MWD, MWD, MWD . MWD

Aggregate stability indices

Figure 4. Distribution of mean weight diameter (MWD) under fast wetting (FW), slow wetting (SW),
and mechanical breakdown (WS) tests. The diamond boxes indicate the 25th and 75th percentiles; the
line in the box indicates the median (50th percentile); “x” indicates outlier values; “[1” indicates the

average value.

a MWD, (mm) b MWD, (mm) [ MWD, (mm)
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Figure 5. Mean weight diameter (MWD) under different fertilizer treatments with different tests: (a)

FW, (b) SW, and (c) WS.

The values of MWDgw were higher with the coefficient of variation of 25%, varying from 1.52 to
4.46 mm. MWDy ranged from 1.84 to 4.04 mm with a CV of 24%. Relative to MWDgy and MWDys,
MWDgw had relatively lower values (0.50-2.45 mm) but a higher variation of 54% regarding CV,



Sustainability 2019, 11, 1169 90f17

see Figure 4. The MWDyean provided an overall view of aggregate stability at different conditions
of soil wetness, ranging from 1.32 to 3.54 mm with an average of 2.51 £ 0.66 mm, see Figure 4. In
the 0-15 cm soil layer, MWDysg ranged from 2.46 to 4.04 mm, which corresponded to very stable
soil aggregates [17], while MWDgw varied from 3.92 to 4.46 mm, and MWDpy ranged from 0.86 to
2.46 mm. In the 15-40 cm soil layer, MWDgyy ranged from 0.50 to 0.88 mm, MWDyg ranged from 1.84
to 2.71 mm, and MWDsgy ranged from 1.52 to 3.98 mm, see Figure 5.

After 12 years of fertilizer management, NPK, NPKS, and FYM treatments had significantly
(P < 0.05) higher MWDws and MWDsy than CK, see Table 4. As such, NPK, NPKS, and FYM
treatments had evidently higher values of MWDrgyy; although, no significant difference was found
(P =0.182). For FW and WS tests, at a depth of 0-5 cm, the FYM plot had the highest MWD, followed
by the NPKS plot and NPK plot, and the CK plot had the lowest MWD. Interestingly, the NPK plot has
the highest MWD in the same layer for the SW test, see Figure 5b.

3.4. Identification of the Key Factors Influencing Aggregate Stability

As mentioned above, the measured soil properties were affected by fertilization in just the 0-15 cm
soil layer, whereas they remained almost unchanged in the 1540 cm layers. Thus, data collected at the
0-15 cm depth, were used to determine the relationship with aggregate stability indices.

Correlation analysis showed that MWDgw was significantly correlated with TOC (P = 0.011), POC
(P =0.006), MOC (P = 0.048), CHpw (P = 0.042), and pH (P = 0.040), see Figure 6. Also, MWDyyg had
significant positive correlations with pH (P = 0.002), TOC (P = 0.007), POC (P = 0.002), and CHuw
(P =0.048). However, no apparent relationships were observed between MWDgy and the measured
soil properties. MWDyean Were significantly and positively correlated with TOC (P = 0.009), POC
(P =0.005), MOC (P = 0.044), and CHpw (P = 0.048).

g
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Figure 6. Correlations between aggregate stability and the measured soil properties. The red color
means negative correlation while the blue color means positive correlation; the light color and smaller
circle mean the lower value of correlation coefficient and the darker color and bigger circle mean the
higher value.
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Significant correlations also generally existed between TOC, POC, MOC, CHyw, CHcw, and
CHpa, see Figure 6. TOC was positively related to TP (P = 0.045) but was negatively related to BD
(P = 0.045). Similarly, POC was negatively related to BD but not significantly (P = 0.093). Interestingly,
MOC was significantly positive with TP (P = 0.010) and negative with BD (P = 0.010). Notably,
no significant relationship (data not shown) was observed between MWD and the soil properties
mentioned above in the 1540 cm layer.

The variables selected for stepwise multiple linear regression (MLR) and partial least square
regression (PLSR) analysis are presented in Table 5. The variables included when using MLR and
PLSR for each model were a bit different. For MLR, POC together with Aly contributed to MWDgy
significantly (P < 0.01); POC had positive effects on MWDys; the relative mechanical breakdown index
was negatively related to POC; the relative slaking index was also negatively related to POC. For PLSR,
POC, Fe,, and pH were positively associated with MWDgy; and POC, in combination with TOC and
Al, affected MWDys. For RMI, besides POC, CHyw played a negative role but TOC had a positive
role; for RSI, including POC and TOC, Fe, was selected in the model, explaining 64.1% of its variance.

Table 5. Relationship between aggregate stability indices and soil properties obtained by multiple
linear regression (MLR) and partial least square regression (PLSR).

Method Formulas Adj.R? SEE Significance
MLR MWDgyw = 0.368POC + 0.897Aly — 1.374 0.857 0.184 0.003
MWDys = 0.315POC + 2.247 0.786 0.228 0.002
RSI = —0.071POC + 0.796 0.631 0.074 0.011
RMI = —0.078POC + 0.470 0.728 0.065 0.004
PLSR MWDgyw = 0.198POC + 0.411pH + 1.560Fe, — 2.701 0.745 0.246 0.038
MWDy = 0.748POC — 0.310TOC — 0.562Al, + 3.930 0.801 0.220 0.123
RSI = —0.054POC — 0.005TOC — 0.525Fe, + 1.284 0.641 0.072 0.073

RMI = —0.285POC + 0.157TOC — 0.0002CHpw — 0.121 0.786 0.058 0.027
SEE: Standard error of the estimate.

4. Discussion

4.1. Influence of Fertilizer on Soil Properties

In this study, different fertilization practices have a larger effect on the surface layer, clearly
affecting soil pH, BD, TP, organic carbon fractions, carbohydrate, and MWD at a soil depth of 0-15 cm,
see Tables 1-3 and Figures 2-5. In general, the amendments of manure, mineral fertilizer, and mineral
fertilizer plus straw had a tendency to deacidify the present soil, see Table 1, particularly in plots
under FYM; soil pH was significantly higher than that in CK. Similarly, in some studies [21,45,46],
the application of farmyard manure or fertilizer NPK plus straw increased soil pH. However, soil
pH has a tendency to decrease following the application of organic manure, mineral fertilizer, and
straw in several studies [47]. The contradictory results could be explained by the observation of
Xu et al. (2006) [48], in which the extent of the soil pH increase depended on the initial pH and buffer
capacity of the soil and the rate of decomposition and association/dissociation of organic compounds
in plant residues.

Not surprisingly, NPK and FYM slightly decreased BD and increased TP in comparison with CK,
but BD and TP in FYM were significantly different from CK. Similarly, decreased BD and increased
TP with inorganic or organic fertilization were presented in other studies [35,49-52]. For NPK plus
straw, the improvement of BD and TP can be partially ascribed to the increased SOC because BD
was negatively correlated with SOC content. Correspondingly, the incorporation of straw could
lead to soil particles to stick together, which in turn, form soil aggregates. Similar results have been
reported [14,53-55].
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In this study, the TOC contents in all treatments ranged from 5.6 to 12.5 g kg~ ! at a depth of 0-15
cm after 12 years of intensive cropping. The greatest TOC or POC content was found in FYM treatment,
typically at a depth of 0-5 cm, followed by NPKS treatment and then by NPK treatment, see Figure 1.
Likewise, various past studies have reported similar results due to the addition of manure, straw, and
NPK fertilizers in long-term fertilization experiments elsewhere [27,56-60]. Accordingly, the superior
effect of FYM over NPKS and NPK in this study may be ascribed to two aspects: (i) the increased
input of organic materials into soil compared with no manure treatments; (ii) the manure-induced
soil aggregation would be helpful for slowing down the organic matter turnover rate [61,62]. Also,
the accumulation of SOC and POC content at the topsoil in the NPKS plot may be attributed to the
greater input amount of organic matter by incorporation and decomposition of straw [63,64]. As with
the improvement in SOC and POC under NPK mineral fertilizers alone, in our study, two crops per
year maintained more roots and rhizodeposition; although, the aboveground straws were removed
whereas there was considerable stubble biomass input. Therefore, NPK mineral fertilizers alone could
increase the level of POC by better crop growth relative to CK treatment to a large extent. Similar
positive effects of different combinations of N, P, and K on SOC have been previously reported [65]. In
all, the improvement may be partly attributed to the direct effects of the manure and indirect effects of
straw addition and stubble residues in our study.

Soil carbohydrates, as important parts of soil organic matter, are the main component of the labile
pool of SOM. As expected, the performances of the three fertilizer treatments differed in terms of their
contribution to carbohydrate concentrations. CHpas and CHyw concentrations at a depth of 0-5 cm
decreased in the order: FYM > NPKS > NPK > CK. Somehow, the highest CHcw at a depth of 0-5 cm
was recorded under NPKS treatment. In line with our findings, the application of manure, organic
materials, and mineral fertilizer generally increased soil carbohydrates [66,67]. The improvement can
be partially explained by differences in the amendments of carbohydrates in manure and plant-derived
carbohydrates. Moreover, high amounts of carbohydrate in FYM and NPKS seem to be the result
of the higher amount of manure and greater crop yield and hence, a higher return of crop residues
in comparison with CK [68,69]. Similar to the results obtained by Adesodun et al. (2001) [28], the
carbohydrate concentrations ranked in the order, CHpa > CHpw > CHcw. As stated above, the general
trend in the concentration of all three carbohydrates declined with soil depth. Overall, the effect of the
amendments of manure, organic materials, and mineral fertilizer on organic carbon and carbohydrate
was lower in the deeper layers relative to the surface layers of the soil.

4.2. Aggregate Stability and Its Relationship with Other Properties

The soil aggregate stability values (MWD) in this study showed relatively large variability, see
Figures 4 and 5. Independent analyses using three tests of the Le Bissonnais method can contribute
to a better understanding of the mechanisms involved in aggregate stability. MWD values followed
the order of MWDgy > MWDyws > MWDry, indicating that the FW test was the most efficient for
disrupting soil aggregates. Thus, slaking was the main mechanism of aggregate breakdown in the soil
studied, followed by mechanical breakdown, which agrees with other studies in the same area [70].

Improvements in aggregate stability following additional amendments have been already
reported [8,71]. As we revealed above, fertilizer amendments obviously affected soil aggregate
stability at a depth of 0-15 cm, see Figure 5. In general, aggregate stability was affected by intrinsic
properties (e.g., organic carbon or fractions, soil texture, mineralogy, and pH) and external factors (e.g.,
climate, agricultural management, and vegetation types) [35,72]. In this study, there is no difference
regarding vegetation type (maize and wheat) and climate factor; therefore, agricultural management
and soil properties were the main factors.

Amendments of manure and straw residues have been previously reported as being the effective
method for improving aggregate stability and soil fertility [54,73,74]. As stated above, the long-term
application of FYM and NPKS increased the MWD and promoted soil aggregation in the 0-15 cm soil
layer, see Figure 5. The positive effects of FYM and NPKS on aggregate stability may be attributed
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mainly to the improvement of soil organic carbon through a greater amount of organic inputs.
Mikha et al. (2010) [75] pointed out that long-term manure application promoted the formation of
macro-aggregates and increased aggregate stability. Also, amendments may indirectly affect aggregate
stability by increasing crop productivity and biological activity. Furthermore, more root stubble and
biomass added to the soil under NPKS and FYM plots exerted a considerable influence on aggregate
stability to some degree due to higher levels of binding agents such as polysaccharides and fungi.
Likewise, as discussed above, mineral fertilizer alone might help in increasing root biomass compared
to CK, which ultimately increased the MWD value [49,76]. In all, such effects with different fertilization
treatments on aggregate stability can be ascribed to their impacts through organic matter input on
soil properties.

Soil organic carbon or its fractions such as labile carbon and biologically active carbon plays a key
role in aggregate stability [63,72]. POC was directly related to soil aggregation since it can form an
organic core surrounded by clay, silt particles, and aggregates [11]. In addition, it has been found that
carbohydrates were important aggregate-binding agents [77]. Similarly, in our experiment, POC, TOC,
and CHpw were significantly correlated with aggregate stability (FW and WS), indicating that POC,
TOC, and CHpw contribute to aggregate stabilization of soil particles, see Figure 6. More precisely,
MWD was more associated with POC compared to TOC and CHpyyw, see Figure 6, in line with the
finding of Bouajila and Gallali (2010) [33]. Zotarelli et al. (2007) [78] suggested that the stabilization
of particulate organic matter within microaggregates was one of the major mechanisms for SOC
protection. Additionally, glomalin-related soil proteins (GRSR) could contribute to the formation
and maintenance of soil aggregates following fertilizers amendments [79]. Further study on this
topic would improve our understanding of the relationships between POC, GRSR, carbohydrate, and
aggregate stability following long-term fertilizers practices.

Consistently with our studies, many workers have found that CHyw was more closely related
to aggregate stability than CHcy [29,80]. Unlike our studies, CHyw had a closer relationship with
aggregate stability compared to SOC in the study of Yousefi et al. (2008) [29]. The discrepancy was,
in part, attributed to soil properties variation, indirectly changing the relationship between organic
matter fractions and aggregate stability [33]; further, this relationship varied widely between soils.
Interestingly, soil pH was strongly correlated with MWDrgy, see Figure 6. Moreover, in the partial
least square regression (PLSR), pH together with POC and Fe,, contributed to 74.5% variations of
MWDryy, see Table 5, implying that pH, POC, and Fe, and their interaction may be an important
mechanism for aggregate stability against slaking. In agreement with the findings of Regelink et al.
(2015) [81], the effect of pH on aggregate stability may be attributed to the enhanced coagulation
of organically-coated particles at a relatively lower pH level in this study. Formation of Al-humus
complexes mainly occurs at a lower soil pH, which may favor aggregate stability. Multiple stepwise
linear regression (MLR) results showed that the combination of POC and Aly significantly improved
aggregate stability against slaking, although the effect of Aly on soil aggregation was absent, see
Table 5 and Figure 6. The potential influence of Aly on the aggregate stability of Ultisols has been
confirmed in another study [82].

Compared with slaking, only POC contributed positively to MWDyyg in MLR, while POC, TOC,
and Al, in PLSR, played a positive and negative role in aggregate stability against mechanical
breakdown, respectively, accounting together for 80.1% in MWDyws. Wu et al. (2017) [83] found
that amorphous aluminum oxides excluding complex forms contributed negatively to MWDyg in
MLR. Owing to clay fractions in the Ultisols studied was dominant in kaolinite, the bonding materials
between aggregates involved not only organic materials but also Fe and Al oxides and other cementing
materials [11]. Furthermore, several researchers reported that soil oxides acted as important binding
agents and play important roles in aggregate formation in Ultisols from subtropical China [44,82].
As discussed above, our results meant that Aly, Fe,, and Al, alone might not play key roles in soil
aggregation; in association with POC, TOC, or pH, they may be indispensable components in soil
aggregation. Furthermore, Amézketa (1999) [8] indicated that Fe and Al oxides, which bond with
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organic and inorganic compounds or aggregates through a cation bridge to improve soil structure, are
the most active components in soil.

As stated above, the importance and contribution of soil organic carbon or fractions of carbon
to aggregate formation and stability have been well reported. Plante and McGill (2002) [84] found
that macro-aggregation and micro-aggregation could be enhanced by increasing the SOC content.
Furthermore, Fe and Al oxides seemed to be major agents of <0.25 mm aggregates in Ultisols, whereas
soil organic matter played a primary role in stabilizing lager aggregates (0.25-2.00 mm) [19]. A further
indication of the role of SOM comes from the study of Peng et al. (2015) [19], involved in improving
the soil aggregation by increasing the carbon input. Here, the improvement of aggregate stability
resulted, in part, from directly and indirectly increasing the soil organic carbon content. Furthermore,
previous discussions in this and other publications point out that POC had a greater effect on soil
aggregation than SOC and other organic carbon fractions, see Table 5 and Figure 6. Apart from the soil
physio-chemical properties mentioned above, the relatively larger root biomass and root length density
of maize or wheat under different fertilizer treatments compared to CK influenced most aggregate
stability [85,86]. Regardless, our results indicated that POC was the dominant cementing agent for
aggregation in Ultisols under long-term fertilization regimes; Aly, Fe,, Al,, and pH were also effective
in binding aggregates when they interact with POC.

5. Conclusions

Long-term fertilization treatments, especially FYM application, evidently affected soil pH, bulk
density, SOC, carbohydrate and aggregate formation, and stability (MWD). Fertilizations had positive
and variable effects on TOC, POC, CHpa, CHpw, and CHcw in the 0-15 cm soil layer. A great
improvement in the values of MWD indicated fertilization treatments had positive effects on aggregate
stability, and with regard to the treatments with all fertilizers and CK, FYM application resulted in
further beneficial effects. The acid-soluble soil carbohydrates were greater than other carbohydrate
fractions. Slaking is likely the main disruptive force of aggregate breakdown in Ultisols studied.

Aggregate stability against slaking was controlled by POC, pH, and Fe,, while POC, TOC, and Al,
influenced aggregate stability against mechanical breakdown. Aggregate stability against slaking or
mechanical breakdown decreased with soil depth. POC, a strong binding agent, is a better indicator of
aggregate stability, and together with other factors such as Fe and Al oxides and pH, contributed to soil
aggregation and structure. According to this study, farmyard manure or NPK mineral fertilizer plus
straw appears to be the recommended strategy for the Ultisols of the study area, not only improving
soil fertility and soil structure but also increasing carbon sequestration and the ability to resist erosion.
Future work should focus more on how the interactions between POC, sesquioxides, and pH influence
soil aggregation.
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