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Abstract: Desertified land covers one-fourth of the world’s total land area. Meeting the high food
demands in areas affected by desertification is a major problem. This case study provided fundamen-
tal information to demonstrate the potential for utilizing the desertified land. The soybean trial was
established in two sandy clay loam soils (desertified land) and one silty clay loam soil. Two types
of biochar were applied as treatments. We aimed to investigate the response of soybean plants to
soil structure, soil nutrient condition, and biochar amendment in the two types of soil. In addition,
ridge regression was employed to model the plant growth indicators by soil structure, soil nutrients
condition, soil water content, and biochar amendment. We conclude that (1) overall soil productivity
in sandy clay loam soil is lower than in silty clay loam soil. The sandy clay loam soil may have high
efficacy for crop production due to its higher harvest index. (2) Aggregate size 0.5–1 mm, 1–2 mm,
and 2–3 mm indicated more important in plant biomass formation in silty clay loam soil. The low
aggregate stability of sandy clay loam soil made the field more vulnerable to wind erosion in the
semi-arid monsoon climate. (3) Cob biochar and wood biochar increased soybean shoot biomass by
48.7% and 45.0% in silty clay loam soil. (4) The higher N-fixing ability of nodules in sandy clay loam
soil indicates an advantage to reduce the use of N-fertilizers in desertified areas. (5) Exponential poly-
nomial regression ameliorated the accuracy of prediction of plant growth indicators in comparison to
linear regression.

Keywords: clay loam soil; aggregate size class; ridge regression; exponential polynomial regression;
leghemoglobin content

1. Introduction

Desertified land occupies 3.6 × 107 km2, approximately 30% of the total land area
in the world [1]. Three billion of the world’s population are affected by desertification
and land degradation [2]. To combat desertification, an effective measure, “farmland
shelterbelt network”, was pointed out by Long (2019) [1]. The farmlands combined with the
shelterbelt network may increase agricultural harvests and improve economic growth [1].
This measure considered both nature of local community development and desertification
techniques for sustainable desertification prevention.

In this case study, the investigated cropping fields are in front of the Tengger Desert
in northwestern China (Figure 1). The edge area of the region was desertified and thus
featured low water and nutrient-holding capacity. The land in the region was fallow
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before 1995, and the situation conversed with the local economy growth and farming
system development until 1995. Nowadays, the local community invests in cropping in this
area by overusing chemical fertilizer and irrigation to gain profit. Therefore, sustainably
establishing a cropping system is critical for both productivity and agro-ecosystem health.
A systematic investigation of soil physical structure, soil chemical properties, and soil
amendment is needed to sustain the efficacy of crop production in the desertified area.

Agronomy 2022, 12, x FOR PEER REVIEW 2 of 24 
 

 

featured low water and nutrient-holding capacity. The land in the region was fallow be-
fore 1995, and the situation conversed with the local economy growth and farming system 
development until 1995. Nowadays, the local community invests in cropping in this area 
by overusing chemical fertilizer and irrigation to gain profit. Therefore, sustainably estab-
lishing a cropping system is critical for both productivity and agro-ecosystem health. A 
systematic investigation of soil physical structure, soil chemical properties, and soil 
amendment is needed to sustain the efficacy of crop production in the desertified area. 

 
Figure 1. Sites distribution of the field trial near the Tengger Desert in Ningxia. RQ, Renqiao village 
(silty clay loam soil); MLZ, Miaolaingzi village (desertified land, sandy clay loam soil); BDG, Bian-
dangou village (desertified land, sandy clay loam soil). 

As a source of protein and oil, soybeans are produced in many countries and contrib-
ute about 67% of the world’s protein meal supply [3,4]. Additionally, the biological nitro-
gen fixation of soybean nodules can produce as much as 450 kg ha−1 of nitrogen [5]. Leghe-
moglobin (Lb) takes 40% of all nodule protein and plays important role in N fixation. Lb 
supports the energy metabolism through its O2-binding heme group in nodules for the 
demand of the symbiont N fixation [6]. Thus, Lb content is an important indicator of N-
fixation activity. Soybean cropping in desertified land may provide a sustainable N source 
to relieve the overusing of N fertilizer. 

Soil structure plays important role in soil fertility and agricultural productivity. It 
affects soil water transportation, plant seed germination, and microbial activity [7,8]. Ag-
gregation is a crucial soil function for maintaining soil porosity and enhancing the stability 
of soil structure [9,10]. Soil aggregation forms from the rearrangement of particles by 

RQ

MLZ

BDG

Tengger Desert

Wuzhong

Yellow River

N

30km

5km

20km

Figure 1. Sites distribution of the field trial near the Tengger Desert in Ningxia. RQ, Renqiao
village (silty clay loam soil); MLZ, Miaolaingzi village (desertified land, sandy clay loam soil); BDG,
Biandangou village (desertified land, sandy clay loam soil).

As a source of protein and oil, soybeans are produced in many countries and con-
tribute about 67% of the world’s protein meal supply [3,4]. Additionally, the biological
nitrogen fixation of soybean nodules can produce as much as 450 kg ha−1 of nitrogen [5].
Leghemoglobin (Lb) takes 40% of all nodule protein and plays important role in N fixation.
Lb supports the energy metabolism through its O2-binding heme group in nodules for
the demand of the symbiont N fixation [6]. Thus, Lb content is an important indicator
of N-fixation activity. Soybean cropping in desertified land may provide a sustainable N
source to relieve the overusing of N fertilizer.

Soil structure plays important role in soil fertility and agricultural productivity. It
affects soil water transportation, plant seed germination, and microbial activity [7,8]. Ag-
gregation is a crucial soil function for maintaining soil porosity and enhancing the stability
of soil structure [9,10]. Soil aggregation forms from the rearrangement of particles by floccu-
lation and cementation. Therefore, its abundance may indicate soil stability. Dry aggregate
size distribution (ASD) is one of the major physical characteristics of soil, which affects
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soil fertility and stability. The aggregate fraction of 0.25–10 mm is considered a soil quality
indicator since it determines soil water and air capacity [11,12]. Dry mean weight diameter
(MWD) is a common index of dry ASD for evaluating soil aggregate stability. Higher MWD
represents higher water permeability and air capacity in soil [11,13]. Soil aggregation may
also be indicated by dry geometric mean diameter (GMD). Due to a strong correlation to
soil erodible fraction, the GMD can be used as a predictor of wind erosion [14].

Organic matter has been reported to have positive effects on enhancing soil
aggregation [15,16]. Biochar, as a kind of organic matter, is capable of enhancing soil
structures and fertility qualities [17,18]. It presents in small clusters of soil particles or soil
aggregates associated with the fine soil fraction (50 µm) [19–22]. Therefore, biochar can be
a binding agent for organic matter in aggregate formation and thus alleviate aggregates
degradation and strengthen soil stability [19,22]. Nevertheless, the effects of biochar on
soil properties depend on many factors, such as the feedstock, pyrolysis process, and soil
types. The biochar was also reported to not affect soil aggregation [23–25]. The specific
mechanism of biochar’s effect on soil water retention, soil aggregation, soil stability, and
their interrelationship with plant growth still needs to be well-demonstrated [26–29].

Further, by integrating soil structure, soil chemical properties, and biochar amendment,
crop modeling may provide a reference cropping pattern from this field study to other
desertified areas. Machine learning enables model prediction in multivariate and intricate
datasets [30]. To avoid overfitting the model, the data usually are separated into train and
test sets. The train set is used to compute a model parameter, and the test set validates
the training result, tunes the model hyperparameters, and evaluates the generalization
error [30]. The ridge regression model is employed in machine learning to solve problems in
the estimation of models with correlated predictors [31,32]. Additionally, ridge regression is
also used to overcome the parameter estimates fluctuation caused by multicollinearity [33].
The multicollinearity is a challenge for establishing a reliable crop model, especially in this
multivariate study. Thus, it is appropriate to use ridge regression to predict crop growth
indicators in this study.

The objectives of this study are to (a) investigate the response of soybean plants to
the soil structure, soil nutrient condition, and biochar amendment in sandy clay loam soil
(desertified land) and silty clay loam soil; (b) elucidate the interrelationship among soybean
growth, soil structure, nitrogen fixation ability of nodule, and biochar; and (c) predict the
soybean growth indicators by soil nutrients, soil aggregate sizes, soil water content, and
biochar amendment by employing the ridge regression models.

2. Materials and Methods
2.1. Study Site and Field Design

Soybean trials were performed on two sandy clay loam fields (desertified) and one
silty clay loam field at three villages in Wuzhong city, Ningxia Hui Autonomous Region,
China. The two sandy clay loam fields were located at Biandangou (BDG, 37.78840◦ N,
106.18311◦ E) and Miaoliangzi (MLZ, 37.85167◦ N, 106.11749◦ E) villages at the edge of
the investigated region. The silty clay loam field was located at Renqiao (RQ, 37.91330◦ N,
106.07423◦ E) village in the vegetation-covered area. The study area is exposed to the
Tengger Desert, which occupies 36,700 km2 of land, and the distance to the desert is as
close as 60 km (Figure 1). Therefore, these two sandy clay loam fields at the edge of
the region are desertified fields. The soil texture in the three fields was characterized
by sand, silt, and clay content as 45.4, 19.5, and 34.5% for BDG; 41.5, 23.8, and 32.6%
for MLZ, and 4.1, 50.7, and 37.5% for RQ, respectively. The region is characterized as a
semi-arid, temperate, continental monsoon climate. In 2016, the annual precipitation and
evaporation evapotranspiration were 289.3 mm and 1297.7 mm, respectively. The average
temperature was 10.2◦C in the whole year and the annual sunshine hours was 3230.1. It
was often windy from June to October and accompanied by wind erosion; the maximum
wind velocity reached 10.7 m s−1 m, and the annual mean wind velocity was 1.8 m s−1. The
average temperature was 23.8 ◦C, and the precipitation was 80.5 mm in the Wuzhong area
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during the cropping season from 17 May to 12 October. The sandy clay loam fields were
irrigated two times per month, whereas the silty clay loam field was irrigated one time per
month. Each field was divided into seven groups representing seven replications. Each
replication group consisted of two treatments and control, i.e., (a) 20 t ha−1 cob biochar
(CB) application, (b) 20 t ha−1 wood biochar (WB) application, and (c) without biochar (CK)
application. The treatments and control were randomly distributed in each replication.
Each treatment or control was represented by a plot in the field, and the plot size was
5 m by 2 m. Equivalent amounts of 50 and 60 kg ha−1 of phosphorus and potassium
fertilizer were applied in silty clay loam soil, while 60, 100, and 120 kg ha−1 of equivalent
nitrogen, phosphorus, and potassium fertilizer were applied in two sandy clay loam soils.
The biochar used in the field study was produced at 450 ◦C from mixed wood (poplar and
apple tree) and maize cob, with a particle size of less than 2 mm (Table 1). The biochar was
mixed with a cultivator at 15 cm depth before sowing. Then, soybean seeds (Glycine max L.
var. Zhong Huang) were sown with a 35 cm row interval in each plot.

Table 1. Biochar characteristics.

Biochar Feedstock
Total (g kg−1) Available (mg kg−1)

C/N
C N K P

Mixed wood 712 7.53 2698 191 95

Maize cob 755 5.1 3802 65 148

2.2. Plant Sampling and Analysis

At 90 days after planting, four spots were sampled in each plot; the plants in 15 cm
width and 15 cm length of the area at each spot were sampled for plant biomass analysis.
For plant sampling, the whole plant was carefully dug up at a depth of 25 cm, and then,
the root system was rinsed carefully, and the nodules were removed. After plant sampling,
shoots were separated from roots for measurements of plant dry weight. All plant materials
were dried in an oven at 68 ◦C for 48 h; then, the dry weight was determined. At 120 days
after planting, the plants were sampled in the same way for grain yield determination.
Then, soybean seeds were removed from pods and dried for grain yield determination.
After the dry weight was determined, the plant and grain materials were ground using a
mill fitted with a 1 mm screen; then, they were sub-sampled for the analysis of plant total C
(TC), total N (TN), phosphorus (P), potassium (K), and magnesium (Mg) concentrations.
The N, P, and K concentrations in plant tissue were analyzed with an inductively coupled
plasma optical emission spectrometer (ICP-OES; iCAP 6300 Duo). Harvest index (HI) is
calculated as:

HI = grain yield/total biomass

2.3. Nodule Sampling and Leghemoglobin Content Analysis

Nodules were carefully collected from the roots after rinsing with water. The Lb
content determination used the method by Ma et al. [34]. The nodules were ground, and
0.5 mg subsample was taken and mixed with 3 mL of Drabkin’s solution for Lb extraction.
The mixture was centrifuged at 500× g for 15 min, and the supernatant was moved to
a 10 mL tube. The Lb extraction was repeated twice with left ground nodules, and the
supernatants were combined. The volume of combined supernatants was adjusted to
10 mL with Drabkin’s solution. Afterward, the combined supernatants were centrifuged
at 20,000× g for 30 min. The Lb content was standardized with a solution of bovine
hemoglobin.

2.4. Soil Sampling and Physicochemical Properties Analysis

After the last plant sampling, soil samples were taken for soil moisture, nutrients
concentration, and aggregate structure analysis, i.e., (a) for the soil moisture analysis, the
soil samples were taken by a core cutter with the 5 × 5 cm of height and diameter at the soil
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depth of 10–15 cm. The weight of the soil was immediately measured. Subsequently, the
soil was dried at 105 ◦C to reach a constant weight; (b) for the soil nutrients concentration
determination, the soil was sampled by a shovel at the depth of 10–15 cm. The TC, TN,
and total sulfur (TS) contents of soil samples were determined by the dry combustion
method [35] using an elemental determinator (TruSpec CNS). P, K, Mg, and calcium (Ca)
were analyzed with an ICP-OES (iCAP 6300 Duo) via the method Mehlich-3 extraction,
while (c) for the soil aggregate structure analysis, two spots in each plot were selected
for soil sampling; the soil was taken by shovel carefully at the depth of 15 cm to avoid
a damage of the soil structure. Then, 300 g of the collected soil samples were grouped
by 0.25, 0.5, 1, 2, 3, 5, 7, and 10 mm sieves. Therefore, nine aggregate size classes (ASCs)
were obtained (>10, 10–7, 7–5, 5–3, 3–2, 2–1, 1–0.5, 0.5–0.25, and <0.25 mm). Dry ASD was
determined by the standard dry-sieving method [11].

Using the weights of these ASCs, MWD (mm) is calculated [36]:

MWD =
n

∑
i=1

xiwi

where wi is the weight percentage of each aggregate size class to the total sample, and xi is
the mean diameter of each aggregate size class (mm).

Dry GMD (mm) is calculated as [36]:

GMD = exp

[
n

∑
i=1

(wi log(xi))

w1

]

where wi is the weight percentage of each aggregate size class to the total sample, and xi is
the mean diameter of each aggregate size class (mm).

2.5. Ridge Regression Model

Ridge regression may overcome problems of multicollinearity in standard ordinary
least square (OLS) regression [37]. The ridge regression model is also employed in machine
learning to solve problems in the estimation of models with correlated predictors [38,39].

In usual multiple linear regression:

Y = β0 + β1X1 + β2X2 + . . . + βpXp + ε

where Y represents the response variable, Xj represents the predictor variable, βj represents
the average effect on Y of a one unit increase in Xj, and ε refers to the error term.

The OLS estimator minimizes the residual sum of squares (RSS):

RSS = ∑i (yi − ŷi)
2

where yi is the observed response value; ŷi is the predicted response value calculated by
the multiple linear regression model.

In ridge regression, the RSS is minimized by adding a penalty on the squared sum of
the parameters. It introduces tuning parameter (α) to quantify the balance between bias
and variance.

RSS = ∑i (yi − ŷi)
2+α ∑j β

2
j

where the α∑j β
2
j is known as a shrinkage penalty, and α is the tuning parameter. The α

may decrease the variance of the estimation while bias is introduced. The ridge regression
model was performed on python 3.8.1 (Python Software Foundation, Beaverton, OR, USA).

2.6. Statistical Analysis

The variance analysis and multiple comparisons between treatments were conducted
with the method of Duncan’s test using R 4.0.2 (R Studio, Boston, MA, USA). The rela-
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tionships between plant growth indicators, plant nutrients content, soil physicochemical
properties, and nodule Lb content were computed by the method of Pearson’s correla-
tion at p < 0.05. The correlation was visualized with a cluster map employing python
3.8.1(Python Software Foundation, Beaverton, OR, USA). The dependent relationship be-
tween explanatory variables (soil properties, plant nutrients concentration, and Lb content)
and response variables (plant growth indicators) was examined by redundancy analysis on
the program R4.0.2.

3. Results
3.1. Biochar Effects on Plant Growth Indicators and Plant Nutrients Content

The CB and WB enhanced plant shoot dry weight by 48.7% and 45.0% in the field
RQ in comparison to the CK, respectively (Figure 2A). Nevertheless, the enhancement
was not found in the field BDG and MLZ. The field RQ indicated relatively a higher
productivity than the field BDG and MLZ; there was no significant distinction of shoot
dry weight between the three fields for the CK, while the shoot dry weight for the CB and
WB treated soil in field RQ was significantly higher than in the BDG field. The root dry
weight and grain yield were not significantly affected by biochar application, while they
were significantly higher in the field RQ than BDG and MLZ for CK- and CB-treated soil
(Figure 2B). Nevertheless, the mean value of the grain yield was increased by 29.7% and
35.1% by CB and WB application compared to the CK in the field MLZ (Figure 2C). The CB
application also increased the mean value of the grain yield by 34.2% in the field BDG. The
harvest index was not significantly affected by biochar in each field. However, the harvest
index in the field BDG was significantly higher than in the field RQ for the CB-treated soil
(Figure 2D).
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The shoot TC, N, P, K, Mg, and root N and P concentration were not significantly
enhanced by biochar in three fields (Table 2). The CB application increased root C con-
centration by 3% in the field MLZ but not in the field BDG and RQ. The WB application
indicated a lower root K concentration than the CK and CB in the field RQ. The CB and
WB application significantly decreased the root Mg concentration by 17.6% and 18.6%,
respectively, in the field BDG in comparison to the CK.

3.2. Biochar Effects on Lb Content and Soil Physicochemical Properties

The Lb content was not affected by biochar application, while it was significantly
lower in the field RQ than BDG and MLZ for the CK- and WB-treated soil (Figure 3A). On
the other hand, soil water content was much higher in the field RQ than BDG and MLZ for
all three treatments (Figure 3B).

The MWD and GMD revealed no enhancement by biochar application, while they
showed the lowest value in the field MLZ (Figure 3C,D). The GMD showed significantly
higher in the field RQ than BDG for the CK, CB, and WB.
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Figure 3. Effects of biochar on nodule leghemoglobin content (A), soil water content (B), mean weight
diameter (C), and geometric mean diameter (D) in sandy clay loam (BDG and MLZ) and silty clay
loam (RQ) soils. Error bars (standard error) followed by a different letter within each column are
significantly different at p < 0.05 using the Duncan test.

The CB application increased the proportion of 7–10 mm aggregates in the field BDG.
The proportion of 0–0.25 mm, 0.25–0.5 mm, 0.5–1 mm, 1–2 mm, 2–3 mm, 3–5 mm, 5–7 mm,
and >10 mm aggregates were not significantly affected by biochar in three fields (Table 3,
Figure 4).
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Table 2. Plant nutrient concentrations under treatment of biochar in sandy clay loam (BDG and MLZ) and silty clay loam (RQ) soils.

Plant Nutrient
Concentration (g kg−1)

BDG MLZ RQ

CB CK WB CB CK WB CB CK WB

Shoot TC 467.09 ± 2.7 a 463.34 ± 3.58 a 466.8 ± 1.12 a 463.11 ± 2.88 a 463.23 ± 3.7 a 465.51 ± 1.7 a 468.59 ± 3.08 a 405.05 ± 67.55 a 406.56 ± 67.77 a
Shoot N 24.82 ± 0.64 a 23.29 ± 1.32 a 24.73 ± 1.24 a 24.84 ± 1.21 a 22.96 ± 0.78 a 25.54 ± 1.19 a 29.27 ± 1.69 a 29.17 ± 1.23 a 30.38 ± 1.61 a
Shoot P 3.7 ± 0.16 a 3.49 ± 0.18 a 3.7 ± 0.22 a 3.76 ± 0.21 a 3.66 ± 0.2 a 3.99 ± 0.26 a 3.55 ± 0.21 a 3.71 ± 0.17 a 3.94 ± 0.23 a
Shoot K 18.56 ± 0.44 a 16.96 ± 0.37 a 17.68 ± 0.69 a 16.6 ± 0.72 a 16.76 ± 1.14 a 17.28 ± 0.39 a 16.23 ± 0.56 a 17.4 ± 0.9 a 16.35 ± 0.91 a

Shoot Mg 5.48 ± 0.19 a 5.72 ± 0.3 a 5.42 ± 0.12 a 5.34 ± 0.14 a 5.14 ± 0.3 a 5.7 ± 0.2 a 5.1 ± 0.24 a 4.82 ± 0.15 a 4.56 ± 0.16 a
Root TC 467.49 ± 2.38 a 472.9 ± 4.02 a 468.26 ± 2.21 a 478.14 ± 2.65 a 463.87 ± 2.34 b 465.77 ± 1.8 b 477.71 ± 1.29 a 475.14 ± 1.54 a 480.19 ± 2.62 a
Root N 7.25 ± 0.17 a 8.17 ± 0.36 a 7.46 ± 0.33 a 7.12 ± 0.37 a 6.89 ± 0.3 a 7.08 ± 0.31 a 10.66 ± 0.56 a 10.08 ± 0.8 a 9.63 ± 0.63 a
Root P 1.37 ± 0.09 a 1.16 ± 0.08 a 1.14 ± 0.16 a 1.12 ± 0.15 a 1.19 ± 0.1 a 1.22 ± 0.13 a 1.3 ± 0.09 a 1.12 ± 0.15 a 1.09 ± 0.12 a
Root K 5.9 ± 0.24 a 5.25 ± 0.36 a 5.51 ± 0.36 a 5.51 ± 0.54 a 5.01 ± 0.54 a 4.91 ± 0.48 a 6.3 ± 0.3 a 5.98 ± 0.38 a 4.88 ± 0.39 b

Root Mg 1.82 ± 0.12 b 2.21 ± 0.06 a 1.8 ± 0.06 b 1.97 ± 0.15 a 2.34 ± 0.08 a 2.24 ± 0.14 a 2.25 ± 0.18 a 2.11 ± 0.22 a 1.79 ± 0.19 a

The means ± SE followed by a different letter within each column are significantly different at p < 0.05 using the Duncan-test.

Table 3. Soil aggregate size classes, nutrient concentrations, and porosity under treatment of biochar in sandy clay loam (BDG and MLZ) and silty clay loam
(RQ) soils.

Soil Physicochemical
Property

BDG MLZ RQ

CB CK WB CB CK WB CB CK WB

>10 mm (%) 11.79 ± 1.63 a 9.76 ± 1.58 a 9.4 ± 1.67 a 6.94 ± 2.22 a 5.65 ± 1.01 a 4.4 ± 1.91 a 12.16 ± 1.64 a 12.18 ± 1.17 a 13.34 ± 1.31 a
7–10 mm (%) 12.66 ± 1.12 a 9.59 ± 1.01 b 11.63 ± 0.45 ab 6.28 ± 1.47 a 7.63 ± 0.97 a 5.37 ± 1.21 a 12.56 ± 1.58 a 15.12 ± 1.5 a 11.2 ± 0.89 a
5–7 mm (%) 11.85 ± 0.7 a 12.08 ± 0.88 a 11.79 ± 0.48 a 8.17 ± 0.98 a 9.77 ± 0.92 a 7.52 ± 1.21 a 12.96 ± 0.5 a 13.53 ± 0.68 a 13.39 ± 0.45 a
3–5 mm (%) 13.8 ± 0.47 a 13.54 ± 0.62 a 14.48 ± 0.9 a 10.93 ± 1.05 a 11.65 ± 0.82 a 10.03 ± 0.86 a 16.38 ± 0.39 a 15.96 ± 0.43 a 16.85 ± 0.46 a
2–3 mm (%) 9.02 ± 0.15 a 9.29 ± 0.5 a 9.66 ± 0.32 a 8.43 ± 0.5 a 8.43 ± 0.27 a 8.46 ± 0.37 a 9.91 ± 0.29 a 9.6 ± 0.35 a 10.12 ± 0.28 a
1–2 mm (%) 5.63 ± 0.08 a 5.91 ± 0.27 a 5.92 ± 0.19 a 5.69 ± 0.29 a 5.47 ± 0.23 a 5.82 ± 0.21 a 6.6 ± 0.36 a 6.33 ± 0.25 a 6.48 ± 0.24 a

0.5–1 mm (%) 11.29 ± 0.36 a 12.24 ± 0.58 a 11.82 ± 0.4 a 12.93 ± 0.62 a 12.4 ± 0.44 a 13.87 ± 0.57 a 13.82 ± 0.9 a 13.25 ± 0.75 a 13.44 ± 0.54 a
0.25–0.5 mm (%) 7.74 ± 0.36 a 8.69 ± 0.55 a 7.99 ± 0.37 a 10.88 ± 0.73 a 10 ± 0.42 a 11.47 ± 0.62 a 7.54 ± 0.67 a 6.78 ± 0.57 a 6.83 ± 0.38 a
0–0.25 mm (%) 16.17 ± 1.84 a 18.69 ± 1.27 a 17.23 ± 1.31 a 29.25 ± 2.98 a 28.89 ± 2.2 a 32.89 ± 3.46 a 7.85 ± 0.83 a 7.06 ± 0.64 a 7.11 ± 0.37 a

Soil TC (g kg−1) 26.46 ± 1.16 a 21.74 ± 0.58 b 22.68 ± 0.76 b 25.61 ± 0.93 a 23.59 ± 0.94 a 25.44 ± 1.16 a 36.31 ± 1.32 a 31.13 ± 0.77 b 33.6 ± 0.68 ab
Soil TN (g kg−1) 1.21 ± 0.03 a 1.12 ± 0.05 a 1.13 ± 0.05 a 1.03 ± 0.03 a 1 ± 0.02 a 1.07 ± 0.02 a 2.01 ± 0.08 a 1.87 ± 0.08 a 1.91 ± 0.03 a
Soil P (mg kg−1) 55.64 ± 2.84 a 56.3 ± 4.78 a 58.79 ± 4.86 a 46.17 ± 9.49 a 44.97 ± 5.42 a 49.76 ± 5.56 a 41.13 ± 4.87 a 36.37 ± 4.91 a 34.43 ± 1.6 a
Soil K (mg kg−1) 129.96 ± 24.53 a 134.48 ± 9.3 a 166.21 ± 13.81 a 124.49 ± 11.93 a 122.58 ± 7.85 a 114.09 ± 5.38 a 402.35 ± 49.77 a 287.2 ± 33.11 b 272.86 ± 12.08 b
Soil porosity (%) 42.19 ± 1.74 a 41.10 ± 1.20 a 40.64 ± 1.32 a 47.67 ± 1.56 a 46.59 ± 0.73 a 45.40 ± 1.25 a 45.07 ± 1.17 b 47.30 ± 1.12 ab 49.46 ± 1.22 a

The means ± SE followed by a different letter within each column are significantly different at p < 0.05 using the Duncan-test.
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The CB application increased the soil TC concentration significantly in the field BDG
and RQ (Table 3). The soil K concentration was also increased by the CB application in the
field RQ. The soil N, P, and porosity were not significantly affected by biochar application.
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clay loam (RQ) soils.

3.3. Correlations and Redundancy Analysis

For presenting the correlations between measurements, a cluster map was plotted
separately for the data in three fields based on the Pearson correlation method (Figure 5).
The hierarchical map indicates that all measurements can be classified into four clusters by
correlations in each field. In all three fields, the soil water content was clustered separately,
and the aggregate sizes 0–0.25 mm, 0.25–0.5 mm, 0.5–1 mm, 1–2 mm, and 2–3 mm were
classified in the same cluster. The shoot biomass, root biomass, yield, harvest index, shoot
K, root TC, root P, root K, soil TN, and soil K was classified in the same cluster in the field
BDG and MLZ. The aggregate sizes 3–5 mm, 7–10 mm, >10 mm, MWD, and GMD were also
classified in the same cluster in the field BDG and MLZ. Dissimilarly, the shoot biomass,
root biomass, and aggregate size 3–5 mm were classified together with the aggregate sizes
0–0.25 mm, 0.25–0.5 mm, 0.5–1 mm, 1–2 mm, and 2–3 mm in RQ field. The aggregate sizes
5–7 mm, 7–10 mm, >10 mm, MWD, and GMD were classified in the same cluster with the
harvest index, shoot TC, shoot N, shoot P, shoot K, root N, root P, and root K.
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Figure 5. Cluster map of correlations of the plant growth indicators, soil aggregate classes, soil structure indices, soil nutrients content, plant nutrients concentration,
nodule leghemoglobin content, soil water content, and soil porosity in sandy clay loam (BDG, (A) and MLZ, (B)) and silty clay loam (RQ, (C)) soils. Spor, soil porosity.
The color bar indicates the Pearson correlation coefficient. The columns/rows of the data matrix are re-ordered according to the hierarchical clustering result.



Agronomy 2022, 12, 1341 13 of 22

Specifically, the shoot biomass and root biomass showed a strong correlation with
aggregate sizes 0.5–1 mm, 1–2 mm, and 2–3 mm and soil water content in the field RQ.
However, these correlations were not observed in the other two fields. The yield and
harvest index showed no correlation with any aggregate size in the three fields. The Lb
content showed a stronger correlation with the aggregate sizes of 0–0.25 mm, 0.25–0.5 mm,
0.5–1 mm, 1–2 mm, and 2–3 mm in the RQ field than in the other two fields. The Lb content
indicated the negative correlations with the aggregate size of 7–10 mm in all three fields.
The soil K showed a strong correlation with shoot biomass and root biomass in three fields.

The RDA was conducted using the standardized data of response variables (red
vectors in Figure 6) and explanatory variables (orange vector in Figure 6). The first and
second RDA axes explained 54.28% and 20.87% of the total variance with the significance
level at p < 0.001 and p < 0.05, respectively (Figure 6, Table 4). Transformed observations in
triplot indicated separations between the field BDG and RQ, MLZ, and RQ, respectively.
For the field BDG, the triplot showed a separation between CK and CB (Figure 6).
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Figure 6. RDA-ordination triplot of variables in sandy clay loam (BDG and MLZ) and silty clay
loam (RQ) soils. Response variables are shown in the red vector; explanatory variables are shown
in the orange vector. ShBio, shoot biomass; Rbio, root biomass; Yield, grain yield; Harlnd, harvest
index; LB, leghemoglobin content; SCt, soil total C content; SNt, soil total N content; SP, soil P
content; SK, soil K content; Swat, soil water content; MWD, mean weight diameter; GMD, geometric
mean diameter; ParS, particle size; ShCt, shoot C concentration; ShN, shoot N concentration; ShP,
shoot P concentration; ShK, shoot K concentration; ShMg, shoot Mg concentration; RCt, root C
concentration; RN, root N concentration; RP, root P concentration; RK, root K concentration; RMg,
root Mg concentration.
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The importance of the model, axes, and the explanatory variables were tested for RDA
(Table 4). The significance level of the RDA model reveals that the data can be explained by
the model properly. The RDA1 axis explained the most of variables and showed significant
importance (Table 4). The Lb, soil water content, aggregate 7–10 mm, aggregate 0–0.25 mm,
MWD, soil TC, soil K, shoot K, root P, and root K indicated significant importance in
explaining plant growth indicators.

Table 4. Permutation test for RDA under reduced model.

Df Variance F Pr (>F) Signif.

Model 28 3.14359 4.064 0.001 ***

Axis

RDA1 1 2.17135 139.448 0.001 ***
RDA2 1 0.83498 53.624 0.042 *
RDA3 1 0.09565 6.143 1
RDA4 1 0.04161 2.672 1

Explanatory
variables

LB 1 0.25295 7.7685 0.002 **
SWat 1 0.61597 18.9176 0.001 ***
SPor 1 0.0523 1.6061 0.221

ParS.10_ 1 0.026 0.7985 0.451
ParS.7_10 1 0.18183 5.5843 0.005 **
ParS.5_7 1 0.03474 1.0669 0.321
ParS.3_5 1 0.00306 0.0941 0.953
ParS.2_3 1 0.00229 0.0703 0.966
ParS.1_2 1 0.01708 0.5246 0.596

ParS.0.5_1 1 0.03285 1.009 0.374
ParS.0.25_0.5 1 0.04492 1.3795 0.254
ParS.0_0.25 1 0.21643 6.6471 0.007 **

MWD 1 0.13205 4.0555 0.03 *
GMD 1 0.05726 1.7586 0.174
SCt 1 0.19856 6.098 0.005 **
SNt 1 0.0222 0.6818 0.498
SP 1 0.04169 1.2803 0.26
SK 1 0.15023 4.6137 0.02 *

ShCt 1 0.06954 2.1358 0.096
ShN 1 0.04044 1.2421 0.279
ShP 1 0.0867 2.6627 0.075
ShK 1 0.10648 3.2703 0.046 *

ShMg 1 0.03127 0.9604 0.405
RCt 1 0.03391 1.0413 0.379
RN 1 0.06323 1.9418 0.143
RP 1 0.20455 6.2822 0.004 **
RK 1 0.26496 8.1373 0.002 **

RMg 1 0.00711 0.2184 0.83

Residual 31 1.00939
Df, degree of freedom; Variance, the variance of accumulated constrained eigenvalues; F, F-value; Pr (>F), p-value;
Signif., significance level; Signif. codes: ***: p < 0.001, **: p < 0.01, *: p < 0.05.

3.4. Ridge Regression
3.4.1. Determination of Regularization Parameter

The trace plot of ridge regression was visualized to show the values of the regression
coefficient responding to α (Figure 7). In the trace plot, where the most coefficient estimates
tend to be zero, the value of α is considered to be optimal for the regression. In the trace plot
of shoot biomass, root biomass, yield, and harvest index (Figure 7), most of the coefficient
estimates start to shrink towards zero at α = 10. Additionally, we used cross-validation to
verify the values of α. The values 0.1, 1, and 10 for α are compared for cross-validation
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based on the performance of the model. Then, a value of αwas selected considering the
smallest loss of cross-validation. Those optimal values of α selected in the trace plot were
validated here, and these values of αwere used for regression model establishment.
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biomass, (B) root biomass, (C) grain yield, and (D) harvest index). Weights represents regression
coefficient, Alpha represents tuning parameter.

3.4.2. Prediction of Soybean Growth Indicators

We examined a range of exponential degrees for the polynomial model to determine
an optimal regression method. We observed that a higher degree accompanies a better
training score, but the testing score will reach a peak at a degree and then present a decline
subsequently with the degree increasing. In this case, the regression is easier to be overfitted.
On contrary, linear polynomial regression is liable to be underfitted (Figure 8). Therefore,
an optimal exponential degree should be considered by a balance of the determinant
coefficient of the train-set and test-set data. By conducting a range of tests, we confirmed
the quadratic polynomial regression is optimal for root biomass and yield prediction, while
the cubic polynomial regression is optimal for shoot biomass and harvest index prediction
(Figure 8).

Overall, the prediction accuracy of the exponential polynomial model is better than the
linear regression model (Figure 8). Predictions of shoot biomass and harvest index revealed
a much better correspondence with observed values, while the exponential polynomial
model was employed in comparison to the linear regression model (Figure 8A,B,G,H). The
correspondence of predicted root biomass and yield with observed values was not much
improved by employing the exponential polynomial model in comparison to the linear
regression model (Figure 8C–F).
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4. Discussion
4.1. Plant Growth

The biochar has been observed to increase the yield or plant biomass of leguminous
crops [38–43]. It was also reported that the grain yield of soybean and common bean was
increased ranging from 23% to 54% by biochar [38,44]. Biochar showed the potential to
enhance plant growth and grain yield formation. On the other hand, it was also reported
that 10 t ha−1 of biochar application showed no increase in soybean yield [45], and some
research even indicated inhibition of plant growth by biochar application [44,46–48]. It
shows the intricacy of the effect of biochar on plant growth. In this study, the cob biochar
increased the shoot biomass but not the grain yield in the silty clay loam soil, thus resulting
in a low harvest index. By all appearances, the shoot growth and seed development
were imbalanced for soybean production. It might be caused by the vegetative growth of
soybean competing for water and nutrients with reproductive growth [49]. It has also been
reported that the meristems allocation is influenced by shoot competition [49]. The shoot
competition was also reflected in the correlations between the biomass or grain yield and
soil water content in silty clay loam soil. The correlation between the soil water content and
shoot biomass or root biomass was positive in the silty clay loam soil, while the grain yield
showed a negative correlation with the soil water content. Water supply promoted the
biomass increase but resulted in excessive vegetative growth, and thus, the reproductive
growth was restricted. Generally, the increase of plant height costs lateral growth when it
is in adequate water conditions [50–52]. On the other hand, in sandy clay loam soils, the
biomass was limited by the low soil water content; in turn, the meristems allocation to the
grain yield was balanced. Especially, in the field BDG, the harvest index was relatively
higher than in the other two fields. In addition, the RDA results also supports the above
demonstration since the data distribution of the field BDG tends to be closer to the harvest
index than the other two fields in the RDA plot. It reflects that the field BDG explains
more harvest index. Especially, the data cluster of cob biochar in the field BDG showed
the closest relationship with the harvest index. By contrast, the data distribution of the
silty clay loam soil is close to shoot and root biomass. The performance of the yield in
cob-biochar-treated plots in sandy clay loam soils was better than in control plots even if
there was no significant difference in statistics. It still shows the potential of cob biochar
application to enhance soil productivity in desertified areas.

4.2. Soil Aggregation

The use of biochar showed no significant effect on most soil aggregate sizes in this
study. In parallel, it was also reported that biochar was ineffective in soil aggregation [23].
Soil aggregate stability could be enhanced by organic matter. Especially, the humic sub-
stances, which are usually derived from organic matter decomposition, could serve as
a soil conditioner to enhance aggregate stability [53]. Although biochar is organic mat-
ter, it could not be readily decomposed in the soil, so it is not an ideal organic source of
humic substances.

Soil aggregation has been reported to be based on soil type, and therefore, the soil
structure is highly related to soil type [11]. Ciric et al. (2012) found soil type has a significant
effect on all aggregate size classes (ASCs) and structure indices [11]. In this study, the ASCs
distribution also varied in the silty clay loam soil and sandy clay loam soils. In all ASCs,
aggregate sizes 0.5–1 mm, 1–2 mm, and 2–3 mm play important roles in plant biomass
formation in the silty clay loam soil due to the positive correlation between these aggregate
sizes with the shoot and root biomass in the silty clay loam soil. We noticed that these
aggregate sizes also showed a positive correlation with the soil water content. A high
proportion of agronomically valuable aggregates usually corresponds to soils with optimal
water-holding capacity [13]. Therefore, the variation of the water content with these
aggregate sizes may affect soybean biomass.

The silty clay loam soil showed the highest value of mean weight diameter (MWD)
and geometric mean diameter (GMD), which differed from the sandy clay loam soils.
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Higher MWD represents higher water permeability, air capacity, and aggregate stability in
soil [11,13]. The low MWD of sandy clay loam soils showed a negative effect of desertifica-
tion on the soil structure and soil water content in the study area. The GMD is regarded
as a predictor of wind erosion [14]. The low GMD of sandy clay loam soils indicated that
the desertification made the field more vulnerable to wind erosion and reduced the soil
aggregate stability. Causally, wind erosion removes more unstable aggregates from the soil
surface [14,54]. The removal of microaggregates, which contain large amounts of nutrients
and organic carbon, leads to a decrease in soil fertility [14,55]. Gradually, the soil sinks
into such a dead circulation, and the soil quality turns lower and lower. To maintain soil
productivity, protection of the land by field management should be considered. Such man-
agements include crop residues management, proper fertilizer, and irrigation application,
incorporation, and biological N-fixation introduction [56].

4.3. Nitrogen Fixation Ability

Chemical N fertilizer is a major source of N input in cropping systems. It may lead to a
cost of energy and labor during fertilizer product transporting and application. In addition,
the N leaching and fertilizer transportation will result in environmental damage [57,58].
Biological N fixation is a sustainable N source in the soybean cropping system, and it can
produce as much as 450 kg ha−1 of N by nodules [5]. The Lb takes 40% of all nodule
protein and plays important role in N fixation [6]. The Lb responded to the aggregate sizes
0–0.25 mm, 0.25–0.5 mm, 0.5–1 mm, 1–2 mm, and 2–3 mm but not to 7–10 mm, according to
their correlations. The better ventilation between aggregate sizes 0–0.25 mm, 0.25–0.5 mm,
0.5–1 mm, 1–2 mm, and 2–3 mm provides more O2 for Lb, and thus, the Lb may support the
energy metabolism through its O2-binding heme group in nodules for the demand of the
symbiont N fixation [6]. The low water content of sandy clay loam soil resulted in a high
soil air content. Consequently, the sandy clay loam soil indicated a higher Lb content than
silty clay loam soil, and thus, the high N-fixation ability of the soybean cropping system in
desertified land may provide a sustainable N source to relieve the overusing of N fertilizer.
It is of vital consequence to the protection of vulnerable ecosystems in the desertified area.

4.4. Modelling of Plant Growth Indicators

To sustain the soil productivity and conserve the agri-ecosystem, the modeling for
precise control of field management is crucial. The modeling of plant growth indicators may
provide a reference quantity for fertilization, irrigation, and soil amendment application
according to the accurate requirement of plant growth. The model of OLS regression
ignores the problems of multicollinearity, which renders parameter estimates’ fluctuation.
Ridge regression may solve the problems of multicollinearity [33,37] and improve the
accuracy of prediction [31,32]. The addition of shrinkage penalty, will improve the model
performance of exponential polynomial regression or linear regression in the machine
learning techniques. The modeling is liable to be overfitted while we conduct exponential
polynomial regression. Proper exponential degree determination will facilitate solving
problems of overfitting [59]. We obtained the optimal exponential degrees for plant growth
indicator prediction by balancing the performance of the train-set and test-set in the model.

The cubic polynomial regression ameliorated the accuracy of prediction of the shoot
biomass and harvest index largely in comparison to the linear regression since the predicted
values showed good correspondence to observed values. Although the quadratic poly-
nomial regression performed better than the linear regression to predict the root biomass
and grain yield, the difference was not large. Overall, the predicted values of the shoot
biomass, root biomass, and grain yield showed a good correspondence with observed
values as well as a good R2. Even so, the bias between the predicted and observed values
remained. The predictors of soil nutrients, soil aggregate sizes, and biochar can predict
the shoot biomass, root biomass, and grain yield, but the prediction accuracy still needs
to be improved. On the other hand, it is hard to estimate harvest index by soil nutrients,
soil aggregate sizes, and biochar due to the weak performance of the model with quite
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low R2. As discussed above, the harvest index patterns are varied in different types of soil.
The meristems allocation to the grain yield was balanced in the sandy clay loam soils but
imbalanced in the silty clay loam soil. Therefore, balancing the vegetative and reproductive
growth of plants by field management is crucial to improving soybean production.

5. Conclusions

Desertified land occupies a large area of the world. Two major measures together for
combating desertification are controlling its expansion and managing to utilize desertified
land for agricultural production. The measures facilitate meeting the high demand for food
in the desertification-affected area. This case study provided fundamental information
to demonstrate the potential for utilizing the desertified land. Even if the overall soil
productivity in sandy clay loam soil is lower than in silty clay loam soil, the harvest index
indicated similarities between the two kinds of soils, or the average harvest index of sandy
clay loam soil even tends to be higher. It demonstrates that the sandy clay loam soil may
also have high efficacy for crop production while the balance between vegetative and
reproductive growth is well manipulated.

Soil type dominated the influence on plant growth and soil aggregation rather than
biochar. Aggregate sizes 0.5–1 mm, 1–2 mm, and 2–3 mm indicated more importance
in plant biomass formation in silty clay loam soil. The soil aggregate sizes 0–0.25 mm,
0.25–0.5 mm, 0.5–1 mm, 1–2 mm, and 2–3 mm are ideal for Lb formation, but the size of
7–10 mm is negatively related to the Lb formation. The low aggregate stability of sandy
clay loam soil drove the field more vulnerable to wind erosion in the semi-arid monsoon
climate. The biochar produced by maize cob may increase shoot biomass in silty clay loam
soil but not in sandy clay loam soil. However, biochar application showed limiting effect
on root biomass, grain yield, and harvest index.

The higher N-fixing ability of nodules in sandy clay loam soil indicates an advantage
to reduce the use of N-fertilizers in desertified areas. The N fixation thus reduces cropping
cost and alleviates the pressure of fertilizer overusing on ecosystem health. Therefore,
legume cultivation can be a strategic measure for establishing a sustainable cropping
system in desertified areas.

Exponential polynomial regression ameliorated the accuracy of prediction of plant
growth indicators in comparison to linear regression. Shoot biomass, root biomass, and
grain yield can be predicted by soil nutrients, soil aggregate sizes, and biochar, but the
prediction accuracy still needs to be improved in further study.
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