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Abstract: Agroforestry has great potential for improving the ecological environment and raising the
ecosystem productivity. This study is aim to evaluate the soil quality of bamboo forest and identify the
main site factor that influencing the yield of Polygonatum tubers following the agroforestry practices.
Four intercropping modes with different culm densities were conducted in Anhui, East China. The
minimum data set method (MDS) was applied to evaluate soil quality index (SQI). Based on principal
component analysis (PCA), microbial biomass carbon (MBC), available potassium (AK), altitude,
and pH were selected as the MDS. The results showed that intercropping significantly increased
SQI compared with moso bamboo monoculture. The mode M1(1750 culms/ha) was significantly
better than other modes in improving soil fertility and increasing the yield of Polygonatum tubers.
Results from random forest and structural equation model (SEM) showed the direct path coefficient
of density on Polygonatum tubers yield was the largest, which was —0.83. Altitude, soil organic
carbon (SOC) and nitrate nitrogen (NO3~-N) had a small impact, with direct path coefficient of 0.16,
0.10, and 0.15 (p < 0.05), respectively. Our findings provide a theoretical basis for managing the moso
bamboo and P. cyrtonema agroforestry system in a more effective manner.

Keywords: agroforestry; soil quality evaluation; Polygonatum cyrtonema; Phyllostachys edulis; Polygo-
natum yield

1. Introduction

Soil is considered essential for maintaining plant growth and development. Excessive
anthropogenic land development and utilization resulted in numerous soil issues that
pose serious threats to food security [1]. Based on soil quality assessments, soil can be
managed in a reasonable manner, with appropriate soil conservation measures and crop
yield improvements [2]. To date, there are disparate views regarding the definition of soil
quality. Generally, soil quality is defined as its capacity to maintain crop production levels
and environment within specific ecosystems [3]. Since soil quality itself is challenging to
directly quantify, it is typically achieved by combining data on various soil attributes for
quantitative analysis. The minimum data set (MDS) can reflect soil quality to the maximum
extent with the least indicators, and the soil quality index (SQI) method combines the
evaluation indicators into a single index, which is convenient and flexible and widely used
in agricultural, grassland and forest soil quality assessment [4,5].

There is a widespread acknowledgement that traditional agricultural management
is unsustainable, which threatens food security, results in land degradation, and reduces
biodiversity [6,7]. Forest ecosystems represent the largest part of the terrestrial ecosystem,
and intensive management of forests resulted in many ecological problems, such as soil
acidification and nutrient imbalance [8,9]. Agroforestry is an alternative land-use system
paradigm that intentionally integrates woody perennials with crops or livestock in the
same land-managed fields [10]. This was proven to be an effective strategy for land
management with good ecological and economic benefits [11,12]. There is evidence that
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agroforestry systems can improve the microclimate, which is of great importance toward
addressing climate change and improving soil ecosystems [13]. Agroforestry systems can
improve soil quality by enhancing soil microbial communities, reducing soil water loss, and
promoting nutrient cycling [14]. Previous studies showed that shaded coffee agroforestry
systems reduced soil temperatures and water evaporation, thus improving soil water
status compared to unshaded coffee systems [15]. Compared with coffee monocultures, its
intercropping with Brazilian palms increased productivity and efficacy [16]. However, not
all agroforestry systems offer the advantages of maintaining soil quality and stimulating
productivity. In a soybean-tree intercropping system, competition between trees for light
and soil water resulted in decreased net photosynthesis and soybean yields [17]. Therefore,
it is critical for the implementation of agroforestry practice to fully consider the interactions
between crops and trees.

Moso bamboo (Phyllostachys edulis (Carriere) . Houz.) is an important bamboo species
in China, which is widespread across an area of 4.68 million ha and accounts for 72.96%
of the total area of bamboo forests [18]. Bamboo forest is an important natural resource
providing bamboo shoots, woody material, bioenergy, and other economic products [19],
and also serves a variety of ecological functions including carbon sequestration [20] and soil
and water conservation [21]. However, the highly intensive management of bamboo forests
brought about a series of ecological issues. Furthermore, the weak bamboo market, high
costs, and the low enthusiasm of farmers are leading to the decline in the economic benefits
of bamboo forests [22]. Therefore, scientific management measures should be adopted to
alleviate the ecological challenges of bamboo forests, and to improve the productivity and
economic benefits. Polygonatum cyrtonema Hua, a perennial herb of the family Liliaceae, is
an essential component of traditional Chinese medicine as well as a functional food [23].
Due to the long-term overharvesting of wild P. cyrtonema, its resources are essentially
exhausted, and large-scale artificial cultivation emerged. It was reported that Polygonatum
tubers generally have improved quality after more than four years of growth [24], which
means that farmers cannot recover economic benefits from this land for this time period.
The intercropping of P. cyrtonema with moso bamboo forest may provide an effective
strategy for its biomimetic cultivation, while improving the eco-economic effects of bamboo
forests as a management strategy.

Moso bamboo-P. cyrtonema intercropping systems became an extensive cultivation
mode in East China [25]. Studies revealed that the intercropping of moso bamboo and
herbs significantly decreased the soil organic carbon (SOC) content and total nitrogen
(TN) [26]. Our previous study demonstrated that moso bamboo-P. cyrtonema intercropping
systems significantly reduced the soil bulk density, while increasing the soil SOC, available
nitrogen, available phosphorus, and exchangeable magnesium content compared with
moso bamboo monoculture [27].It was reported that stand density can impact soil quality
and productivity by altering the understory microclimate [28,29]. Since P. cyrtonema prefers
shade, the moderate intercropping density of stands is beneficial for its photosynthetic
capacities, as well as improving its rhizome yields and quality. However, excessive shading
often leads to reduced productivity, which is possibly due to the competition between
trees and crops for light, nutrients, and other resources in the composite system. Excessive
stand density may intensify interspecific competition in agroforestry systems to decrease
site quality [30]. What remains unclear is which bamboo stand density will be optimal for
use with P. cyrtonema to maximize yields, while translating the benefits of intercropping
on soil quality. Soil quality was often interpreted as synonymous with plant yields in
many studies [31]. The evaluation of soil quality may provide a theoretical basis for
the efficient and sustainable management of the moso bamboo-P. cyrtonema agroforestry
systems. Plant yields are typically affected by factors such as stand structures, soil nutrients,
and management practices [32]. Earlier yield studies focused on specific areas and ignored
the influences of site conditions on yields. Consequently, it is necessary to quantify the
relationships between Polygonatum tuber yields and site factors, and to screen for those
that are constraining. In general, Pearson correlation and multiple linear regression models



Forests 2023, 14, 1426

30f15

have several limitations for the analysis of the complex relationships that exist between site
factors and polygonatum tuber yields. The random forest can accommodate overfitting
and multiple linearity, and evaluate the relative importance of variables [33]. Therefore,
we hypothesized that moso bamboo-P. cyrtonema agroforestry systems could improve soil
quality, and that increased bamboo density would result in decreased soil quality and
Polygonatum tuber yields. The objectives of this study were to: (1) evaluate the soil quality
of moso bamboo-P. cyrtonema agroforestry systems using the minimum data set method
and (2) determine the key factors that affect Polygonatum tuber yields using random forest
and structural equation models. This work provides a theoretical basis for the efficient
management of moso bamboo-P. cyrtonema agroforestry systems.

2. Materials and Methods
2.1. Study Area

According to the distribution of moso bamboo forest resources in Anhui, experiments
involving moso-bamboo-based agroforestry intercropping with P. cyrtonema were con-
ducted in Chizhou, Xuancheng, Tongling, and Lu’an Cities (Figure 1). The experimental
area is home to a humid subtropical monsoon climate with average temperatures that range
from 15.6 °C to 16.3 °C, an altitude of 500-1300 m, and an average annual precipitation of
from 1360 to 1500 mm. The zonal forest vegetation are comprised of deciduous and ever-
green broadleaved forest at the western site (Lu’an City) and evergreen broadleaved forest
at the southern sites (Chizhou, Xuancheng, and Tongling Cities). The soil types are yellow
brown soil at the western sites and reddish-yellow soil at the southern sites (Chinese Soil
Survey Office, 1998), which are equivalent to Alfisol in FAO/UNESCO classification [34],
with soil thickness that range from 80 cm to 100 cm. Moso bamboo forests are dominant at
these sites, within which there are extensive Cunninghamia lanceolata (Lamb.) Hook. and
Pinus massoniana Lam plantation forests.
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Figure 1. Map of study area and experimental sites.

2.2. Experimental Design

During December 2017 to January 2018, experimental intercropped moso bamboo—P.
cyrtonema forests with different bamboo densities were established at the sites mentioned
above, for a total of 29 sample plots. The designed initial density of the moso bamboo forests
were M1 (1750 £ 25 culms/ha), M2 (2000 £ 73 culms/ha), M3 (2250 £ 10 culms/ha), and
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M4 (2500 + 80 culms/ha), with five sample plots in each. Bamboo monoculture forest as the
control (CK, 2500 % 50 culms/ha), with nine sample plots. For each plot, three replicated
sections of 20 m x 20 m were established for the different intercropping modes. The basic
data of the experimental stands under different intercropping modes are presented in
Table 1. Following soil reclamation and the application of 0.5 kg decomposed chicken
manure fertilizer per planting hole, one-year-old P. cyrtonema seedlings were intercropped
within the bamboo forests at a planting distance of 25 cm x 50 cm. The necessary harvest
of bamboo shoots and old culms was adopted in the one-year to maintain the culm density
of the experimental stands.

Table 1. Framework of the experimental forests of Phyllostachys edulis.

Bamboo Density Tree Height DBH Altitude Slope Soil Thickness
Mode (Culms/ha) (m) (cm) (m) ©) (cm)
CK 2804 + 34 149 +£0.26 9.9 £0.11 261.7 £24.2 253 +£0.6 86.6 £2.2
M1 1709 £+ 15 14.2 £0.19 9.8 £0.13 240.0 £35.1 258 £0.7 834+16
M2 2060 £ 39 15.3 £0.31 10.0 £ 0.08 196.0 £ 12.1 246+1.0 83.0+3.1
M3 2283 +5 15.1 +£0.36 10.1 £0.16 287.2 £ 26.6 259 +0.8 854 +£23
M4 2590 + 45 154 +£0.26 102+ 0.14 266.6 £ 32.8 228+0.8 912 £25

Note: DBH, Diameter at Breast Height.

An investigation was conducted in September 2020, after three years of P. cyrtonema
intercropping. Following the removal the litter layer, soil samples were randomly extracted
at a 0-20 cm depth using a 6 cm soil auger at six points in each plot, which were then
mixed to yield a single composite sample for each plot. The soil samples were then
sealed in zip-lock bags and transferred to the laboratory in a cooler box with ice bags
and treated soon thereafter. The samples for soil water determination were extracted
and measured prior to pretreatment. Subsequently, all soil samples were sifted through
a 2 mm sieve to remove roots, other organic debris, and coarse sand. The samples were
divided into two portions; one portion was placed in a ventilated area and air-dried in
the laboratory for the measurement of soil physiochemical properties. The other portion
was stored in a refrigerator at 3—4 °C for pending ammonium (NH4*-N), nitrate (NO3 ~-N),
microbial biomass carbon (MBC), and nitrogen (MBN) measurements. Meanwhile, four
2 m X 2 m plots were randomly established in each plot, and all tubers of the P. cyrtonema
plants were collected, sealed in zip-lock bags, and transferred to the laboratory for weight
measurements.

2.3. Soil Analysis

The soil water content (SWC) was determined by a 105 °C drying method. The soil pH
was measured using an Extech II pH meter in an aqueous solution at 1:2.5 (w/v). NH4*-N,
NO3™-N, total phosphorus (TP), and available phosphorus (AP) were analyzed using a flow
injection automatic-analyzer (FIA Star 5000, FOSS, Stockholm, Sweden). The soil organic
carbon (SOC) and total nitrogen (TN) were measured with a CN analyzer (EA 3000, Vector,
Milan, Italy), while the available potassium (AK) was analyzed using atomic absorption
spectrophotometry (D900, PinAAcle, Norwood, MA, USA). The soil microbial biomass
carbon (MBC) and nitrogen (MBN) were determined using the chloroform fumigation-
extraction method.

2.4. Soil Quality Assessment

When the soil quality index (SQI) is applied to evaluate soil quality, it is necessary
to establish a minimum data set (MDS), where the MDS selection includes three main
steps. The first step was to screen MDS reflecting soil characteristics from the total data
set (TDS) via principal component analysis (PCA). PCA was performed to group the
indices which load values were >0.5 in the components, where characteristic values >1
were grouped into one group. Secondly, the standard values of each indicator were
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calculated using Formula (1), and indicators with differences of <10% were screened from
the highest standard value of each group. Thirdly, if multiple indicators were retained in a
PC, Pearson’s correlation analysis was performed to determine whether these indicators
could be deleted from the MDS [35].

Nix = /ZF (U2 Ay) 1)

where Ny is the comprehensive load value of soil variable i on the first k principal compo-
nents with characteristic values >1, and Uy is the load value of the ith evaluation index on
the kth principal component, and Ay is the eigenvalue of the k-th principal component.

After selecting the MDS indicators, the standard scoring function method was used to
convert and normalize each MDS index to a value between 0 and 1. Generally, based on the
contributions of each indicator to soil functionality, the scoring functions were developed
into two types: “more is better” and “less is better” [36]. According to preceding reports
and the impacts of different indicators on soil health and plant productivity [37,38], the
pH, SWC, SOC, TN, TP, AP, NO3;-N, NH4*-N, AK, MBN, and MBC were selected as
S-type membership functions Formula (2), while altitude and slope were selected as anti-S
membership functions Formula (3).

F(x) =09 x ZCI: L0 )
x—L
flx) =1-09x 2= 3)

where f(x) is the linear score of the soil indeX, x is the true value of the index, and L and U
are the maximum and minimum values of the index, respectively.

The TDS and MDS indices were analyzed using principal component analysis (PCA)
after dimensionless conversion to determine the weight (W) of each index with the obtained
common factor variance Formula (4).

C.
W= o 4
= 4)
where W; is the weight of the indicator, C; is the common factor variance of the indicator,
and 7 is the number of indicators included in each data set (MDS or TDS).

Finally, the soil quality index was calculated after all indices were scored and weighted
Formula (5). Furthermore, linear regression was fitted to quantify the relationship between
MDS and TDS, which added to the interpretation ability of MDS with soil quality.

SQI = X'\ W;S; (5)

where W; is the weight of the indicator, S; is the linear score of the soil index, and # is the
number of indicators included in each data set (MDS or TDS).

2.5. Statistical Analysis

Statistical analysis of the test data was performed using R4.2.1 and Excel 2020. A one-
way ANOVA and least significant difference (LSD) test were used to evaluate the effects
of stand density on soil physical and chemical properties and Polygonatum tuber growth.
Pearson correlation coefficients were employed to quantify the correlations between soil
indicators. Based on a random forest machine learning method, we analyzed the composite
relationships between tuber yields and site conditions and identified the dominant factors
that affected the tuber yields. To analyze the indirect impacts of the dominant factors, a
structural equation model (SEM) was developed using Amos 23.0 software. All figures
were drawn with Origin 2021.
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3. Results
3.1. Soil Physicochemical Properties

There was a significant impact of the intercropping modes on the soil physical and
chemical properties (p < 0.05), except for the soil pH (Table 2). The SWC, TN, SOC, NO3 ™ -
N, NH4*-N, MBC, MBN, and AP contents were significantly higher in the intercropping
system than in the moso bamboo monoculture (CK). The soil NO;~-N, NH4*-N, MBC,
MBN, and AP were significantly higher in M1 than in the other modes and CK. No
significant differences in the soil TN and SOC appeared between the different modes,
while they were significantly higher than those of the CK. It was found that there was no
significant effect of intercropping on the soil pH (p > 0.05), with a slight decrease in M1 and
increase under the other modes.

Table 2. Outline of the experimental forests of Phyllostachys edulis.

Intercropping Mode
Indicators
CK M1 M2 M3 M4
SWC (%) 19.01 £031¢ 19.64 £ 0.39 bc 21.50 £ 0.30 a 20.02+0.33b 19.88 4 0.43 bc
pH 520+ 0.04a 521 +0.03a 516 £0.04a 518 £0.02a 519 +£0.03a
SOC (g/kg) 20.34 £ 0.39b 23.04 +0.30 a 22.64 +0.38a 2232+041a 2242 +0.39 a
TN (g/kg) 1.79 £ 0.03b 1.98 £0.03 a 197 +0.04a 1.92+0.03a 1.96 £0.03 a
TP (g/kg) 0.28 £0.01b 0.32+£0.00a 0.29 £0.01b 0.31 £ 0.01 ab 0.29 £0.01b
AK (mg/kg) 68.10 +=2.24 ¢ 86.27 £2.30 a 72.31 £2.76 bc 79.34 +£2.27 ab 77.62 £245b
AP (mg/kg) 1.38 +£0.04d 241+£0.09a 2.07 £0.06 b 1.99 + 0.07 bc 1.85+0.08 ¢
NH4*-N (mg/kg) 2.54 +£0.09 c 507 +0.11a 3.84 £0.28b 370 £0.30b 3.53+£0.20b
NO3;™-N (mg/kg) 1.67 £0.08 ¢ 3.05+01a 251+0.09b 232+£011b 225+ 0.08Db
MBC (mg/kg) 205.60 £ 6.02 ¢ 297.56 + 13.67 a 236.75+£795b 255.14 +£7.84b 240.86 £7.36 b
MBN (mg/kg) 23.68 +0.80 c 4278 +£2.36 a 34.04 £2.00b 3455+ 1.19Db 30.67 £ 1.16 b

Note: The values in the table indicate mean =+ standard error. Different letters in each row indicate significant
differences (p < 0.05) of means under different intercropping modes.

3.2. Soil Quality Evaluation

The results of PCA revealed that there were four principal components with eigenval-
ues of >1.0. PC1 explained 39.19% of the variance, whereas PC2, PC3, and PC4 explained
20.24%, 11.30%, and 9.02%, respectively. The cumulative contribution rate of variance
was 79.75% (Table 3), which indicated that the four principal components had a strong
explanatory capacity to the total variance. Based on the MDS establishment principle,
NO;™-N, NH4*-N, TP, AP, MBC, and MBN in the PC1 all met the absolute load higher than
0.5, where the deviation from the highest Norm (MBC = 2.012) was <10% for MBC and AP.
Due to significant correlations between the MBC, MBN, and AP (p < 0.05) (Figure 2), only
MBC in PC1 entered MDS. Similarly, altitude was retained in PC2, and AK was retained in
PC3. The pH was selected into MDS because only one index load value in PC4 was >0.5.
Finally, the MDS of soil quality evaluation indices were determined as MBC, altitude, AK,
and pH (Table 4).

The soil quality indices (SQI-MDS) of the different intercropping modes were ranked
as M1 (0.680) > M3 (0.577) > M2 (0.573) > M4 (0.568) > CK (0.498) (Figure 3), which indicated
an improvement in the soil quality of bamboo forest through intercropping. It appeared
that altitude (0.903) contributed to soil quality more than did the pH (0.690), AK (0.741), or
MBC (0.561) via contribution rate analysis. To verify the MDS accuracy, linear regression
was applied and the results revealed that there existed a significant correlation between
TDS-SQI and MDS-SQI (p < 0.001), with R? = 0.644 for the linear fit equation (p < 0.01;
Figure 4). The results confirmed that the selected MDS indices for the soil quality evaluation
in the study could provide an accurate assessment.
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Table 3. Loading matrix and norm values for each indicator.

Principal Component

Indicators Norm
PC1 PC2 PC3 PC4
Slope —0.039 0.731 0.172 —0.367 1.318
Altitude —0.208 0.790 0.385 —0.115 1.503
Thickness —0.398 —0.669 0.141 —0.014 1.473
SWC —0.113 —0.785 0.160 —0.399 1.435
pH 0.071 —0.017 0.071 0.912 1.043
SOC 0.256 0.157 0.879 —0.220 1.308
TN 0.248 —0.020 0.898 0.185 1.286
NH4*-N 0.682 —0.119 0.477 0.298 1.750
NO3;~-N 0.670 —0.173 0.480 0.251 1.730
TP 0.718 0.365 0.010 0.070 1.793
AP 0.776 —0.478 0.079 —0.060 1.991
AK 0.480 0.494 0.536 0.319 1.594
MBC 0.842 0.182 0.187 0.063 2.012
MBN 0.812 0.132 0.396 —0.068 1.979
Eigenvalue 5.487 2.834 1.582 1.263
Variance% 39.194 20.243 11.296 9.020
Cumulative Variance% 39.194 59.437 70.733 79.754
o =1 =2 D) &) & - Q z
£ £ £ 2 T 3 & % ¢ 2z % 8 8
slope * k%
altitude *kk

thickness  ~0.50 —0.28

SWC -0.31 —0.49

pH -0.23 —0.09 —0.02 ~0.24
SOC 029 041 —0.07 0.04 —0.10
TN 003 0.19 005 (05 022
NH,;-N ' —0.07 -0.15 -0.23 —0.02 0.27 047 0.66
NO,-N' —0.05 -0.14 —0.21 0.04 026 046 0.62
TP 013 0.13 047 038 0.09 031 025 051 0.36
AP -029 -042 007 030 006 020 021 055 0.65
AK 028 0.50 -0.39 ~0.48 0.32 0.55 0.60 0.58 0.56

MBC 0.04 0.11 -027 -0.25 0.18 039 035 052 0.51 058

0.58 0.67

MBN 0.12 0.11 -0.25 —0.11 0.08 0.59 0.52 0.59 0.57 055 058 0.67 094

_| T T 1_

T
-1 -0.8 =0.6 04 -0.2 0 0.2 04 0.6 0.8 1

Figure 2. Soil quality evaluation index correlation coefficient matrix. Significance is at p < 0.05 (*),
0.01 (**) and 0.001 (***), respectively.
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Table 4. Common factor variances and weights of the MDS and TDS for soil quality evaluation.

TDS
Indicators
Communality Weight Communality Weight
Slope 0.700 0.063
Altitude 0.829 0.074 0.810 0.263
Thickness 0.626 0.056
SWC 0.813 0.073
pH 0.841 0.075 0.719 0.233
SOC 0.911 0.082
N 0.902 0.081
NH,*-N 0.795 0.071
NO3;-N 0.772 0.069
TP 0.654 0.059
AP 0.840 0.075
AK 0.864 0.077 0.906 0.294
MBC 0.782 0.070 0.645 0.209
MBN 0.837 0.075
08
a
T
0.6} b b b
¢
-
204
s
02
0.0
CK MI M2 M3 M4
Modes

pH AK I Altitude I MBC

Figure 3. Soil SQI accumulation map under different modes. Different lowercase letters indicate
significant differences across MDS-SQI in the modes (p < 0.05).

y=1.009x+0.115
R*=0.644
P=0.02

04}

0.3 0.4 0.5 0.6 0.7 0.8 0.9
MDS-SQI

Figure 4. Linear relationship between SQI-TDS and SQI-MDS.
3.3. Main Factors Controlling Polygonatum Tuber Yields

The Polygonatum tuber yields showed an increasing trend with decreased stand
density, with the highest in M1 and the lowest in M4 (Figure 5). The results of the random
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forest model showed that NO3~-N, MBN, NH;*-N, and MBC were the most important
factors that affected the Polygonatum tuber yield, followed by SOC and AK (p < 0.05;
Figure 6).

4

3t
®
g
Sal
5 c
e -
- / d
1+ //
//
0 - Z
M2 M3 M4
Modes

Figure 5. Polygonatum tuber yield in different intercropping modes. Different lowercase letters
indicate significant differences across Yield in the modes (p < 0.05).
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Figure 6. Importance of soil factors to Polygonatum tuber yields. Significance is at p < 0.05 (*),
0.01 (**), and p > 0.05 (ns), respectively.

Combined with the soil quality assessment results, we finally selected the culm density,
altitude, SOC, MBN, AK, and NO3;™-N to develop the SEM to reveal the impact mechanism
of the Polygonatum tuber yield. The results implied that SEM accounted for 89% of the
variation in Polygonatum tuber yields. The variations in bamboo density not only had a
direct significantly negative effect on the tuber yield (standardized path coefficient = —0.83,
p < 0.001), but also had significant indirect effects by impacting the soil MBN (3 = —0.64,
p < 0.001), and then affecting NO3~-N (standardized path coefficient = —0.33, p < 0.01),
which in turn influenced the yield (f = —0.15, p < 0.05). Altitude had a direct significantly
positive effect on the yield (f = 0.16, p < 0.01). Altitude also impacted the tuber yield by
affecting the soil SOC (standardized path coefficient = 0.44, p < 0.001) and MBN (standard-
ized path coefficient = 0.25, p < 0.05). SOC further impacted the yield by affecting the soil
MBN (standardized path coefficient = 0.34, p < 0.01). The change in the soil SOC ultimately
affected the change in yields (standardized path coefficient = 0.10, p = 0.05). The soil SOC
(standardized path coefficient = 0.10, p = 0.05) and NO3~-N had a direct significantly
positive regulating effect on the tuber yields (standardized path coefficient = 0.15, p < 0.05)
(Figure 7, Table S1).
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Figure 7. Results of structural equation modeling performed to evaluate the direct and indirect effects
of the factors on Polygonatum tuber yields. Blue lines indicate significant positive effects and red
lines indicate significant negative effects (p < 0.05), while non-significant effects are indicated by grey
lines. Significance is at p < 0.05 (*), 0.01 (**) and 0.001 (***), respectively.

4. Discussion
4.1. Effects of Intercropping on Soil Properties

Previous studies demonstrated that agroforestry systems were superior to monocul-
tures in terms of improving soil structure and coordinating the relationships between
soil moisture, nutrients, and microorganisms [39,40]. A wide variety of factors affect the
physical and chemical properties of soil, including the quality and quantity of litterfall,
distribution of root systems, microbial activities, and intercropping species, etc. [41,42]. In
this study, we observed that intercropping increased soil water content. Wang found similar
results in a Vicia sativa-Kiwifruit intercropping system [43]. This might have been due to
the crop cover, where their litter reduced the evaporation of soil water and controlled the
generation of surface runoff, thus increasing the SWC [44]. With increasing stand densities,
the SWC initially increased and then decreased, reaching a maximum under the M2 mode
(2000 +£ 73 culms/ha). A potential explanation for this was that the lower stand density
increased light transmission within the forest, thereby intensifying the evaporation of soil
water. Moreover, high-density stands could lead to an increase in the water demands of the
entire composite system due to its high leaf area index under the same site conditions [45].
In other words, more bamboo consumed more water. Therefore, changes in the culm
density can regulate soil moisture regime.

In contrast to the moso bamboo monoculture, intercropping induced an increase in soil
organic carbon, total N, and P in the topsoil, which was verified in multiple agroforestry
systems [46,47]. Several studies indicated that dead plant matter and root exudates were
important sources of soil organic matter; the presence of more dead matter and roots in
the intercropping systems increased the inputs of organic matter into the soil [48,49]. The
M1 mode (1750 % 25 culms/ha) exhibited a higher soil organic carbon content, which may
have been related to changes in the forest structure that led to modifications in the forest
environment [50]. These changes might affect vegetation growth, litter production and
decomposition. The total soil N showed a similar trend to soil organic carbon. A previous
study proved that the soil C cycle was positively correlated with the N cycle [51]. Soil
microbial carbon and nitrogen may be utilized for soil nutrient storage, and are closely
related to the soil organic carbon and total N, which directly impacts soil nutrients [52]. It
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was reported that warm air, higher temperatures, and increased litter encourages the growth
of soil microorganisms [53]. In this study, the highest soil microbial carbon and nitrogen
contents were observed under the M1 mode (1750 £ 25 culms/ha), which suggested that
a lower culm density was more conducive to soil microbial growth and nutrient cycling.
There was no doubt that the total soil nutrients were critical for controlling its capacity to
support plant growth; however, available nutrients were the primary factors that influenced
the productivity of forest ecosystems [54]. Agroforestry significantly increased the nutrients
availability of the soils.

4.2. Evaluation of Soil Quality

Lima proposed that eight indicators could provide sufficient data for the assessment of
soil quality [55]. In this study, fifteen indicators including physical, chemical, and biological
factors were selected as TDS. These were similar to the high-frequency indicators presented
in related studies [56,57], which indicated that they were suitable for the evaluation of soil
quality. Altitude, pH, AK, and MBC were selected into the MDS according to principal
components and Norm values, of which the altitude weight was the greatest. This was
because altitude can induce changes in environmental conditions (e.g., temperature, soil
moisture, soil density, vegetation distribution, and light), which indirectly affect plant
growth and the availability of soil nutrients [58]. Soil pH was a crucial indicator for
evaluating soil quality, and played an important role in nutrient cycling, microbial activities,
and plant growth [59]. Earlier investigations emphasized the importance of pH as a
soil quality indicator for the assessment of different land use and forest conservation
practices [60,61]. Microbial biomass nitrogen plays an important role in soil nutrient
cycling, as it involves the decomposition of organic matter and regulation of C and N
cycling. The available K is directly absorbed and utilized by plants [62], and participates
in various physiological and biochemical processes such as carbohydrate metabolism and
photosynthesis.

The order of SQI under different intercropping modes was M1 > M3 > M2 > M4 > CK,
which indicated that intercropping systems were beneficial for the improvement of soil
fertility. Compared with monocultures, agroforestry systems exhibited more abundant and
diverse plant and microbial residues, as well as a more suitable microclimate, which stimu-
lated soil microbial activities and litter decomposition, thus increasing soil nutrients [63].
The TDS-SQI and MDS-SQI were significantly positively correlated, which indicated that
MDS can replace TDS in the evaluation of soil quality. TDS includes a more comprehensive
set of soil indicators, while MDS can evaluate soil quality based on fewer indicators. The
four MDS indices selected for this study can provide references for the assessment of soil
quality in moso bamboo-P. cyrtonema intercropping systems.

4.3. Factors Affecting Polygonatum Tuber Yields

Our results revealed that stand density was the main factor that controlled the yields
of Polygonatum tubers. Compared with monocultures, intercropping can alter the level of
photosynthetic radiation and microclimate through shading, which proved to be the key
factors that affected plant photosynthesis, particularly for shade tolerant P. cyrtonema [64].
Excessive shading can result in the lodging of P. cyrtonema, which is not conducive to
its photosynthesis and growth [65]. High stand density may accelerate competition be-
tween trees and crops for sunlight and soil resources, which is also not conducive to crop
growth. Altitude has a substantially positive impact on Polygonatum tuber yields at al-
titudes ranging from 100 to 500 m. Zhu reported that Polygonatum tuber yields were
decreased along with higher altitudes ranging from 500 to 1200 m [66]. This was attributed
to decreased temperatures across altitude gradient, which were found to exert indirect
effects on tuber yields through correlations of density and altitude with MBN and SOC
concentrations. Increased SOC contents might lead to increased soil productivity [67],
while soil microorganisms contribute to nutrient cycling and organic matter decomposition.
Increased microbial biomass can enhance soil fertility by increasing nutrient cycling rates



Forests 2023, 14, 1426

12 0f 15

References

and energy flows to promote plant growth [68]. The SOC and NO3; ™ -N were determined
to be the predominant soil factors that influenced tuber yields. A high SOC content is
conducive to maintaining soil fertility, promoting the formation of soil aggregates, and
improving nutrient availability [69]. Further, NO3~-N is mineralized form of N that may
be directly absorbed and utilized by plants [70], which facilitates the growth of P. cyrtonema.

5. Conclusions

For this study, a minimum data set was employed to evaluate the soil quality of
different moso bamboo-P. cyrtonem intercropping systems. The results indicated that
altitude, MBC, AK, and pH were the primary site factors that controlled soil quality.
Agroforestry management enhanced the soil quality due to the accumulation of soil organic
matter and the improved availability of soil nutrients. Among the different intercropping
modes, the culm density emerged as the dominant factor that impacted the soil quality,
with the highest SQI under the M1 mode, with a stand density of 1750 culms/ha. The
Polygonatum tuber yields decreased along with higher culm densities, which may have
been associated with the competition between plants for sunlight, water, nutrients, and
other resources. Random forest and structural equation modeling revealed the complex
interactions between site factors and tuber yields. Both the stand density and altitude
had direct significant impacts on tuber yields. Altitude had significant indirect effects on
tube yields by positively affecting the soil MBN and SOC concentrations, while density
had negative effects. Therefore, the regulation of stand density should be strengthened in
actual management practices to ensure the efficacy and sustainability of moso bamboo—
P. cyrtonem intercropping systems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/£14071426/s1, Table S1: The direct, indirect, and total standardized
effects on Polygonatum tuber yield based on SEM. Model is presented in Figure 7.
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