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Abstract: Soil quality evaluation provides necessary and fundamental data and information for
understanding the current situation of the soils and for promoting the sustainable use of land
resources. In this study, soil quality was assessed by developing a structural equation model (SEM)
in five aged Chinese fir plantations, located in the same soil type, with similar site conditions, in
Subtropical China. A total of 150 soil samples were taken from the five aged stands of Chinese fir
forests: 8-year-old young forests (stand I), 14-year-old middle-aged forests (stand II), 20-year-old
near-mature forests (stand III), 26-year-old mature forests (stand VI), and 33-year-old over-mature
forests (stand V). Fifteen soil indicators, including soil bulk density (BD), capillary porosity (CP), total
capillary porosity (TCP), water holding capacity (WHC), soil organic matter (SOM), total nitrogen
(TN), available nitrogen (AN), available phosphorus (AP), available potassium (AK), soil pH, soil
acid phosphatase (ACP), invertase (INV), urease (URE), and catalase (CAT), were measured. The
SEM was used to determine the weight of each soil indicator, and the soil quality index (SQI) was
estimated for the Chinese fir plantations. Results showed that soil physical indicators, such as BD, CP,
TCP, WHC, and chemical indicators, including SOM, TN, and AN, significantly degraded in stand II
groups compared with the stand I groups, but were significantly recovered in the stand III groups.
However, the enzyme activity of soil biological indicators had different patterns with changes in soil
physical and chemical properties. The calculated SQI in the studied Chinese fir forests ranged from
0.4084 to 0.7298, which was significantly higher in the stand V and lower in the stand II (middle-aged
stand) than in the other four aged stands (p < 0.05). The SEM weight analysis showed that the BD,
SOM, and ACP were the most important indicators affecting the physical, chemical, and biological
properties of the soils in Chinese fir forests in the study area. This study provided an innovative
scientific approach for estimating the weight of SQI in forests and a theoretical basis and practical
application for sustainable management of Chinese fir forest ecosystems.

Keywords: age groups; Chinese fir plantation; model; indicator weight; soil quality evaluation

1. Introduction

Soil is an important component in forest ecosystems, providing water, nutrients, and
physical support for the growth and development of trees and other forest plants [1]. Soil
quality, reflecting the ability of soils to contribute to ecosystem services, directly affects
the forest’s productivity, wildlife habitats, ecosystem functioning, and human health [2-4].
However, soil quality is a comprehensive concept in terrestrial ecosystems, and the descrip-
tion and interpretation of soil quality may vary in different scientific disciplines and various
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habitats. Soil quality index (SQI) is a measurable soil parameter that assesses the capacity of
a soil to perform a specific function [5]. It is defined as “the minimum set of parameters that,
when interrelated, provides numerical data on the capacity of soil to carry out one or more
functions”. The most common method for calculating SQI was described by [5], and later,
several scientists followed this methodology for different locations and management goals.
Thus, selecting suitable indicators and choosing appropriate assessment approaches to
accurately measure soil quality have been long-term targets in agricultural, environmental,
and soil sciences [6].

A variety of soil quality evaluation approaches have been developed, including the
multivariate indicator kriging [7], the integrated soil quality scoring [8], the relative soil
quality [9], the soil quality index [10,11], the grey correlation analysis [12], the material
element [13], the soil management assessment framework [14], and the fuzzy association
rules [15]. Among these attempts, soil quality index (SQI) is a mostly accepted method for
assessing soil quality due to its simplicity and quantitative flexibility [16].

In the soil quality index approach, each of the selected soil property indicators are
scored and weighted. A scoring function is used to convert the selected soil property indi-
cators into unitless values for quantification. The affiliation, linear, and non-linear methods
are commonly used as the scoring function in soil sciences recently [17]. The determina-
tion of the weighting of soil property indicators can be divided into two ways: objective
weighting method and subjective weighting method. The objective weighting method has
been widely used for the principal component analysis [18,19], the rough set method [20],
Nemerov index method [21], and Delphi method [22]. The objective weighting method
respects the objective authenticity of the original data but relies too much on the inter-
nal relationships within the data and rarely considers prior theoretical knowledge [23,24].
The subjective weighting method is mainly adopted for analytic hierarchy process [25,26].
However, the subjective weighting method has a disadvantage of relying on a human’s
prior knowledge, which is greatly disturbed by human subjective consciousness [18,20]. In
addition, this method rarely considers the interdependence among evaluation indicators.
Therefore, it is reasonable and necessary to develop a new method to determine the weights
of the soil quality indicators.

The structural equation model (SEM) has been used for simulating the complex
relationship in socio-economic systems [27,28]. Soil quality evaluation is a complex system
engineering tool which involves many soil indicators, and there are complex relationships
among various soil quality indexes [29,30]. The path analysis diagram generated by
the SEM can clearly reveal the complex and the inherent logical relationships among
various indicators, calculate the path coefficients, and objectively assign weights to the
indicators [31,32]. Additionally, SEM fully uses the information of original data, overcoming
the influence of multicollinearity and avoiding the subjective errors of index weighting
caused by scoring function [27,33].

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is one of the most important
afforestation tree species. It has more than 1000 years of cultivation history and was widely
distributed in subtropical China, due to the advantages of fast growth, high yields, and
strong adaptability [34]. However, due to irrational afforestation and forest management
practices, such as full reclamation and large-scale clear-cutting, slash and burn cultivation,
and monoculture with the large-scale planting of pure Chinese fir plantations in forest
communities, have resulted in soil degradation, such as loss in soil nutrients, increase in
pests, and decline in soil quality. These impacts seriously affect forest stand growth and
sustainable management in Chinese fir forests [33,35]. Therefore, it is urgent to improve the
soil quality and soil fertility and to maintain the rapid growth and high yield of Chinese fir
plantations for sustainable forest management.

This study aimed to develop an innovative method to precisely assess soil quality
in differently aged Chinese fir forests, to enable sustainable management of Chinese fir
ecosystems. The objectives of this study were (1) to determine the changes in soil properties
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in five differently aged stands of Chinese fir plantations, and (2) to develop and use SEM to
evaluate the soil quality in the selected Chinese fir forests.

2. Materials and Methods
2.1. Study Area

The study was carried out in Fushoushan Town, Pingjiang County, Hunan Province,
China (28°03/00”-28°32'30" N, 113°41/15”-113°45’00" E) (Figure 1a). The total area of the
forest is about 1134 ha, including the public welfare forests of about 914 ha, covered by
subtropical evergreen broad-leaved forest vegetation. The slopes of the study area ranged
22-37°. The climate of the study site is a typical subtropical humid monsoon with an annual
average temperature and precipitation of 12.1 °C and 2100 mm, respectively. The landform
is comprised of hills, with elevation of 835-1573 m. The soil is mountainous yellow loam
developed from metamorphic shale and sandstone, with high weathering degree and is
slightly acidic with soil pH 4.57. The most dominant tree species in overstory are Chinese
fir (Cunninghamia lanceolata (Lamb.) and bamboo (Phyllostachys heterocycle), the dominant
shrubs are rhododendron (Rhododendron simsii) and Chinese sumac (Rhus chinensis), and the
herbaceous understory is primarily composed of Japanese silvergrass (Miscanthus floridulus)
and fern (Pteridophyta).
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Figure 1. The geographic location of the Fushoushan Town study area is in Pingjiang County, Hunan
province in China. (a) The geography of Hunan Province, (b) the geography of Fushoushan Town,
and, (c) the soil sampling points.



Forests 2023, 14,1217

40f17

2.2. Experimental Design and Data Collection

A split-plot design was used in the experiment with the stand age as the main factor
and the soil depth as the subfactor. In the study sites, five age groups of Chinese fir
plantations with the similar site conditions were selected. They were young (8-year-old,
age group I), middle-aged (14-year-old, age group II), near-mature (20-year-old, age group
III), mature (26-year-old, age group IV), and over-mature (33-year-old. age group V) stands.
The five age groups of Chinese fir plantations were established in 1987, 1994, 2000, 2006,
and 2012, respectively. In all, 5 plots of 20 m x 20 m were set up for each of the age groups
of Chinese fir stands. Thus, a total of 25 plots were established in the experiment for data
collection. The diameters at the breast height (DBH) > 2.0 cm and tree heights of all trees of
Chinese fir within the plots were numbered and measured. Triplicate measurements were
conducted in the experimental plots. The latest measurement data are shown in Table 1.

Table 1. The environmental characteristics of soil sampling sites.

Average Average Average Average Average
Age Group Age Aspect Slope Height DBH Stan.d UnderGrowth
Density
(Years) ©) (m) (cm) (Plants-ha—1) (% Cover)
Young forest 8 Northeast 24 7.2 9.1 3028 45
Middle aged forest 14 East 23 8.5 10.3 3359 17
Near mature forest 20 East 28 12.6 14.4 1435 65
Mature forest 26 Northeast 26 13.9 17.5 1219 78
Over mature forest 33 East 31 28.9 30.6 1013 92

Five soil sampling points were set up in an S-shape, distributed throughout each of
the sample plots, with similar elevation and slopes (Figure 1c). Soil samples were collected
from 0-15 cm and 15-30 cm soil layers by using a soil auger with an inner diameter of
4.5 cm at the sampling point. After removal of plant roots and debris, the soil samples
from the five sampling points of the same soil depth in each plot were pooled as one mixed
soil sample. Thus, 50 soil samples (5 aged stands x 5 replications x 2 soil depths = 50)
were collected in this study. Each soil sample was sealed in a clean plastic bag and brought
back into the lab for further processing and analysis. Fresh soil samples were stored in
a refrigerator at 4 °C to determine soil enzyme activity. A portion of soil samples was
air-dried and screened to determine soil chemical properties. The soil physical properties,
including soil bulk density (BD), capillary porosity (CP), non-capillary porosity (NCP),
total capillary porosity (TCP), and water holding capacity (WHC), were determined by the
ring knife method.

The soil organic matter (SOM) was determined by the potassium dichromate oxidation
method; soil total nitrogen (TN) was determined by the Kjeldahl method; soil total phospho-
rus (TP) was determined by the sodium hydroxidealkaline solution—-molybdenumantimony
anti-colorimetric method; soil available nitrogen (AN) was determined by using the al-
kaline diffusion method; soil available phosphorus (AP) was determined by using the
sodium bicarbonate leaching molybdenum antimony anti-colorimetric method; soil avail-
able potassium (AK) content was determined by using the ammonium acetate leaching—
flame photometric method, and the soil pH was determined by using the 1:25 soil-water
ratio potentiometric method [36].

The soil urease (URE) activity was determined by using the sodium phenol-sodium
hypochlorite chromogenic method; soil invertase (INV) activity was determined by the
3,5-dinitrosalicylic acid chromogenic method; soil acid phosphatase (ACP) activity was
determined by using the sodium benzyl phosphate colorimetric method; and soil catalase
(CAT) was determined by using the potassium permanganate titration method [37].
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In this study, a total of 150 soil samples were used to develop the SEM. The latest 50 soil
samples were used to evaluate the soil quality of Chinese fir forests. The characteristics of
the Chinese fir forests are shown in Table 1.

2.3. Variable Selection and Model Construction

SEM is a multivariate statistical analysis method for building, estimating, and testing
causal models. It includes regression analysis, factor analysis, path analysis, and multivari-
ate analysis of variance and is divided into measurement models and structural models.
The formula is as follows [38,39]:

X=Ax+9 1)
Y=Ayy+e (2)
n=By+I¢+{ (©)

Equations (1) and (2) are the measurement model, where X is the measured variable for
¢, Y is the measured variable for 7, § is the exogenous latent variable, 7 is the endogenous
latent variable, § and ¢ are the measurement error vectors, and Ay, A, are the correlation
coefficient matrices for the measured variables X and Y and the latent variables ¢ and 7.
Equation (3) is a structural model that represents the causal relationship between the latent
variables, where B denotes the correlation coefficient matrix between the endogenous latent
variables, I represents the influence of the exogenous latent variable ¢ on the endogenous
latent variable 77, and { represents the unexplained error of the model, which is the error in
the endogenous latent variable.

Five steps were involved building the SEM, determining the weight of the selected indica-
tors in the SEM, and calculating soil quality: theoretical model construction, model assumptions,
data reliability and validity testing, model estimation and testing, and model revision.

2.3.1. Theoretical Model Construction

The soil quality assessment began with the identification of a comprehensive, valid,
reliable, sensitive, repeatable, and acceptable index system [40,41]. Soil quality can be
assessed by a variety of physical, chemical, and biological properties because it is combined
with soil physical, chemical, and microbial properties, influences soil nutrient cycling, and
is sensitive to changes in soil quality [42,43]. In previous studies, the considerations for
evaluating forest soil quality have relied on the information of soil chemical and physical
properties [29]; however, few studies considered soil microbial and soil enzyme activity
indicators [44]. It is important to understand the sensitivity of biological indicators to
environmental changes and the effects on soil function and soil processes in determining
nutrient availability and productivity of forest ecosystems [45,46]. Soil enzyme activity is
often used as a tool to measure the impact of different vegetation restoration strategies on
soil quality [47,48].

Soil is one of the principal substrata of life on earth, serving as a reservoir for water
and nutrients, as a medium for the filtration and breakdown of injurious wastes, and as a
participant in the cycling of carbon and other elements through the global ecosystem [49].
Soil is a dynamic entity, where complex interactions among its biological, chemical, and
physical components take place. All these components and properties determine the func-
tions of the soil for different purposes; these functions are included in the concept of “soil
quality”. One of the most-used definitions of soil quality is the capacity of soil to function
within ecosystem boundaries to sustain biological productivity, maintain environmental
quality, and promote plant and animal health. Forest management, including thinning,
pruning, forest age, species composition, forest types, fertilization, litter treatments, etc.,
can have a profound impact on many soil properties, thus indirectly affecting soil quality,
which can result in improvements or constraints for productivity of land use and for agri-
cultural sustainability in the long term [49]. Thus, soil physical, chemical, and biological
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properties were used to determine the forest soil quality indexes (SQI) in this study. Fifteen
soil physical, chemical, and biological indicators, such as soil BD, WHC, TCP, CP, NCP,
AK, SOM, pH, TN, AP, AN, ACP, INV, CAT, and ACP, were selected as the most important
and sensitive indicators for evaluating the forest soil quality [19]. As a result, the soil
physical, chemical, and biological properties were considered as the first-order factors,
reflected by multiple observation variables, and the 15 soil indicators were considered as
the second-order factors for constructing the model. The theoretical model of forest soil
quality evaluation was established based on the conduction mechanism (Figure 2).
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Figure 2. Theoretical model for evaluating soil quality. SPI: soil physical indicators, SCI: soil chemical
indicators, SBI: soil biological indicators.

2.3.2. Model Assumptions

Before the empirical analysis of the model (Figure 2), the following hypotheses were

developed based on the existing theories for the evaluation of forest soil quality [6,50,51]
(see Table 2).

Table 2. The structural equation modeling assumptions for forest soil quality.

Number Hypothetical Content

HI Soil physical properties have significant positive effects on forest soil quality
H2 Soil chemical properties have significant positive effects on forest soil quality
H3 Soil biological properties have significant positive effects on forest soil quality
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2.3.3. Data Reliability and Validity

Cronbach’s Alpha is generally considered good when it is >0.8 and is acceptable when
it is between 0.5 and 0.8. The Kaiser-Meyer—Olkin (KMO) test was used to test the validity
of the data, and it is generally accepted when KMO >0.7 for factor analysis.

2.3.4. Model Estimation and Model Evaluation

Confirmatory factor analysis was performed to test the fitness of the data to the model.
This study compared the fitness index (CFI), Tucker-Lewis index (TLI) and normalized
fitness index (non-financial institutions) using absolute fitness index X?/df, root mean
square approximation error (RMSEA), and value-added fitness index [39,52,53]. The test
results of the absolute index RMSEA were slightly affected by the sample size and had good
sensitivity to the hypothetical model with fewer parameters, indicating the trustworthy
fitting index. The model fitness was good when the fitting index was <0.05, and model
fitness was reasonable when it was <0.08. The TLI, CFI, and NFI were used for estimating
model fitness, and the model fitness was good when TLI, CFI, and NFI were greater than
0.90 [54].

2.3.5. Model Modification

After estimating the parameters of the model, when the hypothetical model and
the measured data did not meet the fitting requirements, they need to be modified. The
modified model was used as the new initial model to be evaluated and was tested again.
Finally, the model with the most sufficient theoretical basis, the most practical and the
strongest explanatory power was obtained.

2.4. Soil Quality Index (SQI) Calculation Method

The calculation process of SQI was divided into three steps. First, the standard
scoring function was used to calculate the index scores. Secondly, the index weights were
calculated according to the structural equation model. Finally, the SQI was obtained by
weighted summation.

To make each soil indicator comparable with different units, an ascending function
(Equation (4)) and a descending function (Equation (5)) were used to calculate the index
scores [55]:

01 (x<L)

Flx) =09 x 27~ 4 01(L<x<U) 4)

Uu->L
1 (x>U)
(

1 (x<L)
f(x) =<1-09x *

T (L<x<U) )
01 (x>U)

where f(x) is the score of each evaluation index, x is the measured value of each evaluation
index, and U and L are the maximum and minimum values of evaluation index, respectively.
For example, NCP, SOM, and ACP are ascending functions, while BD is used for descending
functions. pH is an increasing function when soil is acidic and a decreasing function when
it is alkaline [10,19].

The corresponding weight of each index was calculated by Equation (6):

n
Wi:c,-/Zci i=1,23--n (6)
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where W; is the indicator of the weight, c; is the factor loading of the indicator, and # is the
number of first-order factor observations. The SQI is calculated according to Equation (7):

n

SQI =Y W;x f; @)

i=1
where f; is the score of each evaluation index.

2.5. Statistical Data Analyses

Statistical tests for the effects of forest age variation on soil nutrient indicators were
performed. A two-way analysis of variance (ANOVA) and Duncan’s multiple comparison
test were used to analyze the statistical differences between the age groups and the soil
layers at the p < 0.05 level. The original data were log-transformed to satisfy the normality
and homoscedasticity assumptions of ANOVA. Microsoft Excel 2016 and SPSS 25.0 for
Windows were used for statistical data analyses. The SEM was performed using AMOS
24.0 for Windows.

3. Results
3.1. Analysis of Soil Characteristics of Chinese Fir Forest in Different Age Groups

The test results of 15 soil indicator in 5 age groups of Chinese fir forest are shown in
Figure 3.

Soil BDs of stand II and stand III were significantly different from the stand V and
stand I (p < 0.05). Soil BD was significantly lower in young stands (stand I) but significantly
higher in the middle-aged stands (stand II). Then, soil BD gradually decreased in the
near-mature stands (stand III) (Figure 3a). The soil TCP, CP, and WHC of each soil layer
were higher in stand I, lower in stand II, and increased gradually in stand III (Figure 3b—d).
The surface soil layer (0~20 cm) TCP and CP were significantly different in stand II and
stand III from stands I, IV, and V (p < 0.05) (Figure 3b,c). There was no significant difference
among the other soil physical indicators between the soil layers (0~20 cm and 20~40 cm),
including soil WHC and NCP, in stand I, soil NCP in stand II, soil CP in stand IV, and soil
CP, NCP, TCP, and WHC in stand V (p > 0.05) (Figure 3b—e).

Soil SOM, TN, AN, AP, and AK content decreased with increase in the soil depths
during the development of Chinese fir forest stands (Figure 3f-j). Soil SOM, TN, and AN
content in each soil layer (0~20 cm and 20~40 cm) were higher in stand I, lower in stand 1I,
and then gradually increased in stand III (Figure 3f-h). Soil SOM was significantly different
among all stages (p < 0.05) (Figure 3f). Soil AK content in topsoil layer (0~20 cm) showed a
trend of decreasing first and then increasing among the five development stages of Chinese
fir, and it was slightly different at depth (20~40 cm) (Figure 3j). Soil AP content showed
no significant differences among the five stages except that it increased significantly in the
transition stage from stand III to stand IV (p < 0.05) (Figure 3i). The soil PH values of the
five age groups ranged from 4.47 to 4.86 and had no significant differences among the five
stands (Figure 3k).

The activities of URE, INV, ACP, and CAT were higher in the topsoil layer (0~20 cm)
than in the subsoil layer (20~40 cm) among the five age groups of Chinese fir stands
(Figure 31-0). The changes in the activity of the same enzyme with soil depth were basically
the same in different age groups, but the decrease in different enzyme activities was
different. The activity of INV decreased the most, and the difference among the soil layers
(0-20 cm, 20-40 cm) were significantly different among age groups (p < 0.05) (Figure 3m).
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Figure 3. Changes in physical, chemical, and biological characteristics with soil depth in different

age group stands. Note: Different uppercase letters indicate significant differences between the same

soil layers in different age groups (p < 0.05), while lower case letters indicate significant differences
between different soil layers in the same age group stand (p < 0.05). I: young forest stand; II: middle
aged forest stand; III: near mature forest stand; IV: mature stand; V: over mature forest stand. (a-o):

Number of subgraphs.

3.2. Structural Equation Model for Forest Soil Quality Evaluation
3.2.1. Reliability and Validity of Modeling Data

All the Cronbach’s Alpha coefficients and KMO values for latent variables such as soil
physical chemical and biological indicators were greater than 0.7 (Table 3), indicating that
all data passed the reliability and validity test and met the needs of the structural equation
model for forest soil quality evaluation.



Forests 2023, 14, 1217 10 of 17
Table 3. Sample data reliability and validity test.
Latent Variable Number of Measured Indicators Cronbach’s Alpha Kaiser-Meyer-Olkin
Soil physical properties 5 0.895 0.832
Soil chemical properties 6 0.869 0.812
Soil biological properties 4 0.794 0.748

3.2.2. The Fitness of Structural Equation Model for Forest Soil Quality Evaluation

The absolute fitness index was 2.812, which was consistent with the requirements of
the model fitness test between 1 and 3. The RMSEA was 0.116 and did not meet the needs
of the critical value, with less than 0.08. The fitness indexes of CFI, TLI, and NFI were
0.879, 0.854, and 0.825, respectively. Thus, the model was required to be modified, since all
were less than 0.9 [56,57]. The modified value was 1.689, while the CFI, NFI, and TLI were
0.957,0.912, and 0.938, respectively, and RMSEA = 0.075; thus, the hypothetical model was
satisfied with the observed data.

The path analysis of the modified model was shown in Figure 4. The normalized
path coefficients of the internal latent variables of soil physical, chemical, and biological
properties (i.e., the loadings of the three first-order factors on the model and the second-
order factors of forest soil quality) were 0.65, 0.72, and 0.59, respectively. All three factors
were found to have a positive relationship with the soil quality, and the above models (in
Figure 4) were satisfied with the prior assumptions (in Table 2). The loads of the observed
BD, WHC, TCP, CP, and NCP on the internal latent variables of soil physical properties
were 0.95, 0.93, 0.81, 0.77, and 0.55, respectively. The loads of the observed variables AK,
SOM, pH, TN, AP, and AN on the internal latent variables of soil chemical elements were
0.53, 0.90, 0.89, 0.84, 0.78, and 0.67, respectively. The loads of the observed variables ACP,
INV, CAT, and URE on the internal latent variables of soil enzyme activity were 0.80, 0.74,
0.58, and 0.68, respectively. The loads of three first-order factors on the second-order factors
of forest soil quality and 15 observed variables all reached statistical significance (p < 0.05).
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Figure 4. The path coefficients of the modified model for the evaluation of soil quality.
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3.3. Weights Determined by the Structural Equation Model

The weight of soil chemical properties was the largest (0.3674), followed by the weights
of soil physical properties (0.3316) and soil biological properties (0.3010) (Table 4). Among
the soil physical property indicators, soil BD had the highest weight at 0.2369. Soil WHC
and TCP also had weights over 0.2, while NCP had the smallest weight of 0.1372. Among
soil chemical property indicators, SOM was the highest weight at 0.1952. The weight of
both soil pH and TN exceeded 0.18, and AK had the lowest weight at 0.1150. Among soil
biological property indicators, soil ACP had the highest weight at 0.2857. The weights of
soil URE and INV were similar, and they were 0.2429 and 0.2643, respectively. CAT had the
lowest weight at 0.2071.

Table 4. The weights of soil properties for evaluating soil quality.

Target Layer Code Level Weighting Indicator Layer Weighting
BD 0.2369
WHC 0.2319
SPI 0.3316 TCP 0.2020
cP 0.1920
NCP 0.1372
AK 0.1150
SOM 0.1952
Soil quality PH 0.1931
SCI 0.3674 ™™ 0.1822
AP 0.1692
AN 0.1453
ACP 0.2857
INV 0.2643
SBI 0.3010 CAT 0.2071
URE 0.2429

3.4. SQI Evaluation Results

The mean SQI of the five aged Chinese fir plantations decreased in the order stand
V (0.7298) > stand I (0.5883) > stand IV (0.5552) > stand III (0.4084) > stand II (0.3783)
(Figure 5). The SQI of stand V was significantly higher than that in other four age groups
(p < 0.05), while the SQI of stand II was significantly lower than that in the other four age
groups (p < 0.05) (Figure 5).

1.0 r
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08 T
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06 F
S d c T
(7p]
04 T
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I II I I\ \Y
Age group

Figure 5. The variation in soil quality index (SQI) across different forest aged groups. Lower case
letters indicate significant differences (p < 0.05).
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4. Discussion
4.1. Soil Quality Indexes

Soil quality assessment refers to the monitoring and evaluation of soil properties,
soil functions, and soil conditions [56]; it is complicated and difficult to target due to the
heterogeneity and variability in physical, chemical, and biological properties of different
soil types and regions [58—60]. Therefore, it is very important to select appropriate evalu-
ation indicators, and the physical, chemical, and biological indicators of soils should be
considered at the same time [61,62].

In this study, a total of 15 soil indicators, including physical, chemical, and biological
properties, were used for evaluating soil quality in different growth stages of Chinese
fir plantations. The results showed that the values of physical indicators BD, CP, TCP,
and WHC and chemical indicators SOM, TN, and AN were significantly degraded in the
middle-aged forests, but significantly restored when the stands entered the near-mature
stages. Most soil physical and chemical indicators in the mature and over-mature forests
reached or even exceeded the levels of the young forests. These results were consistent with
the findings from previous studies [63,64]. This phenomenon was related to the changes
in micro-environments and understory species along the succession of the Chinese fir
forests, as well as the different management practices applied in different growth stages
of the forests [35,65]. At the young stage, the Chinese fir forests were nursed with good
conditions of soil moisture and fertility due to rapid decomposition and mineralization.
The thinning and pruning of active forest management evolves over the young stage of
Chinses fir plantations [66]. As stand density increases, the tree bole height increases,
while the crown amplitude, the leaf area, and leaf area index decrease [67]. The annual
diameter growth indicated that the influence of forest floor organic residue removal on tree
growth happened between years 7 and 9 after tree replanting [68]. As the forests entered
middle-aged stage, the stand canopy was nearly closed, and the competition for water and
nutrients was serious among the individual trees. The fast growth of Chinese fir at this
stage consumed a large amount of nutrients from soils, leading to a significant degradation
in its soil moisture condition and fertility [69,70]. Due to thinning and natural pruning,
the hydrothermal conditions in the mature forest stands were gradually improved, soil
microorganism compositions and activity increased, and the understory community was
restored. This resulted in an increase in the type and amount of organic matter and a
significant restoration of soil conditions [71-74].

4.2. Structural Equation Model for Evaluating Soil Quality

Soil quality often includes soil chemical, physical, and biological indica-tors [62,75,76],
and soil quality evaluation was involved in a large amount of data; thus, it is difficult to find
out the internal relationship among these complicated data intuitively [30,72]. Therefore,
a comprehensive evaluation of soil fertility from the perspective of multiple factors must
be performed by mathematical methods [6,77]. In the comprehensive evaluation of soil
quality, determining the weights of soil indexes is the key step. Compared with the existing
weight-determination methods, using SEM to determine the wights of soil quality index
in the present study is an innovative approach. This approach generates a path model by
simulating the internal logical relationships of each element that affects forest soil quality,
weighting each indicator based on the relationship between soil quality (unmeasurable
variables) and soil quality indexes (measurable variables), and then summarizing the
weighted values for the evaluation of soil quality [78]. The determination of weights of soil
nutrient indicators from the SEM was more reasonable and trustable because it determined
the weight of soil nutrient indicators by comprehensively extracting information from the
original data and overcame the influence of multicollinearity [79]. However, large amounts
of data were required to construct the SEM. It has been recommended that the sampling size
of SEM should be more than 10 times than the number of indicators [80], and even 100 or
greater than 100 times [81]. Muthén (2002) indicated that sample size for determining the
SEM was very complex, and there was not a general rule of thumb [82]. The quantity of the
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sample size was determined by several factors, such as the degree of freedom; soil physical,
chemical, and biological indicators; the observation indicators; experimental design; data
multivariate normality; processing and missing data; complexity of model; and other
factors. The determination of soil sample size could be achieved by using statistical test
force analysis such as Monte Carlo simulation [57]. In this study, 150 soil samples were
used to construct the SEM, and the soil sample size was about 10 times the number of
indicators, which fully met the modeling requirements from a statistical demand.

4.3. Soil Quality Evaluation Results and Control Factors

In this study, the SQI varied between 0.4084 and 0.7298 among the five age groups of
Chinese fir stands, and the SQI was significantly higher in stand V than in the other four age
groups (p < 0.05), while the SQI was significantly lower in stand II than in the other four age
groups (p < 0.05). This phenomenon indicated that different growth stages had significant
effects on the soil quality of Chinese fir plantations [83,84]. The results were consistent with
findings in previous studies. For example, Wang et al. (2010) found that the contents of
SOM, TN, AN, and AK decreased in middle-aged forests and increased significantly in
mature forests, reaching a maximum in over-mature Chinese fir forests [65]. Wang et al.
(2010) and Wu et al. (2011) reported that soil fertility was highest in mature and over-mature
forests and was lowest in middle-aged Chinese fir forests because of nutrient depletion and
low nutrient return in young plantations, while high nutrient return exists in mature and
over-mature stands [63,64,69]. The weighting analysis showed that soil chemical properties
were the most important attributes affecting soil quality, followed by physical properties
and biological properties, but the differences among the three properties were greater than
0.3 in our study. This suggested that soil quality depended on a combination of physical,
chemical, and biological properties [75,85]. BD was the most important factor among the
soil physical properties, and was a sensitive indicator of soil texture, structure, hardness,
and organic matter content [86]. In addition, the BD affected soil water permeability,
the precipitation infiltration rate, and soil performance in supporting plants [87]. SOM
was a major factor among soil chemical properties, as it was a reservoir for soil nutrients
and had a significant impact on soil chemical, physical, and biological properties. Thus,
SOM content has generally been considered as an important criterion for assessing soil
quality in sustainable forest management [88]. ACP was the most important indicator of
biological properties; it works as a key enzyme in the soil phosphorus cycle, and its activity
has been a good indicator of the mineralization and biological activity of soil organic
phosphorus [89,90].

5. Conclusions

In order to evaluate soil quality in Chinese fir plantation forests, 15 soil physical,
chemical, and biological indicators were measured in 5 differently aged groups of Chinese
fir plantations in subtropical China. An innovative SEM was constructed and used to
determine the weights of each soil indicator. After that, the SQIs of Chinese fir forests in the
five aged groups were calculated. The SQI of Chinese fir forests ranged between 0.4084 and
0.7298 among the five age groups. The significantly highest SQI was found in stand V
(p < 0.05), while the significantly lowest SQI was in stand II, compared to other age groups.
Soil BD, SOM, and ACP were the most important indicators of the soil properties in Chinese
fir stands. Our results suggest that the SQI estimated from the SEM could comprehensively
evaluate soil quality in forest ecosystems and should be considered as the main indicator
for sustainable forest management practice. The study provided a scientific insight into soil
fertilization of forest management during different growth stages of Chinese fir plantations.
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