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Abstract

Understanding the drivers of understory vegetation diversity in plantation forests is critical
for ecosystem management, yet traditional analytical methods are often constrained by
assumptions of normality, linearity, and independence among variables. This study used
the geographical detector (GeoDetector) method to quantify the independent and inter-
active effects of environmental factors on understory plant diversity in Pinus tabuliformis
plantations. We established 36 standard plots at the Shihe Forest Farm in the Zhongtiao
Mountains of Shanxi Province, China. A total of 25 environmental factors, encompassing
stand structure, topography, soil physical properties, and soil chemical properties, were
examined as potential drivers of shrub-layer and herb-layer diversity. The results identified
distinct key drivers for different vegetation layers. Shrub-layer diversity was primarily
influenced by regeneration potential, aspect, soil non-capillary porosity, and total soil
nitrogen. In contrast, herb-layer diversity was mainly driven by forest type, slope, soil
non-capillary porosity, and the soil nitrogen-to-phosphorus ratio. Factor interactions were
widespread, with nonlinear enhancement and bivariate enhancement being the dominant
types. The combined effect of interacting factors was consistently stronger than that of any
single factor alone. Compared to conventional statistical methods, GeoDetector does not
rely on linear assumptions and is unaffected by multicollinearity. This allows for more
effective identification of drivers that have low independent explanatory power yet high
ecological importance, as well as their interactive effects. This study demonstrates that
vegetation diversity in P. tabuliformis plantations results from the synergistic effects of
multiple factors. The findings provide a theoretical basis for managing and enhancing
understory biodiversity in plantation ecosystems. Furthermore, they offer a novel and
effective analytical framework for investigating the environmental driving mechanisms of
understory vegetation diversity.

Keywords: GeoDetector; driving factors; factor interaction; understory vegetation;
plantation ecosystem

1. Introduction
Understory plant diversity is crucial for maintaining overall forest biodiversity and

ecosystem stability [1]. Although understory vegetation contributes relatively little to total
forest biomass, its species richness often surpasses that of the canopy layer, particularly
in plantation forests [2]. These understory plants reflect the composition, structure, and
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developmental stage of plantation ecosystems [3] and play a key role in supporting nutrient
cycling and energy flow [4,5]. Furthermore, existing studies have shown that greater
understory diversity helps enhance the stability of plantation ecosystems [6].

Pinus tabuliformis is a major afforestation species in northern China and is widely
distributed in the country’s temperate coniferous forests [7]. Currently, most P. tabuliformis
plantations exist as even-aged monocultures. This simplified stand structure has resulted
in problems such as monotonous understory vegetation, declining soil fertility, and im-
balances in ecosystem nutrient cycling [8,9], which significantly weaken the resistance
and resilience of these forest ecosystems. Therefore, a thorough understanding of the key
factors influencing understory vegetation diversity in P. tabuliformis plantations is crucial for
enhancing ecosystem stability and promoting the long-term sustainability of soil fertility.

Previous research has examined how abiotic and biotic factors influence understory
vegetation biodiversity from multiple angles—including climate [10], topography [11,12],
stand structure [13], soil properties [14,15], and management practices [16]. Nonethe-
less, limitations related to research methodology, scale, sample representativeness, and
interactions among factors have left the conclusions uncertain. Most studies addressing
biodiversity–environment relationships employ multivariate statistical techniques such as
correlation analysis (CA) [17,18], principal component analysis (PCA) [19], redundancy
analysis (RDA) [20], and variance partitioning analysis (VPA) [21]. However, the reliability
of these methods is often limited by issues such as sample representativeness, underlying
statistical assumptions, and correlations among environmental variables—all of which can
obstruct the formulation of clear mechanistic models [22,23].

To address these limitations, Wang et al. [24,25] introduced the geographical detector
(GeoDetector), a method that does not assume linear relationships and is unaffected by
multicollinearity among variables. It is capable of quantifying the contribution of individual
factors and detecting interactions between them. GeoDetector has been widely used to
assess drivers in various fields, such as soil pollution [26], water contamination [27], land
surface temperature [28], and large-scale vegetation dynamics [29]. However, its application
in plot-level forestry research remains relatively limited.

The Zhongtiao Mountains in Shanxi represent a key area for biodiversity research in
China, where P. tabuliformis plantations support relatively rich understory vegetation. To
objectively analyze the factors influencing understory diversity in these plantations—an es-
sential step toward optimizing their ecological stability—this study employs GeoDetector to
evaluate both the individual and interactive effects of environmental factors on understory
plant diversity. Based on ecological niche theory and the methodological characteristics of
GeoDetector, we propose the following hypotheses: (1) the key environmental factors driv-
ing understory diversity differ between the shrub and herb layers. (2) environmental factors
do not operate independently and the combined effect of interacting factors on understory
diversity exceeds the sum of their individual effects. (3) by relaxing linear assumptions
and remaining robust to multicollinearity, GeoDetector can more effectively identify the
effects of factors and their interactions on understory diversity than conventional methods.

The specific objectives of the study are to: (1) quantify the contribution of environ-
mental factors—including stand structure, topography, and soil properties—to understory
species diversity and compare differences between the shrub and herb layers; (2) analyze
interaction effects among factors on species diversity; and (3) evaluate the strengths and
limitations of traditional statistical methods relative to GeoDetector. The findings are ex-
pected to provide a methodological framework for habitat management aimed at enhancing
understory plant diversity in plantation ecosystems.
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2. Study Area and Data Sources
2.1. Study Area

The study area is located at the Shihe Forest Farm within the Zhongtiao Mountain
Forestry Area, Shanxi Province, China (111◦50′–112◦00′ E, 35◦31′–35◦51′ N) in Figure 1.
This region experiences a warm-temperate continental monsoon climate, with an elevation
ranging from 1500 m to 2016 m. The mean annual temperature is 11.8 ◦C, and the mean
annual precipitation is 623 mm. Geomorphologically, the area lies in a mid-elevation
mountainous zone situated between the Taihang Mountains and the Qinling Mountains,
and brown soil is the predominant soil type. The vegetation within the area is rich in
species diversity. Based on our field surveys, the vegetation within the area is rich in
species diversity. The tree layer is dominated by P. tabuliformis, accompanied by species
such as P. armandii and Quercus mongolica. The shrub layer is primarily composed of Spiraea
trilobata, Forsythia suspensa, Ziziphus jujuba var. spinosa, Cotinus coggygria, and Vitex negundo
var. heterophylla. The herbaceous layer is chiefly represented by Artemisia spp., Bothriochloa
ischaemum, and Carex spp.

 

Figure 1. Study area and typical regions.

2.2. Plots Layout and Field Investigation

The fieldwork was carried out in June 2018. To ensure a representative sampling of
understory plants, we selected 12 typical regions, with three 20 m × 20 m plots established
in each region, for a total of 36 plots. The spatial distribution of the plots is presented
in Figure 1, and detailed plot characteristics are provided in Table 1. For each plot, we
recorded the geographic coordinates, forest age (FA), forest type (FT), crown closure (CC),
altitude (AL), aspect (AS), and slope (SP). We measured the height and diameter at breast
height (DBH) of all trees with DBH > 5 cm, and recorded the number of seedlings (all
species) as well as young P. tabuliformis saplings within each plot.

https://doi.org/10.3390/app16073198

https://doi.org/10.3390/app16073198


Appl. Sci. 2026, 16, 3198 4 of 19

Table 1. Summary of the P. tabuliformis plots information.

Typical
Region Plot No. HY AL

(m)

Stand
Den-
sity

FT FA
(a)

CC
(%) AS SP

(◦)
Tree Height

(m)
DBH
(cm)

P1
P1-1 2012 1509 2700 PQ 36 0.8 South 25 10.83 ± 2.10 16.22 ± 4.28
P1-2 2012 1509 3250 PQ 36 0.9 Southeast 26 11.66 ± 1.99 15.49 ± 3.60
P1-3 2012 1509 1225 PQ 36 0.85 South 28 11.42 ± 2.18 17.93 ± 4.42

P2
P2-1 2008 2011 2150 PQ 39 0.9 Southeast 27 8.29 ± 2.28 15.07 ± 5.88
P2-2 2008 1955 2625 PQ 39 0.7 South 23 9.85 ± 1.49 13.35 ± 3.46
P2-3 2008 2016 2650 PQ 39 0.8 Southwest 24 9.08 ± 1.87 13.66 ± 4.61

P3
P3-1 2018 1862 1467 PQ 46 0.75 Southeast 33 9.70 ± 3.03 15.51 ± 6.77
P3-2 2018 1798 1556 PQ 46 0.8 Southeast 36 8.91 ± 2.98 14.68 ± 9.79
P3-3 2018 1865 1511 PQ 46 0.7 Southeast 33 9.31 ± 3.45 16.27 ± 8.32

P4
P4-1 2015 1927 500 PP 46 0.8 Southwest 24 11.20 ± 3.34 20.47 ± 8.93
P4-2 2015 1927 625 PP 46 0.7 Southwest 23 11.39 ± 3.32 20.24 ± 8.35
P4-3 2015 1953 550 PQ 46 0.8 Southwest 23 10.10 ± 3.80 19.44 ± 8.72

P5
P5-1 2018 1872 825 PP 40 0.8 West 20 16.02 ± 1.95 23.32 ± 4.83
P5-2 2018 1904 850 PP 40 0.9 Southwest 23 14.05 ± 2.66 22.53 ± 5.10
P5-3 2018 1909 750 PP 40 0.8 Southwest 22.6 14.59 ± 2.71 24.86 ± 5.09

P6
P6-1 2017 1880 2950 PF 28 0.6 Northwest 21 12.11 ± 1.68 14.98 ± 4.04
P6-2 2017 1880 2725 PF 28 0.6 Northwest 23 11.45 ± 3.31 16.20 ± 11.62
P6-3 2017 1880 1775 PF 28 0.5 Northwest 14 12.73 ± 2.07 13.58 ± 3.21

P7
P7-1 2016 1651 800 PQ 38 0.5 Southwest 39 11.82 ± 3.36 18.59 ± 6.76
P7-2 2016 1675 875 PQ 38 0.5 Southwest 35 10.81 ± 3.80 17.13 ± 7.63
P7-3 2016 1682 1100 PQ 38 0.6 West 39 10.98 ± 3.02 16.43 ± 6.17

P8
P8-1 2015 1722 1025 PP 48 0.8 North 22 16.44 ± 2.08 26.44 ± 6.63
P8-2 2015 1675 1075 PP 48 0.8 Northeast 24 14.32 ± 1.91 23.47 ± 6.12
P8-3 2015 1695 1175 PP 48 0.8 Northeast 18 15.29 ± 1.85 25.02 ± 4.80

P9
P9-1 2015 1935 1125 PF 48 0.8 Southwest 5 15.55 ± 4.05 28.86 ± 7.70
P9-2 2015 1928 950 PF 48 0.5 West 7 15.73 ± 2.42 29.17 ± 4.63
P9-3 2015 1928 1050 PF 48 0.7 West 12 19.29 ± 21.49 28.76 ± 3.65

P10
P10-1 2013 1872 2425 PF 32 0.6 Northeast 9 12.86 ± 1.09 16.08 ± 3.24
P10-2 2013 1825 1900 PF 32 0.7 Southeast 13 13.94 ± 1.65 19.34 ± 4.69
P10-3 2013 1847 2550 PF 32 0.7 Northeast 10 12.57 ± 10.11 16.80 ± 15.12

P11
P11-1 2014 1907 475 PF 48 0.8 North 13 16.23 ± 1.57 28.83 ± 5.21
P11-2 2014 1923 650 PF 48 0.8 North 10 16.85 ± 1.22 27.31 ± 3.92
P11-3 2014 1942 625 PF 48 0.9 North 17 15.85 ± 2.11 26.14 ± 5.38

P12
P12-1 2015 1917 525 PF 41 0.6 Southwest 22 14.39 ± 1.97 27.29 ± 4.43
P12-2 2015 1914 550 PF 41 0.5 Southwest 19 14.02 ± 2.61 26.64 ± 6.98
P12-3 2015 1921 425 PF 41 0.5 Southwest 19 15.79 ± 0.99 28.12 ± 2.76

HY, harvest year; AL, altitude (m); FT, forest type; FA, forest age (years); CC, crown closure (%); AS, aspect;
SP, slope (◦); PF, pure P. tabuliformis forest; PP, P. tabuliformis—P. armandii mixed forest; PQ, P. tabuliformis—Q.
mongolica mixed forest; Tree height and DBH are expressed as mean ± standard deviation.

To assess stand density and regeneration capacity, we applied the Reineke stand
density index (SDI) [30] (Equation (2)) and the regeneration potential (RP) of P. tabuliformis
(Equation (1)).

RP =
SYN
TN

(1)

SDI = (TN/S)(Dg/D0)
β (2)

where SYN represents the number of P. tabuliformis seedlings and young trees, TN denotes
the total number of trees in the plot, S is the plot area (ha), Dg is the mean square diameter
(or quadratic mean diameter), D0 is the reference diameter (D0 = 20 cm), and β is the
natural thinning coefficient of the stand (β = 1.605).

A nested sampling design was implemented within each P. tabuliformis plot. Specifi-
cally, 16 shrub quadrats (5 m × 5 m) were systematically established using an adjacent grid
layout, and an herb quadrat (1 m × 1 m) was nested at the center of each shrub quadrat.
This configuration resulted in tatal of 576 quadrats for each layer. Within each quadrat,
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the species name and abundance of both shrub and herb layers were recorded. From
these data, we calculated four species diversity indices for both the shrub and herb layers:
the Gleason richness index, Shannon–Wiener diversity index, Simpson index, and Pielou
evenness index (see Section 2.4 for details). The plot surveys recorded 76 shrub species and
113 herb species.

In each plot, soil samples for physical property measurements were collected from
the 0–20 cm depth at five points arranged along the diagonal using a cutting ring with an
inner diameter of 3.5 cm. Additionally, soil samples were collected using Ziplock bags,
air-dried, passed through a 2 mm sieve, and subsequently used for the determination of
soil chemical properties.

The descriptive statistics of environmental factors across the 36 sample plots in Table 2.
Among stand structure factors, regeneration potential (RP) showed the highest variability
(CV = 144.42%), indicating substantial heterogeneity in seedling regeneration across plots,
while harvest year (HY) exhibited the lowest variation (CV = 0.13%). For topographic
factors, slope (SP) demonstrated moderate variability (CV = 40.05%), whereas altitude (AL)
was relatively stable across plots (CV = 7.49%). Normality tests (Kolmogorov–Smirnov)
indicated that only SP followed a normal distribution (p > 0.05).

Table 2. The descriptive statistics of the P. tabuliformis plots information.

Factor Group Factor Max Min Mean ± Standard Deviation CV (%) Kurtosis Skewness

Stand structure

HY (a) 2018.00 2008.00 2014.67 ± 2.69 0.13 1.2 −1.07
SD 3092.20 592.87 1383.56 ± 596.57 43.11 0.65 0.94
RP 1.06 0.00 0.18 ± 0.26 144.42 0.77 0.39

FA (a) 48.00 28.00 40.83 ± 6.45 15.80 0.77 0.39
CC (%) 0.50 0.90 0.72 ± 0.13 18.19 −0.97 −0.47

Topography AL (m) 2016.00 1509.00 1836.81 ± 137.62 7.49 0.64 −1.23
SP * (◦) 39.00 5.00 21.71 ± 8.70 40.05 0.77 0.39

* p > 0.05 (2-tailed).

2.3. Laboratory Analysis

Soil physical properties were measured using soil cores collected with a cutting ring.
Physical properties—including soil moisture content (SMC), maximum water-holding
capacity (MWHC), capillary water-holding capacity (CWHC), field capacity (FC), non-
capillary porosity (NCP), capillary porosity (CP), and total porosity (TP)—were measured
following the standard method LY/T 1215-1999 [31].

Air-dried soil samples were used for the determination of soil chemical properties. For
chemical analysis, subsamples were air-dried, finely ground, and passed through a 60-mesh
sieve. Soil organic carbon (SOC, g·kg−1) was determined by the potassium dichromate
external-heating method [32]. Soil total nitrogen (STN, g·kg−1) was measured using the
Kjeldahl method [33]. Soil alkali-hydrolyzable nitrogen (SAN, mg·kg−1) was quantified by
the alkali-diffusion method [34]. Soil total phosphorus (STP, g·kg−1) was analyzed by con-
centrated sulfuric-acid–perchloric-acid digestion followed by molybdenum-antimony col-
orimetry [35]. Soil available phosphorus (SAP, mg·kg−1) was extracted with Olsen reagent
and measured colorimetrically [36]. Soil pH was determined potentiometrically [37].

Descriptive statistics for soil physical and chemical properties across the 36 plots are
summarized in Table 3. Among soil physical properties, non-capillary porosity (NCP)
exhibited the highest variability (CV = 35.46%), while total porosity (TP) showed the
lowest (CV = 12.64%). For soil chemical properties, soil organic carbon (SOC) and total
nitrogen (STN) displayed relatively high variation (CV ≈ 30%), whereas the carbon-to-
nitrogen ratio (C:N) and pH were relatively stable across plots (CV < 10%). Based on
the Kolmogorov–Smirnov test, among the soil physical properties, MWFC, CWHC, and
NCP met the assumption of normal distribution. Among the soil chemical properties,
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C:N ratio, C:P ratio, N:P ratio, SAN, and SAP were normally distributed. These baseline
characteristics provide context for the environmental conditions under which understory
vegetation was sampled.

Table 3. The descriptive statistics of the soil factors.

Factor Group Factor Max Min Mean ± Standard Deviation CV (%) Kurtosis Skewness

Soil physical

SMC (g/kg) 407.98 93.81 295.61 ± 66.94 22.65 1.88 −0.99
MWFC *
(g/kg) 866.70 325.38 603.05 ± 142.34 23.60 −0.37 −0.13

CWHC *
(g/kg) 721.10 217.75 467.18 ± 103.64 22.18 0.73 −0.35

FC (g/kg) 661.01 140.55 379.04 ± 109.58 28.91 0.34 −0.15
NCP * (%) 22.52 5.38 13.01 ± 4.61 35.46 −0.68 0.27

CP (%) 60.69 27.46 47.35 ± 6.74 14.23 1.8 −1.05
TP (%) 71.75 41.11 60.37 ± 7.63 12.64 −0.34 −0.86

Soil chemical

SOC (g/kg) 80.14 29.60 52.36 ± 15.91 30.39 −1.54 0.16
STN (g/kg) 3.62 1.31 2.41 ± 0.73 30.44 −1.39 0.16
C:N ratio * 25.66 18.31 21.85 ± 1.74 7.97 −0.29 0.25
STP (g/kg) 0.79 0.25 0.49 ± 0.13 25.75 0.07 0.28
C:P ratio * 169.92 57.22 108.08 ± 25.77 23.85 −0.34 0.2
N:P ratio * 7.66 2.46 4.97 ± 1.20 24.21 −0.16 0.32

SAN *
(mg/kg) 433.56 114.29 216.45 ± 66.60 30.77 1.56 0.79

SAP *
(mg/kg) 8.57 3.36 5.24 ± 1.21 23.18 0.59 0.76

pH 8.29 5.78 6.53 ± 0.56 8.64 1.71 1.29

* p > 0.05 (2-tailed).

2.4. Understory Plant Diversity Index

The biodiversity of the shrub and herb layers was assessed using the Gleason (GL)
(Equation (3)), Shannon–Wiener (SW) (Equation (4)), Simpson (SI) (Equation (5)) and
Pielou (PI) (Equation (6)) indices.

GL =
N

lnA
(3)

SW = −
N

∑
i=1

Pi × lnPi (4)

SI = 1 −
N

∑
i=1

P2
i (5)

PI =
W

lnN
(6)

where N represents the number of species recorded in the plot, A denotes the plot area, and
Pi is the proportional abundance of species i in the community.

The normality of biodiversity indices for the shrub and herb layers was evaluated
using the Kolmogorov–Smirnov (K-S) test. Based on the distribution characteristics,
Pearson’s correlation coefficient was applied to assess relationships among normally dis-
tributed variables, while Spearman’s rank correlation coefficient was used for non-normally
distributed variables.

The descriptive statistics of understory plant diversity indices are presented in Table 4.
For the shrub layer, the Gleason index exhibited the highest variability (CV = 24%), while
the Pielou index was the most stable (CV = 16%). In the herb layer, the Gleason index
showed the greatest variation (CV = 38%), indicating that species richness fluctuates
more widely in the herb layer than in the shrub layer. In the shrub layer, the Shannon–
Wiener and Pielou indices met the assumption of normality and were thus analyzed using
Pearson correlation. All other pairwise correlations among diversity indices in this layer
were assessed using Spearman correlation. In the herb layer, only the Shannon–Wiener
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index followed a normal distribution; therefore, Spearman correlation was applied to all
correlations between indices.

Table 4. The descriptive statistics of the understory plant diversity indices.

Layer Diversity Index Max Min Mean ± Standard
Deviation CV (%) Kurtosis Skewness

Shrub

Gleason 6.34 2.50 4.06 ± 0.98 0.24 −0.64 0.54
Shannon–Wiener * 2.90 1.33 2.21 ± 0.44 0.20 −0.81 −0.19

Simpson 0.93 0.10 0.77 ± 0.16 0.21 8.11 −2.32
Pielou * 0.88 0.46 0.70 ± 0.11 0.16 −0.31 −0.26

Herb

Gleason 6.00 0.83 3.83 ± 1.45 0.38 −0.73 −0.64
Shannon–Wiener * 2.80 0.53 2.11 ± 0.58 0.27 0.79 −1.15

Simpson 0.91 0.23 0.76 ± 0.17 0.22 2.48 −1.67
Pielou 1.45 0.33 0.69 ± 0.18 0.26 9.42 1.87

* Variables marked with an asterisk (*) met the assumption of normality based on the Kolmogorov–Smirnov test
(p > 0.05).

Following the approach of Wu et al. [38], we selected a single representative index
for each vegetation layer based on its correlation strength with the other three indices. All
analyses were performed in SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Correlation analysis
showed that in Table 5. The four diversity indices were generally significantly correlated
with each other in both layers (R2 ≥ 0.48, p < 0.01). The strongest correlation was observed
between the Shannon and Simpson indices in the herb layer (R2 = 0.92, p < 0.01) and
between the Shannon and Pielou indices in the shrub layer (R2 = 0.95, p < 0.01). The Gleason
and Pielou indices were the most weakly correlated pair in both layers (Shrub: R2 = 0.48,
p < 0.01; Herb: R2 = 0.50, p < 0.01), suggesting that species richness and evenness capture
complementary aspects of community structure. So the Shannon index was selected as the
representative diversity metric for subsequent analysis due to its strong overall correlation
with the other indices.

Table 5. Relationship between four indices for the shrub and herb layers.

Gleason Shannon–Wiener Simpson Pielou

Gleason 1 SH 0.73 **S 0.62 **S 0.50 **S

Shannon–
Wiener 0.77 **H 1 SH 0.88 **S 0.95 **S

Simpson 0.75 **H 0.92 **H 1 SH 0.83 **S

Pielou 0.48 **H 0.76 **H 0.86 **H 1 SH

** represents significant values, p < 0.01; S represents the R2 value of the shrub layer; H represents the R2 value of
the herb layer.

2.5. GeoDetector

The GeoDetector is a spatial analysis model based on analysis of variance (ANOVA) that
quantifies spatially stratified heterogeneity [24]. The model comprises four detectors—risk,
factor, ecological, and interaction detectors—which evaluate the influence of individual factors
and their interactions on a response variable. In this study, the factor detector and interaction
detector were employed. The factor detector assessed the individual contribution of each of
the 25 explanatory factors to shrub- and herb-layer diversity, while the interaction detector
examined how the combined effects of factor pairs influence diversity. The corresponding
equations are presented below:

https://doi.org/10.3390/app16073198

https://doi.org/10.3390/app16073198


Appl. Sci. 2026, 16, 3198 8 of 19

• Data Preprocessing

GeoDetector accommodates both numerical and categorical data. To meet its an-
alytical requirement of maximizing between-stratum heterogeneity while minimizing
within-stratum variation, all influencing factors were discretized into strata. Forest type
(FT), forest age (FA), and aspect (AS) were classified based on field-survey criteria. Slope
(SP), stand density, altitude, and soil physical–chemical properties were stratified using
the natural breaks method [24,25]. Each stratum contained at least two sample plots. The
resulting factor stratification is presented in Table 6.

Table 6. The stratification of the factors influencing understory species diversity.

Factor Group Factor Name Factor
Abbreviation

Strata Hierarchical ApproachLow Medium High

Stand structure

Harvest year (a) HY 2008–2014 2015 2016–2018 Natural Breaks method

Stand density index SD <1069.73 1069.73–
1683.11 >1683.11 Natural Breaks method

Regeneration potential RP <0.15 0.15–0.38 >0.38 Natural Breaks method
Forest types FT PF, PP, PQ Field surveys

Forest age (a) FA 20–30 31–40 41–60 Field surveys
Crown closure (%) CC <0.70 0.70–0.75 >0.75 Natural Breaks method

Topography

Altitude (m) AL <1798 1798–1880 >1880 Natural Breaks method

Aspect (◦) AS North, South, West, Northeast, Southeast, Northwest,
and Southwest Field surveys

Slop (◦) SP <17 17–28 >28 Natural Breaks method

Soil physical
properties

Soil moisture content (g/kg) SMC <233.14 233.14–322.21 >322.21 Natural Breaks method
Soil maximal water holding

(g/kg) MWHC <518.14 518.14–673.82 >673.82 Natural Breaks method

Capillary water-holding capacity
(g/kg) CWHC <384.32 384.32–485.11 >485.11 Natural Breaks method

Soil field capacity (g/kg) FC <310.63 310.63–426.35 >426.35 Natural Breaks method
Soil non-capillary porosity (%) NCP <10.60 10.60–15.08 >15.08 Natural Breaks method

Soil capillary porosity (%) CP <41.44 41.44–49.77 >49.77 Natural Breaks method
Soil Total porosity (%) TP <55.41 55.41–62.77 >62.77 Natural Breaks method

Soil chemical
properties

Soil organic carbon (g/kg) SOC <46.08 46.08–55.42 >55.42 Natural Breaks method
Soil total nitrogen (g/kg) STN <2.15 2.15–2.83 >2.83 Natural Breaks method
Carbon to nitrogen ratio C:N ratio <20.88 20.88–22.66 >22.66 Natural Breaks method

Soil total phosphorus (g/kg) STP <0.44 0.44–0.55 >0.55 Natural Breaks method
Carbon to phosphorus ratio C:P ratio <94.80 94.80–121.26 >121.26 Natural Breaks method

Nitrogen to phosphorus ratio N:P ratio <4.44 4.44–5.72 >5.72 Natural Breaks method
Soil available N (mg/kg) SAN <205.16 205.16–272.60 >272.60 Natural Breaks method
Soil available P (mg/kg) SAP <5.07 5.07–6.54 >6.54 Natural Breaks method

Soil pH pH <6.46 6.46–7.01 >7.01 Natural Breaks method

PF, Pure P. tabuliformis forest; PP, P. tabuliformis—P. armandii forest; PQ, P. tabuliformis—Q. mongolica forest.

• Factor detector

The factor detector quantifies the influence of environmental factors (X) on shrub and
herb layer diversity (Y) using the power of determinant (q statistic; Equation (7)) [24,25].

q = 1 − ∑L
h=1 Nhσ2

h
Nσ2 (7)

where L is the total number of strata (or classes) of the independent variable X. N and
Nh represent the total sample size and the sample size within stratum h, respectively. σ2

and σ2
h denote the variance of the dependent variable Y (shrub and herb layer diversity)

for the entire dataset and for stratum h, respectively. The value of q ranges from 0 to 1,
indicating the degree to which factor X explains the spatial stratification of Y. Specifically,
q = 1 suggests that factor X completely controls the distribution of shrub and herb layer
diversity, whereas q = 0 implies no explanatory power.

• Interaction detector

The interaction detector assesses the combined effect of two factors (X1 and X2) by
calculating the interactive determinant power (q-value) of their interaction term (X1∩X2).
This analysis determines whether the factors operate independently or if their interaction
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enhances or diminishes the explanatory power on the dependent variable. The results are
categorized into five distinct interaction types, as defined in Table 7.

Table 7. The types of interactions between two factors [39].

Criteria Interaction

q(X1 ∩ X2) < Min(q(X1), q(X2)) Nonlinear weakening
Min(q(X1), q(X2)) < q(X1 ∩ X2) < Max(q(X1), q(X2)) Nonlinear weakening of one factor

q(X1 ∩ X2) > Max(q(X1), q(X2)) Bivariate enhancement
q(X1 ∩ X2) = q(X1) + q(X2) Independence
q(X1 ∩ X2) > q(X1) + q(X2) Nonlinear enhancement

This study quantifies factor interactions by computing the q-statistic for the intersection
term X1∩X2 (denoted as q_{X1∩X2}) and comparing it to the individual q-values of X1 and
X2 (q_{X1} and q_{X2}, respectively). The analysis was conducted using the GeoDetector
Software in Excel from http://geodetector.cn/ (accessed on 11 June 2025).

2.6. Conventional Methods

Traditional multivariate statistical methods, including Principal Component Analysis
(PCA), Correspondence Analysis (CA), Redundancy Analysis (RDA), and Variation Parti-
tioning Analysis (VPA), were employed to analyze the effects of environmental factors on
the biodiversity of understory vegetation in P. tabuliformis plantations. The results were
then compared with those obtained from the GeoDetector model. Given that PCA, CA,
and RDA necessitate quantitative variables, categorical data were incorporated as dummy
variables. Dimensionality reduction was achieved via PCA on the 25 factors, wherein
components with eigenvalues exceeding 1.0 were extracted. Subsequent CA and RDA
were conducted on these principal components to mitigate multicollinearity issues. For
VPA—a method capable of handling only 2 to 4 explanatory matrices—the factors were
organized into four groups: topography, forest stand structure, soil physical properties,
and soil chemical properties (Table 2). Multicollinearity was assessed using the Variance
Inflation Factor (VIF) calculated with the vif() function from the car package, and factors
exhibiting VIF > 10 were excluded. VPA was then utilized to quantify the pure and shared
effects of these four factor groups on shrub and herb layer biodiversity. All statistical
analyses were performed in R 4.5.2 software. Specifically, PCA was conducted using the
prcomp() function from the stats package, CA was performed using the cca() function (with
no constraints) from the vegan package, and RDA and VPA were implemented using the
rda() and varpart() functions, respectively, from the vegan package.

3. Results
3.1. Individual Effects of Environmental Factors Across Vegetation Layers

Figure 2 presents the relative influence of topography, forest stand structure, and soil
properties (both physical and chemical) on shrub- and herb-layer biodiversity. Overall,
topographic factors exhibited the highest mean explanatory power (mean q-value = 0.28),
followed by forest stand structure (0.19), while soil properties collectively showed the weakest
influence (0.12). Within each category, the factor with the maximum q-value was identified
as the dominant individual driver. Secondary factors were defined as those with q > 0.1 but
lower than the dominant factor, whereas the remaining factors had q-values below 0.1.
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Figure 2. The relative influence of forest stand structure, topography, and soil properties (physical
and chemical) on understory species diversity in pine plantations.

For shrub-layer biodiversity, all topographic factors had q-values above 0.20. Among
them, AS (0.43) was the dominant factor, followed by SP (0.22) and AL (0.20). In the herb
layer, SP (0.50) was the dominant topographic driver, with AS (0.20) and AL (0.11) as
secondary factors.

Regarding forest stand structure, RP (0.39) was the dominant factor for the shrub
layer. Secondary influences included FT, HY, SD, and CC, whereas FA (0.06) had the least
effect. In contrast, for the herb layer, FT (0.67) emerged as the dominant factor, followed by
HY (0.21). The influence of all other stand structure factors was limited (q < 0.1).

Soil factors—including both physical and chemical properties—showed a generally
similar overall degree of influence on understory biodiversity in our analysis. For soil phys-
ical properties, NCP was the dominant factor for both the shrub layer (0.20) and the herb
layer (0.39). SMC and TP acted as secondary physical drivers in both layers. Concerning
soil chemical properties, STN (0.22) was dominant in the shrub layer, with SAP (0.20), the
carbon-to-nitrogen ratio (C:N ratio, 0.17), and A:N ratio (0.12) as secondary factors. In the
herb layer, the nitrogen-to-phosphorus ratio (N:P ratio, 0.28) was the dominant chemical
factor, followed by the carbon-to-phosphorus ratio (C:P ratio, 0.24) and A:N ratio (0.14). All
other soil factors contributed minimally, with q-values below 0.10 in both vegetation layers.

3.2. Interactive Effects of Environmental Factors Across Vegetation Layers

The interaction effects between paired environmental factors in this study are summa-
rized in Figure 3. Both nonlinear enhancement and bivariate enhancement were observed
across factor pairs. Among the 225 factor pairs examined, nonlinear enhancement was iden-
tified in 144 pairs for the shrub layer and 153 pairs for the herb layer. In contrast, bivariate
enhancement was less common, occurring in 81 pairs in the shrub layer and 72 pairs in the
herb layer. Bivariate enhancement was most pronounced between RP and other factors in
the shrub layer, between FT and other factors in the herb layer, and between CS and other
factors in both layers. Nonlinear enhancement, on the other hand, was predominantly
observed between soil physical/chemical properties and other factors.
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Figure 3. Interaction effects between paired environmental factors on shrub and herb layer biodiver-
sity. (a) Shrub layer. (b) Herb layer. Color indicates the strength of interaction (interactive q-value)
for each factor pair, with darker hues representing stronger effects on biodiversity. The symbol ‘↑’
denotes nonlinear enhancement; pairs without this symbol exhibit bivariate enhancement.

3.3. Comparison of GeoDetector and Conventional Methods

To evaluate how methodological choices can shape ecological understanding, we com-
pared the inferences derived from GeoDetector with those from conventional approaches
(CA, RDA, and VPA) (Figure 4). GeoDetector identified a nuanced, layer-specific set of
drivers (Section 3.1). However, the ability of conventional methods to identify driving
factors is relatively limited.
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Figure 4. Comparison of influencing factors identified by GeoDetector and conventional methods.
In the GeoDetector section, colors indicate factor importance: red for dominant factors, blue for
secondary influencing factors, and green for other factors.

For the shrub layer, conventional methods (CA, RDA, VPA) failed to detect any
significant influence of topography or soil physical properties. If we had relied solely
on these traditional approaches, we would have concluded that shrub-layer diversity is
primarily driven by stand structure alone. However, GeoDetector revealed a more complex
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reality: aspect (AS) was the dominant topographic driver (q = 0.43), and soil non-capillary
porosity (NCP) exerted a secondary but significant influence (q = 0.20). This discrepancy
has important ecological implications. The failure of conventional methods to detect AS
suggests they are insensitive to the fine-scale resource gradients (e.g., solar radiation, soil
moisture) that topography mediates—gradients that are critical for shrub establishment
and competition. Forest management strategies aimed at enhancing understory vegetation
diversity should take into account the environmental heterogeneity induced by topography.

For the herb layer, the contrast was equally striking. Conventional methods (CA, RDA)
successfully identified forest type (FT) as a dominant driver, aligning with GeoDetector’s
finding. However, they failed to consistently detect the strong influence of slope (SP)
(q = 0.50 in GeoDetector) and the role of soil phosphorus stoichiometry (N:P ratio, q = 0.28;
C:P ratio, q = 0.24). A traditional analysis might therefore lead to the inference that
herb-layer diversity is controlled mainly by canopy-induced light conditions (via FT).
GeoDetector, in contrast, reveals an equally important edaphic pathway: slope steepness
modulates soil erosion and water availability, which in turn interacts with phosphorus
limitation to filter herbaceous species. This finding suggests that managing for herb-layer
diversity requires not only regulating canopy structure but also mitigating soil disturbance
on steep slopes.

Furthermore, GeoDetector’s ability to quantify interactive effects (Section 3.2) provides
ecological insights that conventional methods cannot offer. For instance, while the individ-
ual effect of soil capillary water-holding capacity (CWHC) was weak (q < 0.10), its nonlinear
enhancement with the N:P ratio produced a strong interactive effect (q > 0.40) on herb-layer
diversity. This suggests that water and nutrient availability operate synergistically—a
mechanism that would remain hidden in traditional main-effect models.

In summary, the comparison demonstrates that conventional methods, while useful
for detecting dominant gradients, are prone to “ecological blindness” toward factors with
moderate but ecologically critical effects, particularly when those factors are categorical
(e.g., aspect) or interact nonlinearly. GeoDetector, by relaxing linearity and independence
assumptions, provides a more comprehensive and mechanistically nuanced understanding
of understory biodiversity drivers.

4. Discussion
This study applied GeoDetector to investigate the drivers of understory plant diversity

in Pinus tabuliformis plantations, with the aim of quantifying both individual and interactive
effects of environmental factors across vegetation layers. The results revealed three key
insights: (1) diversity drivers were layer-specific, with shrub-layer diversity shaped by
aspect and regeneration potential, and herb-layer diversity constrained by forest type, slope,
and soil N:P ratio; (2) nonlinear enhancement was the predominant interaction type, with
combined effects exceeding individual contributions; and (3) GeoDetector outperformed
conventional methods in detecting factors with low individual explanatory power but
high ecological relevance. These findings are discussed below in terms of their ecological
mechanisms, implications for forest management, and methodological significance.

4.1. Differential Effects of Stand Structure on Shrub and Herb Layer Biodiversity in
P. tabuliformis Plantations

Our study demonstrates that the stand structure of P. tabuliformis plantations differen-
tially influences shrub- and herb-layer biodiversity. Regeneration potential (RP) emerged as
the dominant stand-structure factor affecting shrub-layer biodiversity. This is likely because
shrubs occupy an ecological niche similar to that of P. tabuliformis seedlings, leading to direct
resource competition; higher RP was associated with reduced shrub biodiversity (Table 8).
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Forest type (FT) also significantly influenced understory biodiversity. Tree species richness
is known to shape understory plant diversity—for instance, deciduous broad-leaved forests
generally support higher understory diversity than evergreen coniferous forests [40], and
mixed-species plantations typically exceed monocultures in this regard [41]. Our findings
for the shrub layer align with these established patterns.

Table 8. Diversity of understory vegetation in mixed P. tabuliformis plantations.

Mixed Type Shrub Herb CC SD RP

PF 1.92 ± 0.39
b

2.47 ± 0.23
a

0.65 ± 0.13
a

1580.95 ±
723.94 a

0.31 ± 0.31
a

PP 2.33 ± 0.20
a

2.08 ± 0.32
ab

0.74 ± 0.13
a

1180.99 ±
417.71 a

0.10 ± 0.13
a

PQ 2.46 ± 0.43
a

1.71 ± 0.71
b

0.80 ± 0.05
a

1280.47 ±
487.08 a

0.08 ± 0.20
b

PF, Pure P. tabuliformis forest; PP, P. tabuliformis—P. armandii forest; PQ, P. tabuliformis—Q. mongolica forest.
The values are the mean ± standard deviation. Different lowercase letters (a and b) indicate significant
differences (p < 0.05) between different P. tabuliformis forest types.

In the herb layer, however, biodiversity was highest in pure P. tabuliformis forest (PF),
followed by P. tabuliformis—P. armandii forest (PP) and P. tabuliformis—Q. mongolica forest
(PQ)—a trend opposite to that observed in the shrub layer (Table 8). Previous research
indicates that light availability strongly influences herb-layer diversity [42]. In our study,
although the pure P. tabuliformis forest (PF) had the lowest canopy closure (0.65 ± 0.13)
compared to the mixed forests (PP: 0.74 ± 0.13; PQ: 0.80 ± 0.05), its herb-layer diversity
was the highest (Shannon index: 2.47 ± 0.23 in PF vs. 2.08 ± 0.32 in PP and 1.71 ± 0.71 in
PQ). We attribute this counterintuitive result to the mediating role of shrub-layer diversity.
Specifically, the higher regeneration potential (RP) in PF likely intensified competition
within the shrub layer, reducing shrub diversity and coverage. The resultant sparser
shrub layer allowed more light to reach the forest floor, creating favorable conditions for
herbaceous plants and ultimately leading to the highest herb-layer biodiversity in PF.

4.2. Topographic Factors Differentially Drive Shrub and Herb Layer Biodiversity

The examined topographic factors—altitude (AL), slope (SP), and aspect (AS)—influence
understory plant communities mainly by regulating solar radiation and precipitation, which
subsequently affect soil thickness, moisture, and nutrient availability [43,44]. In our study
area, topography was the dominant driver of understory plant biodiversity, with all three
factors demonstrating substantial explanatory power (q > 0.10) across both vegetation layers.

However, their relative importance differed between layers: AL and AS had a stronger
influence on shrub-layer biodiversity, whereas SP was the primary topographic driver for
the herb layer. This divergence likely arises from distinct ecological constraints. As the
lowest stratum in the forest ecosystem, the herb layer is less directly affected by solar radi-
ation gradients associated with AL and AS. In contrast, SP strongly influences herb-layer
diversity by altering soil physical and chemical properties [45]. Steeper slopes generally
experience greater soil erosion and runoff, along with lower water retention—conditions that
limit plant establishment and growth [46]. The shallow root systems of herbaceous plants
make them especially vulnerable to such soil-limited environments, restricting their access
to water and nutrients [47,48].

4.3. Soil Factors Exert Layer-Specific Influences on Understory Biodiversity

Studies on the role of soil properties in understory diversity have yielded inconsistent
conclusions across regions. Some reports suggest that soil factors have negligible effects
due to complex tree-understory interactions [42], whereas others highlight their substantial
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influence [49]. Moreover, soil physical and chemical properties may affect shrub- and
herb-layer diversity differently [50]. In our study, the mean explanatory power (q-value)
of soil properties was lower than that of topographic and stand-structure factors in both
layers. Nevertheless, individual soil factors exhibited distinct layer-specific effects.

Soil physical properties affect plant growth, and vegetation in turn modifies these
properties through feedback mechanisms [51]. Their relationship with understory diversity
varies with vegetation type, reflecting differences in plant height, root depth, and regional
conditions [52]. In our site, soil physical properties had slightly greater influence on the
herb layer than on the shrub layer. Because herb plants generally have shallower roots,
their diversity was more sensitive to variations in soil moisture and texture—a pattern
consistent with earlier findings [53].

Among soil physical factors, soil non-capillary porosity (NCP) was dominant in
both layers. NCP regulates soil aeration and water movement; higher porosity promotes
microbial activity and nutrient turnover, reduces runoff, and enhances soil moisture content
(SMC). Thus, NCP serves as a key indicator of forest-soil water-holding capacity, which is
critical for maintaining plant diversity [54].

Our findings highlight the contrasting roles of nitrogen and phosphorus in shaping
understory diversity. The observed influence of soil nitrogen on the shrub layer may be
linked to nitrogen saturation in these forests. The mean STN level in our study area consid-
erably exceeds the threshold for “extremely high” fertility according to China’s Second Soil
Census standards, a condition known to inhibit rhizosphere microbial activity [55]. Such
inhibition can alter nutrient cycling and plant-microbe interactions, potentially filtering
species and leading to the observed shrub-layer composition [56]. In contrast, phosphorus
emerged as a stronger limiting factor for the herb layer. This aligns with the prevalent
phosphorus deficiency in the study system, where STP levels are markedly below global
averages. Phosphorus limitation likely intensifies competition among herbaceous species,
favoring those with efficient phosphorus acquisition or conservation strategies, thereby
exerting a selective pressure that shapes community diversity [57].

In the herb layer, soil organic matter and nitrogen showed low direct effects (q < 0.10).
Instead, nutrient stoichiometry—particularly the C:P ratio and N:P ratio—better explained
herb-layer diversity. Lower ratios reflect higher phosphorus availability and more efficient
microbial decomposition [16], intensifying competition between plants and microbes for
available phosphorus and thereby reinforcing phosphorus limitation.

4.4. Interaction Effects of Environmental Factors on Understory Plant Biodiversity

The interaction analysis revealed that nonlinear enhancement was the predominant
type of interaction among environmental factors in both vegetation layers (Figure 3),
underscoring the complexity of forest ecosystems where the combined effects of multiple
drivers cannot be predicted from their individual influences alone. The understory plant
diversity in P. tabuliformis plantations does not arise from only a few environmental factors,
but rather from the trade-offs and synergies among multiple drivers.

The nonlinear enhancement involving aspect (AS) in the shrub layer (Figure 3a) high-
lights how topographic gradients mediate resource availability—particularly light and
moisture—thereby conditioning the effects of other environmental drivers [58]. Regen-
eration potential (RP), by contrast, exhibited bivariate enhancement with other factors,
suggesting that its role in shaping shrub diversity depends on local stand conditions such
as canopy structure or understory competition [59]. In the herb layer, the predominance
of bivariate enhancement involving forest type (FT) (Figure 3b) indicates that FT does not
act independently but interacts synergistically with other factors—likely through light
availability and resource partitioning—to influence herb community assembly [60].
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The predominance of nonlinear enhancement in interactions involving soil properties
(Figure 3) reflects the complex role of soil as a mediator of plant–environment relationships.
Soil physical characteristics, particularly capillary water-holding capacity (CWHC), do not
merely exert direct effects but fundamentally modulate how other factors—such as nutri-
ent stoichiometry—influence understory diversity. While individual soil physical factors
showed limited independent effects, CWHC consistently enhanced the explanatory power
of C:P and N:P ratios through nonlinear interactions, with combined effects exceeding that
of the dominant physical factor NCP (non-capillary porosity). This pattern suggests that
CWHC functions as a key regulator of soil moisture availability, which in turn governs
microbial activity, nutrient mineralization, and ultimately the bioavailability of phospho-
rus [61]. By influencing these processes, CWHC shapes the ecological context within which
nutrient ratios operate, thereby amplifying their effects on plant community assembly.

4.5. Uncertainties of GeoDetector and Conventional Methods

Although GeoDetector produced satisfactory results in this study, its performance
could be further refined by optimizing the number of strata—here based on prior knowl-
edge. In future applications, stratum divisions should be determined according to the
actual spatial heterogeneity of understory biodiversity [62].

Notable discrepancies were observed between the results from GeoDetector and those
obtained using conventional methods (CA, RDA, and VPA). While conventional methods
captured factors with strong influences on understory biodiversity, they often failed to
consistently identify even relatively important topographic drivers. This limitation stems
from the reliance of CA and regression-based approaches on overcoming multicollinearity,
which frequently requires excluding correlated variables and can lead to information loss
during dimensionality reduction [63].

In contrast, GeoDetector is specifically designed to detect spatially stratified hetero-
geneity and does not assume variable independence [24]. Although the stratification of
data affects the results, it does not mask the actual effect of the factors. Conventional
methods such as CA and RDA typically require prior dimension reduction via PCA to
produce interpretable outputs, while VPA can only evaluate contributions at the group
level rather than for individual factors. Consequently, these conventional approaches are
less capable of disentangling the specific contributions of individual drivers to understory
plant diversity [60].

Thus, GeoDetector offers a more convenient and reliable method for assessing the
impacts of individual factors and their interactions, providing clearer insight into the
drivers of understory diversity in complex forest ecosystems.

5. Conclusions
This study applied GeoDetector to investigate the drivers of understory vegetation

diversity in Pinus tabuliformis plantations, with the objective of quantifying individual and
interactive effects of environmental factors across vegetation layers. The findings support
our research hypotheses and offer several key insights.

First, the drivers of understory diversity are layer-specific. Shrub-layer diversity is
primarily shaped by direct resource competition (e.g., with tree seedlings) and topographi-
cally mediated heterogeneity in light, water, and nutrients. In contrast, herb-layer diversity
is more strongly constrained by canopy-controlled light availability and slope-driven soil
conditions. This vertical differentiation reflects distinct ecological niches and resource
acquisition strategies between vegetation strata.

Second, environmental factors interact synergistically, with combined effects exceeding the
sum of their individual contributions. The prevalence of nonlinear interactions—particularly
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between soil physical structure (e.g., non-capillary porosity) and phosphorus availability
(e.g., N:P ratio)—underscores the complexity of forest ecosystems. These interactions modu-
late the influence of dominant drivers and highlight the need for multifactor approaches in
biodiversity research.

Third, GeoDetector offers methodological advantages for analyzing complex ecological
relationships. By accommodating both qualitative and quantitative variables without
requiring linearity or independence assumptions, it effectively identified factors with low
individual explanatory power that conventional methods often overlook. This capability is
essential for comprehensively assessing both direct and interactive effects in heterogeneous
forest environments.

These findings carry practical implications for forest management. Enhancing under-
story biodiversity in P. tabuliformis plantations requires layer-specific strategies: regulating
canopy structure to improve light conditions may benefit herb-layer communities, while
maintaining topographic heterogeneity could support shrub-layer diversity. Moreover,
management interventions should account for interactive effects rather than targeting
single factors in isolation.

Future research should incorporate functional and phylogenetic diversity metrics to
capture broader dimensions of biodiversity, and examine temporal dynamics to under-
stand how driver–diversity relationships evolve with stand development. Integrating
biotic interactions such as competition and facilitation would further advance predictive
understanding of understory community assembly.
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Abbreviations
The following abbreviations are used in this manuscript:

HY Harvest year
SD Stand density index
RP Regeneration potential
FT Forest type
FA Forest age
CC Crown closure
AL Altitude
AS Aspect
SP Slope
SMC Soil moisture content

https://doi.org/10.3390/app16073198

https://doi.org/10.3390/app16073198


Appl. Sci. 2026, 16, 3198 17 of 19

MWHC Soil maximal water holding
CWHC Capillary water-holding capacity
FC Field capacity
NCP Non-capillary porosity
CP Capillary porosity
TP Total porosity
SOC Soil organic carbon
STN Soil total nitrogen
SAN Soil alkali-hydrolyzable nitrogen
STP Soil total phosphorus
SAP Soil available phosphorus
C:P ratio Carbon to phosphorus ratio
N:P ratio Nitrogen to phosphorus ratio
C:N ratio Carbon to nitrogen ratio
pH Soil pH
PF Pure P. tabuliformis forest
PP P. tabuliformis—P. armandii forest
PQ P. tabuliformis—Q. mongolica forest
PCA Principal Component Analysis
CA Correspondence Analysis
RDA Redundancy Analysis
VPA Variation Partitioning Analysis
VIF Variance Inflation Factor
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