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Abstract: Forest stand volume is one of the key forest structural attributes in estimating and fore-
casting ecosystem productivity and carbon stock. However, studies on growth modeling and
environmental influences on stand volume are still rare to date, especially in subtropical forests in
karst areas, which are characterized by a complex species composition and are important in the global
carbon budget. In this paper, we developed growth models of stand volume for all the dominant tree
species (groups) (DTSG) in a subtropical karst area, the Guizhou Plateau based on an investigation of
the effects of various environmental factors on stand volume. The Richards growth function, space-
for-time substitution and zonal-hierarchical modeling method were applied in the model fitting, and
multiple indices were used in the model evaluation. The results showed that the climatic factors
of annual temperature and precipitation, as well as the site factors of stand origin, elevation, slope
gradient, topsoil thickness, site quality degree, rocky desertification type and rocky desertification
degree, have significant influences on stand volume, and the topsoil thickness and site quality degree
have the strongest positive effect. A total of 959 growth equations of stand volume were fitted with a
five-level stand classifier (DTSG-climatic zone-site quality degree—stand origin—rocky desertification
type). All the growth equations were qualified, because all passed the TRE test (<30%), and the
majority of the R? > 0.50, above 70% of the RMSE were between 5.0 and 20.0, and above 80% of
the P > 75%. These findings provide updated knowledge about the environmental effect on the
stand volume growth of subtropical forests in karst areas, and the developed stand volume growth
models are convenient for forest management and planning, further contributing to the study of
forest carbon storage assessments and global carbon cycling.

Keywords: forest stand volume; growth model; environmental effects; subtropical karst area;
Guizhou Plateau

1. Introduction

Forest stand volume is one of the key forest structural attributes in estimating and
forecasting timber production, fuel accumulation, ecosystem productivity and carbon
stock [1-3]. Simulating stand volume growth can effectively project forest resource de-
velopment and thus support sustainable forest management and planning practices [4],
especially in mitigating greenhouse effects under the conditions of climate change [5,6].
Most studies focus on the allometric relationship between stand volume and related forest
structural variables, such as tree height, basal area, diameter at breast height (DBH), stand
density, canopy area, etc. [2,3,7,8], instead of on the growth models for stand volume.
Although such allometric equations could estimate the stand volume conveniently, they
only provide an assessment for the present but not for the future, showing a weakness in
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representing the growth of stand volume over time, and thus could not fulfill the need for
forest planning. To date, growth modeling for stand volume is still a very important issue
in forest mensuration and management [9,10], which urges us to pay full attention to it.

Karst landform, underlain by carbonate rocks (e.g., limestone or dolomite), is widespread
globally and accounts for approximately 10-15% of land in the world [11]. The karst land-
scape of southwestern China, occupies approximately 3.44 million km? or approximately
36% of the total land area of China and 15.6% of the karst area in the world [12,13]. It
is one of the most typical, continuous, and largest karst landscapes in the world [13,14]
and is characterized by its strong irregular geomorphology, high erodibility of the lime-
stone substrate and leanness of the soil. Moreover, this karst region is located in the
subtropical monsoon humid region with abundant rainfall, mild temperatures and a long
growing season, leading to the coexistence of lush vegetation, high biodiversity and high
ecosystem fragility [15-17]. Vegetation in the region has a unique adaption for drought,
rocky establishment and excessive calcium [18], and the representative forest types include
mixed mountainous evergreen coniferous forest, evergreen and deciduous broad-leaved
forest [15,19]. However, the karst area has experienced a long history of deforestation and
reclamation. The two latest large-scale deforestations occurred in the 1950s during the
Great Leap Forward and in the 1980s driven by the rapid increase in population and urgent
need for food and economic development, causing the forest cover to drop from 45% in the
1950s to 12.6% in the 1980s [20]. The vegetation—soil-landscape relationship deteriorated,
resulting in forest degradation to shrubs or grasses and even to rocky desertified land in
some areas [18,21]. It was not until 2000, after a series of ecological restoration programs,
e.g., the Grain for Green Program, were implemented in the area, that the situation got
under control [22,23]. To date, the growth mechanisms of subtropical forests in karst areas,
characterized by diverse habitat heterogeneity and complex species composition [15,17,24],
have seldom been studied in comparison with other forest ecosystems [13,25]. Studying
stand volume growth in karst areas is necessary for understanding the growth mechanisms
of this unique forest ecosystem as well as for supporting decision-making for local forest
management and planning. Moreover, since forest ecosystem carbon storage in subtropical
karst regions is very important to the global C budget due to its special geological condi-
tions and large carbon sequestration potential [26], the growth modeling of forest stand
volume—the foundation of biomass and carbon stock estimation—in this area is valuable
to mitigate global climate change.

In forest growth modeling, the effect of environmental factors on forest growth, such as
climate, site quality, topography, and human disturbance, should not be neglected [27-30].
Lindner et al. [27] compiled and summarized the existing knowledge about climate change
impacts on European forest ecosystems and highlighted that warmer temperatures are
expected to result in positive effects on forest growth and wood production, while increasing
drought and disturbance risks will cause adverse effects. The study of Luo and Zhang [31]
in Yunnan Province, China, found that the growth of stand mean DBH of Pinus yunnanensis
was significantly positively correlated with stand age, slope, site index, mean annual
temperature and precipitation but significantly negatively correlated with elevation and
canopy density. In addition, management practices that influence forest growth, including
improved seeds, draining, weeding, fertilization, structure and density shaping, as well
as the cessation of deleterious practices—grazing, litter raking, and charcoal burning—
would undoubtedly increase forest growth rates greatly in subsequent rotations [32-34].
Therefore, the growth curve of the same tree species might vary significantly with changes
in climate, topography, management measures or any other environmental factors, and
the consideration of environmental factors in stand volume growth modeling can help to
improve the accuracy and effectiveness of stand volume forecasting at the regional scale.

Previous studies have developed many forest growth models based on different
methods. For example, Piao et al. [28] developed nonlinear regression equations involving
stand age, site index and density for estimating stand DBH growth in Korea. Monserud
et al. [35] used thin plate smoothing splines to create a spatial model of site indices for
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lodgepole pine (Pinus contorta) in Canada with inputs of latitude, longitude, elevation,
and site index. Yu et al. [36] built a generalized additive model considering climate
variables, stand variables and competition variables to simulate the growth of individual
tree DBHs in northeastern China. Multiple linear models have been used to develop forest
growth models with various environmental variables in eastern Germany [37], Canada [38],
China [39], Portugal [40], etc. However, compared with stand volume, more studies focus
on DBH, tree height or site index. In addition, regression analysis can only describe
certain parts of a complex relationship between environmental and response variables [37],
constraining their extrapolation or upscaling to larger areas [41,42]. Moreover, some
variables, such as climate factors, only vary slightly in a similar climate zone at the regional
scale; thus, their forest growth models are supposed to remain the same, and it is not
necessary to put these variables into the fitting equations. At the regional scale, the use of
zonal or hierarchical models may be a meaningful tool to describe the important influences
of environmental factors in more detail and to improve model precision [37,43]. In the
field of forestry, researchers are often confronted with various measurement data that can
be ordered into various hierarchical levels—from the individual tree samples in lower
levels grouped into an upper hierarchy at the stand level [43]; thus, it is very convenient
and common to use these data for zonal or hierarchical modeling. For example, Gara
et al. [3] explored the relationship between canopy area and wood volume at four levels:
species-specific by site, species-specific across sites, stand level by site, and stand level
across sites. Nothdurft et al. [43] used a nonlinear hierarchical mixed model to describe
tree height growth of Norway spruce from longitudinal measurements, such as elevation
and diameter growth rates. Such principles are also reflected in the fitting of multigrowth
curves of the site index for the same tree species [44—47].

In this paper, taking the Guizhou Plateau as our case study area, we developed stand
volume growth models for all dominant tree species (groups), after investigating the effects
of various environmental factors, including climate and site conditions, on stand volume,
with the usage of a forest inventory spatial dataset of Guizhou province. The Richards
growth function, space-for-time substitution and zonal-hierarchical modeling were applied
in the model fitting, and multiple indices were used in the model evaluation. Our study
attempts to address the following questions: (i) what the current situation of the forest in
Guizhou Plateau is; (ii) what the effects of different environmental factors on the stand
volume are, with respect to different tree species in the karst area, and which environmental
factors have the most significant influence on stand volume; and (iii) building up stand
volume growth models for all the tree species with consideration of the environmental
effect, and further uncover the stand volume growth pattern in the subtropical karst area.

2. Materials and Methods
2.1. Study Area

The Guizhou Plateau (24°37'~29°13' N, 103°36’~109°35' E), covering all of Guizhou
Province in southwest China, is located in the east slope zone of the Yunnan-Guizhou
Plateau and the upper reaches of the Yangtze River and Pearl River. The 176,167 km?
region mainly inclines from west to east, with complex geomorphology consisting of four
basic types: plateaus, mountains, hills and basins. Approximately 92.5% of the land is
covered by mountains and hills, and the elevation therein varies significantly from 147.8 m
to 2900.6 m (averaging 1100 m) (Figure 1). Called a Karst Province, the Guizhou Plateau is
largely underlain by carbonate rocks and occupied by karst landscapes (Figure S1). The
karst area covers more than 130,000 km?, representing 73.6% of the plateau and 6.5% of the
total karst area of China [21].
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Figure 1. Location of Guizhou Plateau.

Within the East Asian Monsoon climate zone, which has benefitted from uplift of
the Tibetan Plateau [48], the Guizhou Plateau has cool humid summers and relatively
mild winters. The annual average temperature was 15 °C from 1990 to 2016, and was
lowest in January, ranging from 3 to 6 °C, and highest in July, ranging from 22 to 25 °C.
The rainfall is abundant with a clear rainy season, and the annual average precipitation
reached 1177 mm from 1990 to 2016, with the perennial relative humidity reaching above
70%. Under the influence of atmospheric circulation and topography, the Guizhou Plateau
presents apparent regional climatic zonal characteristics, and temperature and precipitation
are generally higher in the south and east and lower in the north and west (Figure S2).

The vegetation type in the Guizhou Plateau varies from evergreen coniferous forests to
broad-leaved evergreen and deciduous forests with increasing latitude and elevation [49],
in which a rich diversity of woody species is harbored [15,17]. However, the long-term and
large-scale deforestation and reclamation in the last century have made most of this fragile
karst region suffer rocky desertification [50,51]. Much of the forest vegetation had degraded
to shrubs, grass and even stony deserts, and many late seral forests were gradually replaced
by secondary forests and single-species plantations.

2.2. Data Collection and Treatment
2.2.1. Forest Inventory Spatial Dataset

The forest inventory spatial dataset came from the fourth forest resource planning
and design survey (FRPDS) of Guizhou Province. The FRPDS is designed for meeting
forest management needs. It investigates the tree species, quantity, quality, structure,
function, benefit and distribution of all forests at the county-level scale [52]. The fourth
FRPDS of Guizhou province (FRPDSGP) was initiated by the Guizhou Forestry Bureau
and conducted by skilled workers of local county forestry departments during 2015-2016
(mostly in 2016). Many stand attributes and site conditions for more than 3 million stands
were measured on the ground, including the dominant tree species (group) of a stand, stand
age (a), stand volume per hectare (m? ha™1), average tree height (m), average DBH (cm),
stand area, stand origin, elevation, slope gradient, topsoil thickness, site quality degree,
rocky desertification type, etc. The FRPDSGP was archived in ArcGIS Geodatabase.gdb
format, mapping at a 1:10,000 scale using the Xi’an 1980 coordinate system. Each stand
was documented as a record (i.e., a polygon), and each stand attribute or site condition was
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set as a field. The stand polygons were first drawn from a base map composed of the last
phase of FRPDSGP, multi-source satellite images including Landsat TM/ETM+ and HJ-1
A/Bimages in 2015 and 2016, topographic map, and other basic geographic maps such as
administrative boundaries, highway, railway, river and lakes, etc., and then were adjusted
and corrected by field survey. The area of a stand was no less than 1 ha.

The stand volume was estimated by the point sampling method using automatic
level angle gauge. At least two sample points were set deep inside the forest stands. The
workers stuck with the sample points and looked at the trunks of the trees around them
(at breast height 1.3 m with DBH > 5 cm) through an angle gauge when conducting field
measurements, and each point was measured twice from clockwise and counterclockwise
direction to check each other. Sample size was determined by each county or forest
management unit which was regarded as a survey population. Data for all counties and
forest management units were aggregated to generate provincial statistics. The overall
sampling precisions of stand volume were > 85% (« = 0.05) to survey populations with
total stand volume > 2 million m? and were > 80% (x = 0.05) to those with total stand
volume < 2 million m? [52,53]. Since the total number of tree species had reached over 300,
we categorized them into 36 main dominant tree species (groups) (DTSG) according to
the classification system of Chinese Vegetation and the Detailed Rules for the Implementation
of FRPDSGP [54,55], with consideration of the density, area, biological, and ecological
characteristics of all tree species. The numbers of coniferous and broad-leaved DTSG were
16 and 20, respectively (Table S1), and coniferous occupied 59% of the forest area, while
broad-leaved occupied 41%. The spatial distribution of DTSG is shown in Figure S3.

2.2.2. Climate Spatial Dataset

The climate data were derived from the daily meteorological observation data pro-
vided by government meteorological stations (http://data.cma.cn) around and inside
the Guizhou Plateau in 2016. The ANUSPLIN spatial interpolation method, which is
based on thin plate smoothing splines theory and takes into account the effect of topo-
graphic factors [56,57], was used to generate the spatial dataset of annual temperature and
precipitation with a grid size of 100 m x 100 m.

2.3. Methods

The sampling and statistical analysis of environmental effect analysis were carried out
on the R version 3.6.1, with usage of R-packages ggplot2 and psych [58], and the growth
modeling and validation for stand volume were carried out on the Curve Fitting Toolbox
on MATLAB 2018a [59].

2.3.1. Environmental Effect Analysis
Environmental Factor Selection
We considered 11 potential environmental factors, which were grouped into climatic

factors and site factors, to analyze the environmental effect on stand volume and further
applied them in the zonal-hierarchical stand volume growth models (Table 1).
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Table 1. Explanation of the environmental factors.

Factors Unit Classification Range/Categories Notes
Temperature °C Continuous 6.95-21.67 Mean annual temperature in 2016, accurate to 2 decimal places
Precipitation mm Continuous 832.11-1994.77 Sum annual precipitation in 2016, accurate to 2 decimal places
Stand origin - Categorical Natural stand; Plantation Whether a stand grow up naturally or by cultivated
Elevation m Continuous 145-2900 The height above sea level, accurate to integer
Slope gradient ° Continuous 1-90 The degree of slope, accurate to integer
Aspect 3 Categorical North; Northeast; East; Southeast; South; Southwest;  The direction in which the normal of a slope is projected onto a
West; Northwest; Flat horizontal plane, was divided into 9 classes.
Slope position _ Categorical Ridge; Upper slonie; Middle js,lope; Lower slope; Valley; The geomorphic part located in a slope, was divided into
at ground; All slope 7 classes.
Topsoil thickness om Continuous 1-115 Sum of the thickness of A hqrizon and B horizon, accurate to
an integer.
The degree from I to V represents the site quality from high to
Site quality degree B Ordinal I (removed); IT; I1L TV; V low. As the forestland denoted by degree.: I in the study area
were very rare and cannot provide sufficient samples, we
remove it in the following analysis.

RD refers to the stands with > 30% bedrock exposed and < 50%

Rocky desertification type _ Categorical Rocky desertified (RD); Potential rocky desertified vegetation-covered; PRD refers to the stands with > 30%
(PRD); Nonrocky desertified (NRD) bedrock exposed and > 50% vegetation-covered; NRD refers to

the stands with < 30% bedrock exposed.
Only those stands denoted by RD and PRD have a value of
Rocky desertification degree - Categorical Slight; Moderate; Severe; Extremely severe (removed) rocky desertification degree. The land extremely severe

desertified could hardly grow any vegetation so we remove it in
the following analysis.
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Annual temperature and precipitation were taken into consideration as climatic factors.
Since the spatial dataset of annual temperature and precipitation were raster format while
the forest inventory map was feature format, we first converted the climate raster dataset
into point shapefiles and then overlaid them with the forest inventory map to derive the
annual temperature and precipitation value for each stand. If more than one point in the
climate data fell in one polygon in the forest inventory data (i.e., a stand), they would
be averaged.

Site factors include stand origin, elevation, slope gradient, aspect, slope position,
topsoil thickness, site quality degree, rocky desertification type and rocky desertification
degree. From the stand origin it is possible to infer the land use and human disturbance of
a stand, as stands in plantations or forest farms are almost always artificially cultivated,
while those in the wild often grow naturally, so here we recognized it as a site factor.
The site quality degree is a score value that aims to qualify the site quality for forest
growth. It was derived from six individual site factors, i.e., topsoil thickness, soil type,
slope gradient, aspect, slope position and traffic location, by using the analytic hierarchy
process (AHP) method according to China’s National Forestry Administration [60]. This
factor seems to duplicate some other factors; however, we considered it here to compare
the significance of the effect of the composite factor with the individual factors and thus to
decide whether to use the individual factors or the composite factor in the further zonal-
hierarchical modeling. The rocky desertification type denotes whether a stand had suffered
land degradation, where soil is seriously or thoroughly eroded in the karst area, while the
rocky desertification degree describes how serious the karst land has been rocky degraded.
The detailed calculation process of the site quality degree and rocky desertification degree
is provided in Part II of supplementary materials. The data of all site factors were obtained
from the FRPDSGP. Table 1 describes all the necessary information about the 11 site factors.

Stand Selection and Sampling for Environmental Effect Analysis

As there were too many forest stands (over 3 million) in the FRPDSGP, stand selection
and sampling for environmental effect analysis is necessary. We selected the six most
widespread DTSGs with relative single tree species compositions—three coniferous DTSGs,
i.e., China fir (Cunninghamia lanceolate (Lamb.) Hook.), masson pine (Pinus massoniana
Lamb.) and cypress (Cupressus funebris Endl.), and three broad-leaved DTSGs, i.e., oak
(Quercus spp.), cyclobalanopsis (Cyclobalanopsis spp.) and birch (Betula spp.). These six
DTSGs occupied approximately 60% of the Guizhou Plateau’s forest area, with China fir
and masson pine accounting for approximately 23%, respectively, followed by cypress
(4.5%), oak (3.0%), cyclobalanopsis (2.9%) and birch (2.5%). To remove the influence of
different growth stage and complicated species composition, we only selected the even-
aged pure stands of the six tree species with stand ages between 20 and 30 years as our
sample populations. One thousand samples were randomly selected from each of the
above six populations.

Statistical Analysis for Revealing the Effect of Environment Factors on Stand Volume

Stand volume here is expressed on a per-hectare-land area basis. As all the stand
volumes of the six DTSGs had skewed distributions (Figure S4), to reveal the relationship
between the various environmental factors and stand volume in the Guizhou Plateau,
correlation analysis (using the Spearman rank correlation coefficient, i.e., Spearman’s p)
was used for continuous variable (i.e., temperature, precipitation, elevation, slope gradient
and topsoil thickness) analysis. Two nonparametric hypothesis test methods—Wilcoxon
rank-sum test and Kruskal-Wallis rank-sum test—were employed for categorical and
ordinal variable analysis. The Wilcoxon rank-sum test [61], also known as the Mann-
Whitney U test, was used to compare the stand volume between two groups divided by the
factors with two classes (i.e., stand origin). The Kruskal-Wallis rank-sum test [62] was used
to test whether there were significant differences among the stand volumes of more than
two groups, which were divided by the factors with more than two classes (i.e., aspect,
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- Stand volume

slope position, site quality degree, rocky desertification type and rocky desertification
degree).

A detailed workflow for analyzing the effect of environment factors on stand volume
in Guizhou Plateau is displayed in Figure 2.

Selection
_____________________________________ Samples
i Most widespread DTSGs: H
E Coniferous: China fir, masson pine, cypress E [(‘hina (ix'(l(l()(l)] [ M“Slsg(’]‘opme ]
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Categorical
Site quality I; 05, IV; V A g. o
degree and ordinal
factors Kruskal-Wallis rank-
............ . sum test

Figure 2. Workflow for analyzing the effect of environment factors on stand volume in Guizhou Plateau.

2.3.2. Stand Volume Growth Modeling
Model Fitting

We used the Richards growth function [63] to develop the growth models of stand
volume. The Richards growth function, also called the Chapman-Richards function, was
based on von Bertalanffy’s growth theory [64] and embodies commonly used growth
functions as monomolecular, Gompertz, and logistic equations [63]. This model has been
widely applied in forestry owing to its flexibility, accuracy, and meaningful analytical prop-
erties [65-67], as well as represents the S-shaped curve law of slow-fast-slow characteristics
in stand volume growth. The equation is as follows:

1

V=a (1 - e_bx‘lge) e 1)

where V is the stand volume per hectare (m3 ha™1), age is the stand age (a) equal to the
average tree age in the stand, and 4, b and ¢ are model parameters. With the change
in the value of parameter c, the Richards function can be transformed into the logistic
equation (c < 0), Mitscherlich equation (c = 1) and Gompertz equation (c—o0), showing
good adaptability and high flexibility [68,69]. The values of parameters 4, b and c are all
greater than 0.

As we had only one phase of forest inventory data, we used space-for-time sub-
stitution [70] to obtain stand volumes with time series from different aged stands. The
space-for-time substitution, also known as the chronosequence approach, has been an
important and effective tool for generating time series from contemporary spatial patterns
and studying the temporal dynamics of plant communities [71,72] (Figure 3). However, one
challenge of this approach is that it assumes that spatial and temporal variations are equiva-
lent [70], which is impossible for the high heterogeneity of the study area. More importantly,
the environmental effect should not be neglected. Therefore, the zonal-hierarchical model
method was used to build a set of equations [3,43] (Figure 4). First, we removed all the



Forests 2021, 12, 83

9 of 28

stands of saplings (with no stand volume recorded) and sparse woods, as well as the
stands disturbed by disease or partially harvested recently, and any other stands with
stand volume record by 0 or null by unknown reason; after doing this, only approximately
1.5 million stands were left. Second, we divided all 1.5 million stands into groups at several
levels, according to the DTSG and major environmental factors, which depend on further
environmental effect analysis. Third, we applied the space-for-time substitution to generate
stand volume-age series for each stand group, and data greater than twice the standard
deviation of stand volume at each stand age were excluded to reduce noises (affected
by other less important factors or other ecological processes) and improve the reliability
and availability of the models [73]. Finally, we used the Richards growth function to fit
the allometric relation between the stand volume and stand age for each stand group.
Therefore, Equation (1) can be rewritten as:

1
—b; T,
Viefues ot = Gifefy.nefy (1 — € PPl 080 ) ooy i @

where i is the DTSG of a stand, ef7, ef; to efy, refers to the values of environmental factors
that significantly impact the stand volume, and n < 11.
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Figure 4. Examples of using the zonal-hierarchical model method to build a set of equations. DTSG = dominant tree species

(groups). Please note that the factors and stand table in the figure are hypothetical, not actual ones.
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A workflow for growth model fitting on stand volume with application of zonal-
hierarchical modeling and space-for-time substitution in Guizhou Pleteau is showed in

Figure 5.
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Figure 5. Workflow for growth model fitting on stand volume with application of zonal-hierarchical modeling and space-
for-time substitution in Guizhou Plateau. DTSG = dominant tree species (groups), SD = standard deviation. For a detailed
environmental effect analysis, see Figure 2. Please note that the factors, stand groups and stand volume-age tables in the

figure are hypothetical, not actual ones.
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Model Evaluation

Eighty percent of the data in each stand group were randomly chosen for model
fitting (i.e., modeling samples), and the remaining 20% were used for model validation
(i.e., validation samples). The total relative error (TRE), coefficient of determination R?,
root mean square error (RMSE), and prediction accuracy (P) were used to measure the
goodness-of-fit of the models [31,73,74]. TRE calculates the absolute difference between the
observed and estimated data [75] and was chosen to decide whether the fitting equation
passed the test if the TRE was less than 30% [73,76]. P evaluates the forecast accuracy of the
model [73]. In addition, residual graphs were used to reveal the homogeneity of variance
and outliers of residuals between predicted and observed values [77]. The calculation of
the TRE and P are listed below:

2?21 lyi — i
TRE = &= Yil L 100% 3)
Y1 9:)
ter/ Xy (vi — 1)
p=|1- V== % 100% @)
y;v/n(n—K)

where y; is the observed value of modeling samples, ; is the predicted value for modeling
samples, n is the size of modeling samples, t, is the value of the ¢ distribution when
the significance level a = 0.05, K is the number of model parameters, and ¥, is the mean
predicted value for modeling samples.

After all the stand volume growth equations were fitted, validation was conducted by
comparing the actual observation of validation samples with model prediction. The RMSE
were taken as our validation indicators, the smaller RMSE reflect the higher accuracy and
applicability of the models.

3. Results
3.1. Statistics of Stand Volume in 2016

In 2016, the total stand volume of all DTSGs in the Guizhou Plateau reached
452.47 million m3, with a total forest area of 7.24 million ha, and the stand volume reached
62.47 m>® ha~! (Table 2). The living volume of coniferous-dominated forests (322.66 million m?)
was 2.5 times that of broadleaved-dominated forests (129.80 million m?3), while the former
stand volume per hectare (75.52 m® ha~!) was 0.7 times higher than the latter (43.70 m3 ha—1).
Except for mixed forests, the forests dominated by Chinese fir and masson pine had
the highest living volume in the study area, reaching 138.32 million m® (30.57%) and
135.75 million m? (30.02%), respectively, and both occupied two-thirds of the living for-
est volume in the Guizhou Plateau, followed by cypress (2.65%), Yunnan pine (2.65%),
and cryptomeria (2.64%). The stand volumes of Chinese fir and masson pine reached
81.59 m> ha~! and 80.65 m® ha~1, respectively, which were still the highest among all
the DTSGs, followed by maple (75.47 m> ha~!), ebony (72.72 m® ha~!), and cryptomeria
(70.83 m> ha—!). From Table 2, we can also clearly draw out that the forests in Guizhou
Plateau were still quite young (only approximately 20 a); in other words, most of them
were newly planted or naturally germinated; thus, the stand volume of most DTSGs was
relatively low, especially Chinese yew and willow. Please note that our statistical results
only represented the situation of the DTSG but not all the forests in the Guizhou Plateau.
The living volume was mainly concentrated in the southeastern part of the study area
(Figure S5)



Forests 2021, 12, 83

12 of 28

Table 2. The total stand volume and proportion of the 36 categorized dominant tree species (groups) in the Guizhou Plateau

in 2016.
Dominant Canopy Stand Stand Stand Total Stand Stand SD of Stand
No Tree Species Densit Agela) DBH Height Volume Volume Volume
(Groups) y 8 (cm) (m) (103 m?) (m3 ha—1) (m3 ha-1)
1 Fir 0.59 19.96 14.37 9.10 29.28 56.44 42.44
2 Spruce 0.52 19.52 12.04 8.66 29.69 47.33 37.65
3 Chinese yew 0.12 6.03 2.35 2.18 15.03 3.89 24.28
4 Masson pine 0.55 21.89 15.78 11.72 135,847.70 80.65 58.14
5 Huashan pine 0.59 22.15 14.27 8.85 10,356.21 65.94 53.41
6 Yunnan pine 0.61 24.37 12.80 8.48 11,993.18 69.08 42.14
7 Other pine 0.50 12.92 10.32 7.56 740.61 47.82 51.85
8 Keteleeria 0.55 26.80 15.01 8.33 195.64 51.89 41.87
9 Hemlock 0.61 40.89 20.87 10.93 4.09 43.25 25.55
10 Cypress 0.48 20.67 10.35 8.10 12,000.31 37.06 31.62
11 Other cypress 0.39 14.53 6.92 591 931.57 23.18 34.20
12 China fir 0.48 15.20 10.99 8.49 13,8317.35 81.59 70.49
13 Cryptomeria 0.56 13.72 11.04 8.32 11,964.14 70.83 66.02
14 Metasequoia 0.62 15.06 11.58 9.11 84.02 48.37 51.90
15 Other fir 0.53 23.20 13.70 8.54 69.34 51.77 52.01
16 OCTS ! 0.55 22.26 13.93 9.21 86.76 43.73 65.58
17 Poplar/aspen 0.48 14.68 12.65 10.39 2698.11 33.68 32.32
18 Willow 0.36 9.90 8.01 6.16 18.20 22.12 40.68
19 Eucalyptus 0.53 6.74 9.05 10.20 2747.77 61.06 46.50
20 Camphor 0.49 15.35 10.20 7.26 313.11 32.55 35.38
21 Phoebe 0.45 22.79 12.15 8.70 187.71 60.59 40.67
22 Oak 0.56 18.62 9.97 7.69 7990.99 36.24 29.96
23 Cyclobalanopsis 0.51 12.73 8.90 8.42 9732.52 45.83 27.63
24 Beech 0.54 16.21 12.31 9.01 180.95 62.54 27.54
25 Birch 0.50 14.75 11.02 8.95 5786.67 32.51 25.81
26 Basswood 0.65 33.55 16.84 11.69 6.96 32.65 44.47
27 Locust 0.48 22.16 12.86 9.03 702.96 37.43 35.65
28 Katus 0.50 17.53 15.41 10.48 933.59 53.83 29.10
29 Maple 0.46 18.03 16.09 11.98 127.46 75.47 30.09
30 Melia 0.57 20.28 11.94 9.30 122.99 38.34 34.35
31 Chinese toon 0.63 31.74 16.23 11.39 814.76 38.31 38.94
32 Elm 0.55 21.63 14.57 10.43 255.87 29.41 23.73
33 Ebony 0.55 22.18 12.02 9.49 56.82 72.72 30.75
34 Firmiana 0.46 20.20 19.67 12.46 206.55 38.56 35.03
35 OBTS 2 0.52 19.01 11.87 9.47 69,078.98 41.45 35.46
36 BMTS 3 0.55 21.19 11.89 9.22 27,841.36 58.71 38.15

Note: Canopy density, stand age, stand DBH, stand height and stand volume were the average values of all related stands, and the SD
of stand volume was the standard deviation of stand volume (per hectare) of all related stands. ! OCTS = Other coniferous tree species
(groups); 2 OBTS = Other broad-leaved tree species (groups); > BMTC = Broad-leaved mixed tree species (groups).

3.2. Environmental Effect on Stand Volume

The correlation analysis, Wilcoxon rank-sum test and Kruskal-Wallis rank-sum test
results showed that the climatic factors annual temperature and precipitation, as well as
the site factors stand origin, elevation, slope gradient, topsoil thickness, site quality degree,
rocky desertification type and rocky desertification degree had a relatively significant
influence on the stand volume.

For the continuous variables, including the annual temperature and precipitation in
climatic factors and the elevation, slope gradient, and topsoil thickness in site factors, our
correlation analysis results showed that all of them had a significant correlation with stand
volume of the six selected DTSGs (Table 3, Figures S6-510). The topsoil thickness had the
strongest positive effect on stand volume, as all six DTSGs passed the significance test at
the p = 0.01 level, and all slopes and Spearman’s p values were greater than 0. The stand
volume was also significantly influenced by the climate. Five out of the six DTSG stand
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volumes were significantly correlated with the annual precipitation, which was positive
for China fir (p < 0.01), cypress (p < 0.05), cyclobalanopsis (p < 0.05) and birch (p < 0.01)
and negative for oak (p < 0.01). Moreover, four out of the six DTSG stand volumes were
significantly correlated with the annual temperature, which was positive for China fir
(p < 0.01), cyclobalanopsis (p < 0.01) and birch (p < 0.01), and negative for oak (p < 0.01). For
elevation, significant negative correlations were found in most of the tree species, including
China fir (p < 0.01), cyclobalanopsis (p < 0.05) and birch (p < 0.01), whereas significant
positive correlations were found in oak (p <0.01). All stand volumes of the six DTSGs were
negatively and mostly significantly (except cypress) correlated with the slope gradient
(p < 0.05). Note that we did not exclude the influence of other factors on stand volume
while conducting correlation analysis for one factor due to the complexity of source data;
hence, the Spearman’s p was inevitably relatively low, but still, the environmental influence
was revealed through the significance and slope value.

Table 3. Statistics of the correlation analysis between stand volume of the six selected dominant tree species (groups) and

temperature, precipitation, elevation, slope gradient, and topsoil thickness. Slope is the slope of the regression line, and

Spearman’s p is the Spearman rank correlation coefficient.

Environmental Factors Dominant Tree Species (Groups) Slope Spearman’s p p-Value
China fir 12.76 0.2838 <0.0001 **
Masson pine 0.29 0.0051 0.3366
Temperature Cypress —0.65 -0.0173 0.5520
Oak —1.59 —0.1023 <0.0001 **
Cyclobalanopsis 2.03 0.1543 <0.0001 **
Birch 5.38 0.2569 <0.0001 **
China fir 0.13 0.2833 <0.0001 **
Masson pine —0.01 —0.0305 0.5409
Precipitation Cypress 0.01 0.0510 0.0373 *
Oak —0.01 —0.0921 0.0036 **
Cyclobalanopsis 0.02 0.0729 0.0214 *
Birch 0.07 0.1742 <0.0001 **
China fir —0.05 —0.2453 <0.0001 **
Masson pine —0.005 —0.0101 0.2422
. Cypress 0.01 0.0621 0.0863
Elevation Oak 0.01 0.1309 <0.0001 **
Cyclobalanopsis -0.01 —0.0716 0.0236 *
Birch —0.02 —0.1702 <0.0001 **
China fir —0.51 —0.0545 0.0267 *
Masson pine —0.42 —0.0515 0.0448 *
. Cypress -0.15 —0.0430 0.1745
Slope gradient Oak ~0.60 ~0.2921 <0.0001 **
Cyclobalanopsis —0.38 -0.1129 0.0097 **
Birch —0.43 —0.1235 <0.0001 **
China fir 0.84 0.2652 <0.0001 **
Masson pine 0.58 0.1958 <0.0001 **
- Cypress 0.25 0.1391 0.0024 **
Topsol thickness Oak 0.22 0.1668 <0.0001 **
Cyclobalanopsis 0.37 0.2202 <0.0001 **
Birch 0.28 0.1444 0.0002 **

Note: the * symbol on the top-right of the p-value means the correlation is significant (p < 0.05), while ** symbol means the correlation is

very significant (p < 0.01).

The results of the Wilcoxon rank-sum test showed that there were significant differ-
ences between natural forest and plantation in stand volume of masson pine, cypress, oak
and birch (p < 0.01) (Table 4, Figure S11). The stand volumes of plantations dominated by
masson pine, oak and birch were 18.48%, 37.51% and 20.81% significantly higher than those
of natural forests on average, respectively, whereas the plantation dominated by cypress
was 7.16% less than those of natural stands. There was no significant difference between
the stand volume of natural forest and plantation of cyclobalanopsis. Moreover, we did
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not compare the stand volume difference between the two origins of China fir for the very
few natural stands in this tree species.

Table 4. Statistics and p-value of the Wilcoxon rank-sum test of stand volume of the six selected dominant tree species
(groups) between different stand origin types. Mean, SD and CV represent the mean value (m> ha~!), standard deviation
(m? ha~1), and coefficient of variation (%) of the specific tree species.

Dominant Tree Natural Stand Plantation Wilcoxon
Species (Groups) Mean SD CcV Mean SD CcV Test p-Value
China fir 141.9 71.34 50.28 - - - -
Masson pine 95.28 57.06 59.88 112.9 58.7 51.99 0.0007 **
Cypress 55.6 25.64 46.12 51.61 32.06 62.11 0.0009 **
Oak 42.9 30.48 71.04 58.99 32.11 54.43 0.0030 **
Cyclobalanopsis 64.75 37.08 57.27 63.86 34.79 54.48 0.8700
Birch 51.49 34.38 66.76 62.21 39.92 64.18 0.0040 **

Note: the ** symbol on the top-right of the p-value means the correlation is very significant (p < 0.01).
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The results of the Kruskal-Wallis rank-sum test revealed that only the site quality
degree, rocky desertification type and rocky desertification degree affected the majority of
the six DTSGs. All six selected DTSGs were found to have statistically significant differences
(p < 0.05) in stand volume between the different site quality degrees, and their stand volume
decreased overall with the decline in site quality degree except cypress (Figure 6). There
were significant differences (p < 0.01) between the three rocky desertification types in stand
volume of four tree species—China fir, masson pine, birch and oak, and their stand volume
basically followed the rule of rocky desertified < potential rocky desertified < nonrocky
desertified (Figure 7). For rocky desertification degree, since the three broad-leaved tree
species were not (or could not be) distributed in severe rocky desertified land, only stand
volumes with degrees of slight and moderate desertification were compared (Figure 8).
It appeared that there were statistically significant differences in stand volume between
different rocky desertification degrees in masson pine (p < 0.05), cypress (p < 0.05) and
cyclobalanopsis (p < 0.01), following the order of slight > moderate > severe overall. Only
the stand volumes of oak (p < 0.01) and birch (p < 0.05) were significantly different among
the multiple aspects, whereas the other four DTSGs were not (Figure 512). The slope
position only significantly affected the stand volume of oak (p < 0.01) but not the others
(Figure S13).
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Figure 6. Comparison between different site quality degrees in stand volume of the six selected dominant tree species

(groups). The II to V in the horizontal axis denote the site quality degrees of II to V, respectively.



Forests 2021, 12, 83

15 of 28

250 -(a)China fir

o
(=}

TF_E p=0.0001

E 200-

g

g 150-

(o

= 100

2 s0- l i

=

g

Z 0-
RD NRD PRD
Rocky desertification type

~ 250-

= 250-(d)Oak p=00018

"2 200-

5

5 150-

o

2 100

5

Rocky desertification type

3 i
stand volume per hectare (m” ha ')

3%, i
stand volume per hectare (m” ha 'i

250

(b)Masson pine 200087

200-

1507

100

|
|

T
1

:
|

RD N'RD PRD
Rocky desertification type
-(e)Cyclobalanopsis p=oams

RD NRD PRD
Rocky desertification type

= 250-(c)Cypress
[EICED p=0.3597

3

2
=
=

15
=

=)
=]

T

eaNEINE

RD Nf{D PRD
Rocky desertification type
0-(H)Birch

w
=3

-
1

23
2
7]
(=%
o
=
g
7

(=1

th

p<0.0001
200-

150-

==
50 } ﬁ
0
RD NRD PRD

Rocky desertification type

stand volume per hect:

Figure 7. Comparison between different rocky desertification types in stand volume of the six selected dominant tree species
(groups). The RD, NRD, and PRD in the horizontal axis denote the type of rocky desertification, nonrocky desertification,
and potential rocky desertification, respectively.

(a)China fir

E p=0.7050
" 150
g
8
2 100~
Z
2
Z 50
S
2
t 0
SL MD sV
Rocky desertification degree
a Lt p=03775
- 150-
z
2100
5
2,
o
g % —I—
<
g 03
SL MD

Rocky desertification degree

51
2
i)
32
=%
o
=l
°
2
173

stand volume per hectare (m” ha')

0

(b)Masson pine p=00102

s

Rocky desertification degree

(e)Cyclobalanopsis p < 00001

150-

100

]

SL MD
Rocky desertification degree

c)Cypress

(©)Cyp p=10.0101
£ 100
z
g
2 50-
i s
% 0-

SL MD sV
Rocky desertification degree

~ (DBirch p=00897

100

50-
0 4
SL MD
Rocky desertification degree

-
1T

S
2
o)
5
a
b
=l
=

§
a

Figure 8. Comparison between different rocky desertification degrees in stand volume of the six selected dominant tree
species (groups). The SL, MD, and SV in the horizontal axis denote rocky desertification degrees of slight, moderate and

severe, respectively.

We ranked the 11 environmental factors according to the significance of their cor-
relation with stand volume of the six DTSGs (Table 5). The results showed that topsoil
thickness was the most influential environmental factor on stand volume, and all six DTSGs
had a very significant relationship (p < 0.01). The site quality degree was the second most
powerful factor to present the environmental effect on stand volume; only cypress passed
the significance test at the p = 0.05 level, while the others passed at the p = 0.01 level. The
environmental factors ranked from third to sixth were precipitation, slope gradient (tied
for third), stand origin, temperature and rocky desertification type (tied for sixth).
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Table 5. Statistics about the significance of the correlation between stand volume of the six dominant tree species (groups)

and environmental factors. The sum column equals to the number of dominant tree species (groups) denoted by the *

symbol and the ** symbol, and the rank column is the rank of environmental factors according to the significance of their

correlation with stand volume, the higher sum value and the more ** symbols, the higher the rank is.

Environmental Factors China Fir Masson Pine Cypress Oak Cyclobalanopsis Birch Sum  Rank
Temperature ** 4 ok % 4 6
Precipitation ** * o * - 5 3
Stand origin - % o % - 4 5

Elevation i ok % - 4 8

Slope gradient * * ot ok - 5 3
Aspect o * 2 10

Slope position ok 1 11
Topsoil thickness ** i % *x o ok 6 1

Site quality degree o % * *ok - - 6 2
Rocky desertification type ** i 4 % 4 6
Rocky desertification degree * * ** 3 9
Sum 8 6 5 10 7 9 - -

Note: the * symbol on the top-right of the p-value means the correlation is significant (p < 0.05), while the ** symbol means the correlation is

very significant (p < 0.01).

3.3. Growth Modeling of Stand Volume

On the basis of the results above, we chose the most influential environmental factors,
i.e., topsoil thickness, site quality degree, precipitation, slope gradient, stand origin, tem-
perature and rocky desertification type, to group the forest stands for zonal-hierarchical
modeling. As the topsoil thickness, slope gradient, precipitation and temperature were
continuous variables that could not be used for grouping, while the site quality degree is a
composite factor involving topsoil thickness and slope gradient, and both the precipitation
and temperature represent the climate condition, we further combined the DTSG and the
seven environmental factors into a five-level stand classifier, i.e., DTSG—climatic zone—
site quality degree—stand origin—rocky desertification type, to divide all the 1.5 million
stands in Guizhou Plateau into several groups. The spatial distribution of climate zones
was derived from The Ecological Function Regionalization of Guizhou Province approved and
implemented by the Guizhou provincial government. We further combined the original
five ecological function zones into three climate zones, i.e., mid-subtropical humid (MSH)
climate zone, mid-subtropical subhumid (MSSH) climate zone, and south subtropical
humid (SSH) climate zone (Figure S14). It should be noted that under the division by the
multilevel classifiers, the samples of some stand groups would be too few for model fitting
or even missing; at this time, these stand groups will be merged into the upper-level or
adjacent groups.

3.3.1. Goodness-of-Fit

A total of 959 growth equations of stand volume were fitted for all the stand groups
divided by the five-level stand classifier based on the Richard growth function. As the
number was too large, all the parameters and statistics of the growth equations are detailed
in Part III of supplementary materials, Table S8. To provide an impression of the goodness-
of-fit and typical model trends, several graphs are presented showing stand volume versus
stand age (Figure 9). The black dots represent actual observations of modeling samples,
while a blue line indicates the predicted curve of the dependent variable. The S-shaped
curves clearly illustrated the slow—fast—slow or fast-slow characteristics of stand volume
growth, while they varied significantly among the different combinations of DTSG and
environmental factors.
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Figure 9. Instances of the fitted growth curves of stand volume in Guizhou Plateau. In the title of each plot, MSH, MSSH
and SSH denote the climate zones of mid-subtropical humid, mid-subtropical subhumid, and south subtropical humid,
respectively; II to V denote the site quality degrees II to V, respectively; P and NS denote the plantation and natural stand,
respectively; RD, NRD, and PRD denote rocky desertification, nonrocky desertification, and potential rocky desertification,
respectively; and * denotes the involvement of all the classes within that factor.

All the TREs of the stand volume growth models were less than 30%, suggesting
that all the models passed the test and were qualified. The TRE of most stand volume
growth equations was within 1% and even equals 0 in 24 stand volume growth equations,
e.g., the equations for planted masson pine in MSH-degree V-NRD forestland, and natural
Huashan pine in MSSH—-degree III-RD forestland.

The majority of the coefficient of determination R? associated with the built-up growth
models reached over 0.50, indicating that at least half of the variance is accounted for by
the models. The greatest R? was found in the volume growth equation for planted willow
in MSH-degree III-RD forestland, which is as high as 0.9998. In addition, 33 stand volume
growth equations reached over 0.9, e.g., the equations associated with natural masson pine
in MSSH-degree III-NRD forestland.

The RMSE values of above 70% of the growth equations were between 5.0-20.0, imply-
ing that the predictions from the equations were relatively close to the actual observations.
The minimum RMSE of the volume growth equation came from the planted willow in
MSH-degree III-RD forestland, reaching only 0.01, followed by the other coniferous DTSG
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in MSSH-degree II-NRD forestland with RMSE = 0.55. The maximum value of RMSE
existed in the volume growth equation of natural beech in MSH-degree III-PRD and RD
forestland, reaching 39.97.

The P of more than 80% of the growth equations was above 75%, revealing that our
models were able, to a large extent, to forecast accurately for most of the tree species in
the study area. The highest P reached 99.94%, which was found for the stand volume
growth models for planted willow in MSH-degree III-RD forestland. In addition, there
were 427 stand volume growth equations with P > 90%, such as the equations for fir in
MSH forestland, planted masson pine in MSH-degree II-NRD forestland, etc.

3.3.2. Residual Analysis

Residual graphs were constructed to illustrate the dispersion of residuals between the
actual observations and model predictions (actual minus predicted) versus stand age. The
results found that all the residuals were within the range of +3 times the standard deviation
of the mean residual when distributed randomly along with stand age without obvious
trends; therefore, all the built-up models could be assumed to be relatively reasonable.
Some instances of the residual graphs are shown in Figure 10.
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Figure 10. Instances of the residuals graphs of stand volume growth models. In the title of each plot, MSH, MSSH and SSH
denote the climate zones of mid-subtropical humid, mid-subtropical subhumid, and south subtropical humid, respectively;

II to V denote the site quality degrees of II to V, respectively; P and NS denote the plantation and natural stand, respectively;

RD, NRD, and PRD denote the type of rocky desertification, nonrocky desertification, and potential rocky desertification,

respectively; and * denotes the involvement of all the classes within that factor.
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3.3.3. Validation

All the RMSE values between the actual observations of validation samples and the
model predictions were lower than 40, and more than 50% were between 5.0 and 20.0. The
lowest RMSE value was only 0.01, which was found for the stand volume growth models
for planted willow in MSH-degree III-RD forestland, while the greatest RMSE reached
39.71 in association with the stand volume growth models for metasequoia in MSH—-degree
II forestland.

The validation results reflected the reliability and applicability of the fitted models,
indicating that our models would effectively simulate and forecast the growth of stand
volume in the Guizhou Plateau in a certain period.

4. Discussion
4.1. Growth of Stand Volume in Guizhou Plateau

Analyzing the growth status of stand volume in the Guizhou Plateau, such as the
growth rate, growth upper limit, and the year of growth slowing down, would help to
understand the growth patterns of the main tree species in this region, and provide a
scientific basis and decision support for forest management and planning to governments
in local regions or regions with similar climate and geographical conditions.

4.1.1. Growth Rate

We took the six most representative DTSGs, namely, China fir, masson pine, cypress, oak,
cyclobalanopsis and birch as examples, and selected their stand volume growth curves in
forestland within MSH and MSSH, which are denoted by degrees II, Ill and IV, naturally grown
and planted, RD and NRD, in order to compare the stand volume growth rate of different
DTSGs under various environmental conditions. The results are shown in Figure 11. From
each plot in Figure 11, we determined that the stand volume growth rates of coniferous
DTSG were basically higher than those of broad-leaved DTSG in the Guizhou Plateau,
especially China fir and masson pine. The stand volume of China fir grew fastest in the
NRD forestland, followed by masson pine, whereas the highest growth rate was found for
masson pine in the RD forestland, followed by China fir. In most cases, the stand volume
growth rates of cypress were close to those of broad-leaved DTSG. In the MSH zone, the
stand volume growth curves of the three broad-leaved trees were relatively close to each
other but differed largely in the MSSH zone. A significant effect of the site quality degree
on stand volume growth could be found by comparing each column in Figure 11. With the
decline in the site quality degree, the growth rates of stand volume decrease remarkably;,
especially in coniferous DTSG. By comparing the first and second rows of Figure 11, it
was found that climatic zones had a significant influence on the stand volume growth
curves: the growth rates of stand volume of all plantations in the degree II forestland within
the MSSH zone increased significantly compared with those within the MSH forestland;
however, the increment decreased rapidly as the site quality downgraded, especially the
masson pine, whose growth rates became even lower than MSH zone in the MSSH-degree
III and IV forestland. There were obvious differences between different stand origins in the
broad-leaved stand volume growth curves in the MSH-degree II-NRD forestland when
comparing the first and third rows in Figure 11, but this situation was not the case for the
coniferous and in the other site quality degrees. The comparison between the first and
fourth rows of Figure 11 suggests that there were only a few changes between the RD and
NRD forestland in the selected stand volume growth rates in the MSH zone, except for
China fir, which declined dramatically in the RD area.

To reveal the growth rate rules of all stand volumes in the Guizhou Plateau, we calculated
the growth rates every five years of the 959 growth curves until 100 years. The majority of the
stand volume growth rates ranged from 0 to 5 m> ha~! a1, accounting for 68.72%. Twenty-six
percent of the maximum growth rates of stand volume were distributed between the range
of 34 m3 ha=! a1, followed by 4-5 m® ha=!a~! (18.77%), 2-3 m3 ha—! a~! (16.68%), and
6-10 m® ha! a~! (16.16%). Most of the growth curves (41.19%) peaked in the years
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between 0 and 5, followed by the years between 5 and 10 (25.65%) and 10 and 15 (18.98%),
indicating that the forest stand volume in the Guizhou Plateau grew fast in the sapling and
young forest stages. Almost all of the lowest growth rates of the growth curves (88.11%)
were concentrated in the last five years before 100, i.e., 95-100, implying that the stand
volume growth declined with increasing stand age after their flourishing growth period.
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Figure 11. Comparison of fitted stand volume growth curves of the six dominant tree species (groups). In the title of each
plot, MSH, MSSH and SSH denote the climate zones of mid-subtropical humid, mid-subtropical subhumid, and south
subtropical humid, respectively; II to V denote site quality degrees II to V, respectively; P and NS denote the plantation and
natural stand, respectively; RD, NRD, and PRD denote rocky desertification, nonrocky desertification, and potential rocky
desertification, respectively; and * denotes the involvement of all the classes within that factor. The legend of each plot
means: CF = China fir, MP = masson pine, CY = cypress, OA = oak, CC = cyclobalanopsis, BI = birch. Please note that China
fir did not have natural stand growth curves because its natural stand was very rare (g-i), and cyclobalanopsis did not have
a plantation in the MSH-degree II-RD forestland (j).
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4.1.2. Growth Upper Limit

The parameter a of the Richards growth function represents the theoretical maximum
value of stand volume growth. According to the a column in Part III of supplementary
materials, Table S8, the growth upper limits of all stand volumes in the Guizhou Plateau
were concentrated in the range of 50-100 m3 ha~1, accounting for 44.84%, followed by
50-100 m3 ha~! (20.13%), 100-150 m3 ha~! (15.43%), and 150-200 m>® ha~! (9.18%). The
maximum value of stand volume growth upper limit was in reference to masson pine
in MSSH-degree II forestland, reaching 644.90 m? ha—!, while the minimum value cor-
responded to the plantation of broad-leaved mixed tree species (groups) in SSH-degree
II-PRD and RD forestland, only 14.54 m3 ha~!.

Figure 12 demonstrates the distribution of the growth upper limit among different
DTSG, climatic zones, site quality degrees, stand origins and rocky desertification types.
The growth upper limits of coniferous stand volume were significantly higher than those
of broad-leaved stands after the t-test (p < 0.01) (Figure 12a), averaging 137.56 m?> ha™!
and 54.54% higher than the broad-leaved stand volume. The highest growth upper limits
corresponded to coniferous trees, such as masson pine, Yunnan pine, and China fir, while
the lowest referred to the broad-leaved trees, including locust, camphor, and melia. The
growth upper limit of stand volume in the MSH zone reached 110.49 m® ha~!, approxi-
mately 12.83% higher (p < 0.05) than that in the SSH zone (Figure 12b). For the growth
upper limit of stand volume at different site quality degrees, except for the nonsignificant
difference between degree III and degree IV, the rest all had significant differences: degree
IT (131.16 m® ha~!) > degree I1I (108.23 m3 ha~!) > degree IV (104.39 m® ha~!) > degree V
(90.81 m® ha~1) (Figure 12c). From the perspective of stand origin, the average upper limits
of stand volume of plantations (111.06 m3 ha~!) were higher than those of natural stands
(102.77 m3 ha™1), but the differences were not significant (p > 0.05) (Figure 12d). Although
there were no significant differences between the NRD and PRD forestlands (p > 0.05) in
the upper limits of stand volume, both NRD and PRD forestlands were noticeably higher
than RD forestlands (p < 0.05) (Figure 12e), which could be sorted in descending order
as follows: NRD (122.22 m® ha=!) > PRD (111.97 m3 ha=!) > RD (96.94 m3 ha=!). The
distribution of the growth upper limits of stand volume basically complied with the plant
growth pattern in Guizhou Plateau [15], which indicates that the fitted growth equations
are relatively reasonable.

4.1.3. Years of Growth Slowing Down

As the stand volume growth curves presented slow—fast-slow or fast-slow character-
istics, we assumed that when the stand volume increment of a certain year was 0.5 m3 ha~!
less than the previous year—based on the built-up growth equations—the growth curves
would gradually flattened with the increase of stand age, and the stand volume growth
would tend to reach a steady state. Most of the stand volume growth curves in Guizhou
Plateau basically slow down within 50 a, accounting for 63.51%, including 36.50% within
30 a and 27.01% within 30-50 a. In addition, 14.81% and 11.47% of the stand volume curves
slow down within 50-70 a and 70-100 a, respectively, followed by 100-150 a (7.61%) and
above 150 a (2.61%). The years of growth slowing down were significantly and positively
correlated with the growth upper limits (r = 0.88, p < 0.01); the higher the growth upper
limit was, the greater the number of years of growth slowing down (Figure 13).
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Figure 12. The comparison of the growth upper limit of stand volume growth equations among
different dominant tree species (groups), climate zones, site quality degrees, origins and rocky
desertification types. MSH, MSSH and SSH in plot (b) denote the climate zones of mid-subtropical
humid, mid-subtropical subhumid, and south subtropical humid, respectively. II to V in plot
(c) denote site quality degrees II to V, respectively. P and NS in plot (d) denote the plantation and the
natural stand, respectively. RD, NRD, and PRD in plot (e) denote rocky desertification, nonrocky
desertification, and potential rocky desertification, respectively.
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Figure 13. Correlation between the years of growth slowing down and growth upper limit of
stand volume.

4.2. Environmental Effect on Stand Volume in Guizhou Plateau

In this research, we found that both the climatic factors of temperature and pre-
cipitation significantly affected the growth of stand volume, but plant responses varied
among the species. Previous studies have revealed that regional climate warming extends
the growing season and promotes summer photosynthesis, thus stimulating vegetation
growth [78-80], particularly in regions where water is nonlimiting [81,82]. Nevertheless,
other studies have found that if the temperature in the growing season is too high (gen-
erally close to or exceeds the ecological optimal temperature for tree growth) without
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sufficient water supply, the high temperature will inhibit tree growth due to accelerated
transpiration [83,84]. For precipitation, increasing precipitation can enhance soil moisture
and atmospheric humidity and promote the production of new leaves and branches as
well as accelerate biomass accumulation during the growing season, thus facilitating the
growth of trees [85,86], especially in arid and semiarid regions due to the lack of rainfall
and large evaporation [87-89]. However, aerobic respiration of tree roots will be affected if
the precipitation is sufficient or too much, e.g., mineral absorption reduction and ethanol
accumulation [90,91]; at this time, precipitation is not correlated with radial growth of trees
or even negatively correlated, especially in humid regions [92,93]. Furthermore, the biolog-
ical traits of different tree species, e.g., optimum temperature, moisture and nutrients, vary
greatly even in the same area, which might result in different or even opposite relationships
between vegetation growth and climate conditions [85]. In this paper, the stand volume
of China fir, cyclobalanopsis and birch all presented significant positive correlations with
the annual temperature and precipitation, whereas oak, cypress and masson pine did not,
implying that while some tree species (groups) in the Guizhou Plateau are still comfortable
with the current climate situation, others might be under stress, which should raise our
awareness in forest management and planning.

Additionally, site factors, such as topsoil thickness, elevation, slope gradient, stand
origin, rocky desertification type and rocky desertification degree, were found to be sig-
nificantly correlated with stand volume. The karst landscape of the Guizhou Plateau is
characterized by extremely slow soil formation from the underlying limestone and very
shallow and patchy soils with a low water retention capacity [13,14]. Since topsoil thick-
ness is one of the important indices reflecting the stock of soil orange matter, water and
nutrients [94,95], vegetation species and plant growth are largely constrained by topsoil
thickness [96], especially in karst areas. Elevation mainly influences vegetation growth
indirectly by causing vertical changes in climate conditions. The climate shifts toward more
stressful conditions for plant growth with increasing altitude, such as lower temperatures,
higher precipitation, longer snow cover, lower atmospheric pressure and higher shortwave
radiation [97,98]. The slope gradient is a crucial driver of hillslope soil erosion [99,100],
which can impact vegetation growth by influencing the magnitude of surface runoff and
soil loss [54,101]. Moreover, the gravity generated by excessive steep slopes is also detri-
mental to the normal development of plant stems. The stand origin implies different forest
management practices, including the seeds, draining, weeding, fertilization, structure
and density shaping, as well as the different deleterious practices—grazing, litter-raking,
and charcoal-burning, thus resulting in distinctions between the forest growth curves of
plantations and natural stands [32-34]. Rocky desertification and vegetation growth might
be the results of interaction between different factors, e.g., human activities and geological
disasters have led to vast deforestation, further soil loss and exposed bedrock in the karst
area since the 1950s, causing severe land degeneration [22,102,103]; in turn, it is difficult for
the barren soil in the rocky desertified areas to grow dense vegetation, thus resulting in a
vicious cycle. It is interesting that the aspect and slope position did not present remarkable
correlations with the stand volume on most of the six selected DTSGs, which might have
contributed to the sufficient precipitation and solar radiation in the low to mid latitudes, as
well as the biological traits of the selected tree species.

Although our study has revealed the effect of 11 environmental factors involving
climate factors and site factors on stand volume in Guizhou Plateau, and further built up a
bunch of well-fitted zonal-hierarchical models for stand volume growth, we recognize that
there still exist some deficiencies in our work. The employment of space-for-time substitu-
tion to generate the stand volume-age series for model fitting solved the shortage of lacking
multiphase forest inventories; however, the spatial heterogeneity and environmental effect
on stand volume inevitably caused a large variation in the stand volumes at one stand age,
resulting in massive noise in the stand volume-age series. Although we applied the most
influential environmental factors and the zonal-hierarchical method to divide the original
stand volume-age series into several groups, thus greatly reducing the noise, we still were
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not able to remove all influences of other environmental factors. Moreover, ecological pro-
cesses lead to unpredictable patterns of community dynamics [104]. Hence, we excluded
data greater than twice the standard deviation of stand volume at each stand age based on
other researchers” work [73] and our empirical knowledge of the statistics, but it might be
controversial on the basis of it causing loss of valuable information. In addition, the usage
of Richards growth function led to one independent variable—stand age—in the stand vol-
ume growth modeling and thus couldn’t explicitly reflect the influence of other important
stand attributes, such as stand density. In fact, the stand density was embodied in the stand
volume, i.e., stand volume per hectare is equal to mean individual tree volume times stand
density; however, the explicit coupling of stand density in stand volume growth modeling
would be much better in uncovering and understanding the stand volume growth pattern.
Nevertheless, besides the 11 environmental factors we analyzed above, more factors could
be taken into consideration, e.g., the accumulated temperature in growing season, solar
radiation, soil type and specific management measures, etc. In future work, we will strive
to overcome these deficiencies and further enhance our research.

5. Conclusions

This study revealed that the climatic factors of annual temperature and precipitation,
as well as the site factors of stand origin, elevation, slope gradient, topsoil thickness, site
quality degree, rocky desertification type and rocky desertification degree, have significant
influences on the forest stand volume in the Guizhou Plateau. The topsoil thickness and
site quality degree have the strongest positive effect on stand volume. The effect of annual
temperature and precipitation on stand volume varies among different DTSGs, while the
elevation and slope gradient mainly present negative relationships with the stand volume
in this karst region. The stand volume of plantations in most DTSGs is higher than that
of natural forests. The occurrence of rocky desertification and its deepening of severity in
forestland will significantly decrease the stand volume.

A total of 959 growth equations of stand volume were fitted based on the Richard
growth function and a five-level stand classifier (DTSG-climatic zone-site quality degree—
stand origin—rocky desertification type) for zonal-hierarchical modeling. All the growth
equations were qualified, as they all passed the TRE test (<30%), and the majority of the
determination R? > 0.50, and more than 70% of the RMSE values were between 5.0 and
20.0, and more than 80% of the P > 75%. The growth rates of stand volume in the Guizhou
Plateau were mainly concentrated in the range of 0-5 m> ha~! a~! (68.72%) and basically
slowed down within 50 a (63.51%), while the growth upper limits were mostly distributed
in the range of 50-100 m3 ha~! (44.84%).
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