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Abstract

Background: Soil and vegetation have a direct impact on the process and direction of plant community
succession, and determine the structure, function, and productivity of ecosystems. However, little is known about
the synergistic influence of soil physicochemical properties and vegetation features on vegetation restoration. The
aim of this study was to investigate the co-evolution of soil physicochemical properties and vegetation features in
the process of vegetation restoration, and to distinguish the primary and secondary relationships between soil and
vegetation in their collaborative effects on promoting vegetation restoration in a subtropical area of China.

Methods: Soil samples were collected to 40 cm in four distinct plant communities along a restoration gradient
from herb (4–5 years), to shrub (11–12 years), to Pinus massoniana coniferous and broadleaved mixed forest (45–46
years), and to evergreen broadleaved forest (old growth forest). Measurements were taken of the soil
physicochemical properties and Shannon–Wiener index (SD), diameter at breast height (DBH), height (H), and
biomass. Principal component analysis, linear function analysis, and variation partitioning analysis were then
performed to prioritize the relative importance of the leading factors affecting vegetation restoration.

Results: Soil physicochemical properties and vegetation features showed a significant trend of improvement across
the vegetation restoration gradient, reflected mainly in the high response rates of soil organic carbon (SOC)
(140.76%), total nitrogen (TN) (222.48%), total phosphorus (TP) (59.54%), alkaline hydrolysis nitrogen (AN) (544.65%),
available phosphorus (AP) (53.28%), species diversity (86.3%), biomass (2906.52%), DBH (128.11%), and H (596.97%).
The soil properties (pH, SOC, TN, AN, and TP) and vegetation features (biomass, DBH, and H) had a clear co-
evolutionary relationship over the course of restoration. The synergistic interaction between soil properties and
vegetation features had the greatest effect on biomass (55.55%–72.37%), and the soil properties contributed
secondarily (3.30%–31.44%). The main impact factors of biomass varied with the restoration periods.

Conclusions: In the process of vegetation restoration, soil and vegetation promoted each other. Vegetation
restoration was the cumulative result of changes in soil fertility and vegetation features.

Keywords: Vegetation restoration, Soil physicochemical properties, Soil organic carbon, Vegetation features, Driving
factors
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Background
Forest vegetation restoration has become a priority study
area in efforts to solve global environmental problems,
as highlighted by the Bonn Challenge, a global effort to
restore 150 million hectares of degraded land and defor-
ested forests by 2020 (Crouzeilles et al. 2016). Establish-
ing the mechanisms of plant communities in the process
of recovery has concentrated mainly on species compos-
ition, and their quantitative characteristics and spatial dis-
tribution. While these factors are relatively clear (Xiang
et al. 2013; Chen et al. 2019), there is still a lack of in-
depth research on the feedback relationships between
plant and soil, and the succession processes and regulation
mechanisms of plant communities (Hu et al. 2017; Wang
et al. 2018a). The feedback relationship between vegeta-
tion and soil has a great impact on the plant community,
soil nutrient cycling, and soil and water conservation dur-
ing vegetation restoration (Demenois et al. 2018). Insights
into vegetation–soil feedback relationships are instrumen-
tal in predicting future scenarios under varying environ-
mental conditions (van der Putten et al. 2013), as well as
in designing measures for vegetation restoration at differ-
ent succession stages (Huang et al. 2018).
The interactive effects of soil and vegetation suggest

that both are always co-evolving and developing, which
are recognized as an important mechanism for forest
succession and development (van der Putten et al. 2013).
The association between soil and aboveground vegeta-
tion may shift over the course of restoration (Huang
et al. 2015). In the early stage of vegetation restoration,
soil resources are the main limiting factors (van Der Maarel
and Franklin 2013). Research has shown that the enrich-
ment, spatial distribution, and redistribution of soil
nutrients significantly affect the growth, reproduction, dis-
tribution, succession, and net primary productivity of plants
(Alday et al. 2012). In particular, soil nutrients and water
are the key factors in regulating vegetation development, as
confirmed by the results of some fertilization experiments
(Chang and Turner 2019) and different forest succession
series (Huang et al. 2017). In turn, vegetation development
can drive changes in the development and maintenance of
soil (Huang et al. 2018). Especially in the late stage of vege-
tation restoration, the accumulation of plant biomass leads
to an increase in the return of soil organic carbon (SOC)
and nutrients (Gu et al. 2019). Furthermore, soil nutrient
storage reflects the balance of the main ecological pro-
cesses, including nutrients stored in aboveground biomass,
nutrients decomposed and returned to soil, and nutrient
leaching, these mixed results may cause the complexity of
the interaction between soil and vegetation (Huang et al.
2018). Therefore, knowledge of how soil, vegetation and
their interaction act on vegetation restoration is of particu-
lar importance for predicting future ecological restoration
and development.

Subtropical forest covers an extensive area and supports
a high level of biodiversity and a global carbon store, par-
ticularly in China which has 71% of the current total forest
area in the subtropics according to the MODIS landcover
layer for 2012, with abundant rainfall and abundant forest
resources (Corlett and Hughes 2015). However, long-term
severe human disturbance has a serious effect on subtrop-
ical forest ecosystems, with complex topography and cli-
mate change resulting in fewer climax forests and a
decrease in the functioning of an ecological security bar-
rier (Huang et al. 2018). The Chinese government initiated
a series of state-funded forestry ecological projects, includ-
ing programs to protect natural forests, the Grain to
Green program, and the construction of shelterbelts in the
middle and upper reaches of the Yangtze River. Conse-
quently, forest vegetation has been rapidly restored, form-
ing a series of secondary vegetation communities at
different stages of restoration in this area (Ouyang et al.
2016). During vegetation restoration, aboveground vegeta-
tion and soil physicochemical properties gradually change
(Zhang et al. 2019). Changes in plant development and
soil variables during vegetation restoration have been
demonstrated in several studies (Ayma-Romay and Bown
2019; Wang et al. 2018a; Zhang et al. 2019), but the re-
storative effect of soil or vegetation has rarely been ex-
plored, and there is little information on how soil
physicochemical properties and vegetation act together to
affect vegetation restoration (Chang and Turner 2019). To
our knowledge, no studies have addressed the question of
the relative importance of the effects of soil, vegetation
and their synergism on promoting vegetation restoration.
It has therefore become a burning issue to elucidate the
coordinated control effect of vegetation restoration, soil,
and water on vegetation ecology and restoration ecology
(Chang and Turner 2019).
In this study, we followed the succession process of sub-

tropical forest communities, and selected four distinct res-
toration periods (i.e. 4–5, 10–12, 45–46 years and old
growth forest), which represent the four main stages of
vegetation restoration in the subtropics of China. We se-
lected permanent plots and determined soil physicochem-
ical properties and vegetation features; i.e. species
diversity, biomass, height (H), and diameter at breast
height (DBH). Our objective was to investigate how soil
physicochemical properties and vegetation features change
and how soil and vegetation stimulate vegetation restor-
ation individually and collectively. We formulated two hy-
potheses: (1) that vegetation restoration would have an
obvious positive effect on soil physicochemical properties
and vegetation features; and (2) that soil properties and
vegetation features would collectively promote vegetation
restoration, especially would have a significant impact on
biomass. In addition, the main impact factors of biomass
would be different in different restoration periods.
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Methods
Study site
As shown in Fig. 1, the study site was located in Chang-
sha County (28°23′–28°24′ N, 113°17′–113°27′ E), situ-
ated in the middle of Hunan Province, China. The
topography features a typical low hilly landscape, at an
altitude of 55–260 m above sea level with an average
slope of 18°–25°. The climate is characterized by south-
east monsoon and a mid-subtropical humid climate with
an annual average precipitation of 1416.4 mm (primarily
between April and August) and an annual mean air
temperature of 17.3 °C. minimum and maximum air
temperatures are 10.3 °C in January and 39.8 °C in July
and August, respectively. The soils are mainly composed
of red earth, which developed from slate and shale and
are categorized as Alliti–Udic Ferrosols in the Chinese
Soil Taxonomy, corresponding to Acrisol in the World
Reference Base for Soil Resources (IUSS Working Group
WRB 2006). Evergreen broadleaved forests are the cli-
max and primary vegetation, but have been disturbed in
varying degrees by human activities such as firewood
collection. Natural forest protection programs in the
past two decades have resulted in a variety of vegetation
communities at different restoration stages in this area.

Vegetation sampling
In October 2015, four adjacent vegetation communities,
with basically similar environmental conditions (site,
slope, soil and climate) as showed in Table 1 were se-
lected to represent a vegetation restoration gradient
(using the method of space-for-time substitution). These
communities were:

(1) 4–5 yrs. restoration period. Controlled burns and
site preparation were carried out in native
evergreen broadleaved forest in the winter of 1965.
A Pinus massoniana plantation was established in
1966 without any fertilization during this operation
and then clear-cut in 1990. The woodlands were re-
peatedly cut until 2012. Since that time the vegeta-
tion has naturally recovered. The community is
dominated by well-grown herbs, presently accom-
panied by some young shrubs, and belongs to the
early stage of restoration according to the succes-
sion process of subtropical evergreen broadleaved
forest (Xiang et al. 2016).

(2) 10–12 yrs. restoration period. Native evergreen
broadleaved forest underwent a prescribed burn in
1965 and deforested to establish a Cunninghamia

Fig. 1 Location and plot distribution of the study area
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lanceolata plantation in 1966. This C. lanceolata
plantation was clear-cut in 1989. The woodlands
were logged every 3 to 5 years until 2004. The vege-
tation has naturally recovered to form a shrub com-
munity with well-grown shrubs and belongs to mid-
restoration stage according to the succession
process of subtropical evergreen broadleaved forest
(Xiang et al. 2016). However, the shrub community
has no obvious arbor layers and herbaceous plant is
relatively infrequent.

(3) 45–46 yrs. restoration period. This period represents
the secondary stage of mid-restoration. Native ever-
green broadleaved forest was deforested in the early
1970s, and then naturally recovered to coniferous
and broadleaved mixed forest. The communities are
now about 45–50 years old, and have abundant
seedlings and saplings, with larger plant density.
However, the proportion of large diameter individ-
uals is relatively low.

(4) Old growth forest (representing the late stage of
restoration). Native evergreen broadleaved forest
has been well protected against human
disturbances. According to the survey with local
residents, this forest has been more than 90 years.

In October 2015, we randomly established 4 fixed
sample plots for long-term observation in each res-
toration period (Fig. 1). In the 4–5 and 10–12 years
restoration periods, the plots were set at 20 m × 20
m. In the 45–46 years restoration periods and old

growth forest, the plots were established at 30 m ×
30 m. The 4 fixed plots in each restoration period
were set in different mountains as far as possible,
and the space distance between the two plots was
more than 1000 m. To investigate the floristic com-
ponents and tree spatial patterns of the forests, each
plot (20 m × 20 m) in the 4–5 and 10–12 years restor-
ation periods was subdivided into four subplots (10
m × 10 m), and each plot (30 m × 30 m) in the 45–46
years restoration periods and old growth forest was
subdivided into nine subplots (10 m × 10 m).

Species diversity measurement
Species identities were recorded and measurements
were taken of total H, the lowest live branch and
crown width, and DBH for all individuals with
DBH > 1 cm in each plot. The data were used to cal-
culate vegetation structural parameters of the differ-
ent restoration periods; i.e. density of main tree
species, average DBH, and average H. The Shannon–
Wiener index (SD) was used to quantify the diversity
of woody plants species in each plant community
with the equation below (Madonsela et al. 2018).

SD ¼ −
Xn

i¼1
Pi lnPi ð1Þ

In Eq. 1, n represents the total number of species in
the community, and Pi represents the relative frequency

Table 1 Stand characteristics of the four forest types

Restoration periods Dominant plants Composition
proportion (%)

Density of woody
plants (individual·ha−1)

Elevation (m) Slope
aspect

Slope

4–5 years Loropetalum chinensis
Vaccinium bracteatum
Rhododendron mariesii
Quercus fabri
Castanea mollissima
Others (8 species)

34.48
21.55
12.07
7.76
5.17
18.97

18,125 120–131 Southeast 15°–18°

10–12 years Loropetalum chinensis
Cunninghamia lanceolata
Quercus fabri
Vaccinium bracteatum
Litsea cubeba
Others (16 species)

17.47
14.85
12.66
12.66
11.35
31.01

7633 120–135 Northwest 18°–22°

45–46 years Pinus massoniana
Lithocarpus glaber
Loropetalum chinensis
Adinandra millettii
Camellia cuspidata
Others (22 species)

39.69
25.52
11.06
3.59
3.11
17.03

17,396 135–160 Southwest 18°–20°

Old growth forest Lithocarpus glaber
Adinandra millettii
Cunninghamia lanceolata
Cyclobalanopsis
Eurya muricata
Others (31 species)

38.78
18.70
5.82
5.36
5.06
26.28

20,785 225–254 Northwest 20°–22°
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of species i in the community. Table 1 summarizes the
characteristics and site factors of each community.

Biomass measurement
Based on community surveys, biomass was measured
by the harvest method and calculated by establish-
ing relative growth equations of the organic biomass
of the main tree species. For the 4–5 years restor-
ation period, we collected all vegetation (shrubs,
vines, herbs) in 2 m × 2 m quadrats which were on
plot peripheries and then classified the same plants
according to the following criteria: shrubs were
composed of fruit, leaf, branch, stem, and root;
vines were composed of fruit, leaf, stem, and root;
and herbs were composed of aboveground and
underground parts. A 1 m × 1 m quadrat was set up
at the center of each 10 m × 10 m subplot to deter-
mine litter biomass. All litter was collected from the
ground in these quadrats and transported to the la-
boratory. Determined samples were freshly weighed
and then oven-dried at 85 °C to a constant weight
to measure their dry mass for estimating biomass
per plot area.
For the 10–12 years restoration period, according to

the average DBH and average H of the shrub (> 1.5
m), and with the aim of ensuring that at least 3 aver-
age sample trees per dominant tree species were col-
lected, 3 sample trees were selected and collected for
each dominant tree in each plot periphery to deter-
mine fresh weight. Shrub samples were composed of
fruit, leaf, branch, stem, and root. After oven-drying
at 85 °C to a constant weight, we determined mois-
ture content and calculated each biomass component
of each tree species, establishing their relative growth
equations to calculate biomass per shrub plant
(Table 2). The biomass determination of shrubs
(below 1.5 m), vines, herbaceous layers, and litter layer
used the same method as the 4–5 years restoration
period. Finally, estimated biomass per plot area was
based on data from community surveys.
For the 45–46 years restoration period, 3 sample

trees were selected for each dominant tree in each
plot periphery according to average DBH and average
H, with the same aim as that for the 10–12 years res-
toration period. Stratified samples (1.3 m, 3.6 m) were
collected for the aboveground part and complete sam-
ples were excavated for the underground part (within
1.5 m of the tree stump) to measure fresh weight.
Tree samples were composed of leaf, branch, stem,
and root, in which root included fine root (< 0.2 cm),
rootlet (0.2–0.5 cm), thick root (0.5–2.0 cm), large
root (> 2.0 cm), and root apex. After determining
fresh weight, samples were oven-dried at 85 °C to a
constant weight to calculate moisture content. We

then estimated each biomass component of each tree
species, established their relative growth equations
and then calculated the biomass per tree plant (Table
2). The same methods as above were used to deter-
mine the biomass of shrubs, vines, herbaceous layers,
and litter layer. Estimated biomass per plot area was
based on data from community surveys. For the old
growth forest, the relative growth equations for the
main tree species in the tree layer were established
using a similar method as the 45–46 years restoration
period. However, because of the ban on logging in
the old growth forest, the general growth equations of
Cyclobalanopsis, deciduous broadleaf, evergreen
broadleaf, and C. lanceolata, which were established
by Ouyang et al. (2016) and Liu et al. (2010), were
also used to estimate the biomass in the tree layer
(Table 2).

Soil sampling and analysis
Each permanent plot was divided into 3 equal grids
of cells along the diagonal for soil sampling. In each
cell, soil profile characteristics were surveyed in 2015
to illustrate the consistency and comparability of soil
background in different vegetation restoration pe-
riods, as shown in Table 3. Soil samples were taken
by using cylindrical cores with a volume of 200 cm3

collected at depths of 0–10, 10–20, 20–30, and 30–
40 cm in December 2015, and in April, June, and
October 2016.
Soil samples from three cells at the same depth

within a plot were mixed into a composite sample.
Plant roots, debris, and gravels were cleared. Soil
samples were air-dried and sieved through a 2-mm
mesh for soil pH, available phosphorus (AP), and
available potassium (AK); through a 1-mm mesh for
soil alkaline hydrolysis nitrogen (AN); and through a
0.25-mm mesh for soil SOC, TN, total phosphorus
(TP), total potassium (TK), total calcium (Ca), and
total magnesium (Mg) determinations. The following
properties were determined in the soil samples:
(1) Bulk density (BD) was calculated using weights

of the dried soil sample from the known cylindrical
core volume. (2) pH value was analyzed in a soil-to-
water (deionized) ratio of 1:2.5 using a pH meter
(FE20, Mettler Toledo, Switzerland). (3) SOC content
was determined by the K2Cr2O7–H2SO4 oxidation
method. (4) TN content was determined using a
semi-micro Kjeldahl method (Bremner 1996). (5) TP,
TK, Ca, and Mg were extracted via aqua regia and 1:
1 HCl. After extraction, TP was determined by spec-
trophotometry and TK, Ca, and Mg by atomic emis-
sion spectrometry with inductively coupled plasma
(ICP–OES) using a Perkin Elmer Optima 7300DV op-
tical emission spectrometer (Nicia et al. 2018). (6) For
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AN and AK, we used the alkaline diffusion method
and the ammonium acetate extraction flame spectro-
photometer method (ISSCAS 1978). (7) For AP, we
used the Olsen method (Olsen et al. 1983).

Statistical analysis
For data processing, we used the Microsoft Excel package
(Office 2010). All statistical analyses were conducted using
the R statistical software package (R Development Core
Team 2016). In order to reflect the annual average situ-
ation of the soil properties, the arithmetic mean of four
seasons in the same soil layer of each plot was calculated.
At the same time, taking into account the great changes
between soil layers of each variable, a weighted average of
four soil layers was carried out. The parameter content of
a soil layer as a percentage of the sum of four soil layers
(fi) was calculated using Eq. 2, and the weighted average
(X0) was calculated using Eq. 3.

f i %ð Þ ¼ LiPn
i¼1Li

� 100 ð2Þ

X0 ¼
Xn

i¼1
Xi � f ið Þ ð3Þ

In Eqs. 2 and 3, n represents the number of soil layers;
Li represents the parameter content of a soil layer; and Xi

represents the parameter content of a soil layer.
The response rate was used to determine the effects of

restoration periods on soil properties and vegetation fea-
tures, calculated by Eq. 4.

Response rate %ð Þ ¼ X2−X1

X1
� 100 ð4Þ

In Eq. 4, X1 represents one of the soil properties or vege-
tation features in the 4–5, 10–12, and 45–46 years restor-
ation periods, and X2 represents one of that in the old
growth forest. In this study, only X1 in the 4–5 years res-
toration period is selected to reflect the extent of variables
variation over the whole vegetation restoration. A positive
value indicates an increase, a negative value indicates a de-
crease, and greater absolute values indicate greater change.
Figure 2 was drawn by the geom_histogram function of
ggplot2 package in the R statistical software. Before draw-
ing, the values were normalized to a proportion of max-
imum value (= 1) and by min-max normalization to keep
a common scale ranging from 0 to 1 (Jain et al. 2005). The
min-max normalization was calculated by Eq. 5.

x0 ¼ x−xMinð Þ
xMax−xMin

ð5Þ

Principal component analysis (PCA) was used to deter-
mine the main factors in soil properties and vegetation
features influencing vegetation restoration, and the cor-
relations between soil properties and vegetation features.
The PCA was implemented using the prcomp function
and drawn by the ggplot2 package of the R software.
The selection criteria for principal components included
a cumulative contribution rate over 85% and eigenvalues
greater than 1. Indicator whose absolute value of a load-
ing matrix was greater than 0.7 was selected as the dom-
inant factors (Armstrong 1967) for vegetation
restoration. The cosine values of the angles between var-
iables indicate relationship strength; angles ranging from
0° to 90° indicate variables have positive correlations,
and 90° to 180° indicate negative correlations.
Based on the results of PCA, we used linear function

analysis to further examine the significant correlations of
soil properties and vegetation features. Before fitting the
linear function, data were normalized by min-max
normalization for unifying dimensions, and also calcu-
lated using Eq. 5. It was assumed that the relation be-
tween soil properties and vegetation features can be
expressed by Eq. 6, where k represents slope, and b rep-
resents a constant.

y ¼ kxþ b ð6Þ
Figure 3 was produced via the lm function and plot

function in R. Variation partitioning analysis (VPA) was
performed to quantify the relative contributions of soil
factors, vegetation factors and their joint action to
changes in biomass by the varpart function of vegan
package. Before VPA, the suitably independent variables
with the variance inflation factor (VIF) < 3 were selected
by using the car package (Yang et al. 2017), and then the
factor analysis (FA) were used to reduced soil factors
and vegetation factors into a common factor respectively
using psych package in R. Figure 4 was drawn by the
geom_bar function of ggplot2 package in R. Following
the results of PCA and linear function analysis, we con-
ducted a stepwise regression analysis (SRA) to analyze,
screen, and eliminate variables that cause multicollinear-
ity, and to determine the leading impact factors of bio-
mass per restoration period. The SRA was performed by
the step function in R.

Results
Changes in vegetation features and soil physicochemical
properties during vegetation restoration
Vegetation features and soil physicochemical properties
varied in the regularity of change according to the
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different restoration periods (Fig. 2). Vegetation features
(species diversity, biomass, DBH, and H) increased re-
markably with vegetation restoration, and the response
rates increased by 86.36%, 2906.52%, 128.11%, and
596.97% respectively. Specifically, the highest values of
species diversity and biomass were observed in the old
growth forest, and the highest values of DBH and H
were observed in the 45–46 years restoration period.
The change trends of biomass, DBH, and H were basic-
ally the same (Fig. 2a). The maximum values of soil BD,
pH value, Mg content, and AK content occurred in the
10–12 years restoration period. BD, pH, and AK content
showed a decreasing trend whereas Mg showed an in-
creasing trend with vegetation restoration (Fig. 2b). The

response rates of BD, pH, and AK were negative but
changed slightly. However, the contents of SOC, TN,
TP, TK, Ca, AN, and AP increased with vegetation res-
toration, and their maximum values were recorded in
the old growth forest except for TK (Fig. 2c and d). The
response rates of SOC, TN, TP, TK, Ca, AN, and AP
ranged from 10.63% to 544.35%, with AN having the
highest response rate of 544.65%, followed by TN
(222.48%) and SOC (140.76%).

Factors of soil properties and vegetation features
influencing vegetation restoration and their relationships
The results of PCA showed that soil properties and
vegetation features explained 81.54% of the variations

Fig. 2 Changes in soil physical and chemical properties and vegetation features per vegetation restoration period. Soil properties (weighted
mean, n = 4): bulk density (BD), pH value (pH), organic carbon (SOC), total N (TN), total P (TP), total K (TK), total Ca (Ca), total Mg (Mg), alkaline
hydrolysis N (AN), available P (AP), and available K (AK). Vegetation features (mean, n = 4): species diversity, biomass, diameter at breast height
(DBH) and height (H). The values were normalized to the proportion of maximum value (= 1). Values in brackets are response rates from 4–5 years
to old growth forest (%)
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(PC1 = 48.70%; PC2 = 20.21%; PC3 = 12.63%), revealing
three main correlated variable groups of vegetation res-
toration (Fig. 5). There was a strong positive correlation
between PC1 and SOC, TN, AN, AP, biomass, DBH,
and H, and a negative correlation between PC1 and soil
pH. As shown in Fig. 5, the successful discrimination of
the 45–46 years restoration periods and old growth for-
est from other periods were strongly influenced by PC1.
In the selection criteria, PC2 was correlated positively
with Mg, and PC3 with TK. Figure 5 also shows that the
successful discrimination of the 10–12 years restoration
period from the 4–5 years restoration period was highly
influenced by PC2 and PC3. Therefore, the key factors
influencing vegetation restoration can be summarized as
soil water and fertilizer conservation capacity (pH), or-
ganic matter (SOC), macro nutrients (TN, TK), medium
nutrients (Mg), available nutrients (AN, AP), and the
plant community growth situation (biomass, DBH, H).
The results of PCA also showed that biomass, DBH, and

H had significant correlations with each other, while spe-
cies diversity was weakly correlated with them. Biomass,
DBH, and H had similar relationships with soil factors

(Fig. 5). Specifically, the order of high positive correlations
with soil factors was SOC > TN >AN > TP > AP, whereas
a high negative correlation was with soil pH. The order of
factors with high positive correlations with species diver-
sity was Ca > AP > AN > TN (Fig. 5).
As shown in Fig. 3, the results of linear function analysis

revealed that as SOC, TN, AN, and AP increased, biomass,
DBH, and H significantly increased (p < 0.05). However,
biomass decreased remarkably with the increased in pH
(p < 0.001). With the increasing of Ca and AP, species di-
versity showed a great increase trend (p < 0.01).

Effects of soil properties and vegetation features (DBH
and H) on biomass variation
The VPA results showed that the combination of soil
properties and vegetation features explained 90.51% of
the variation in biomass in the whole restoration
process, and explained 83.44%, 99.99%, 99.99%, and
98.15% of the variation in 4–5, 10–12, 45–46 years vege-
tation periods and old growth forest, respectively (Fig. 4).
The interaction of soil properties and vegetation features
all had the highest explanation for the variation in

Fig. 3 Relationships between soil properties and vegetation features (with the fitted lines, n = 16). Vegetation features include biomass (a); diameter at
breast height (b); height (c); and Shannon–Wiener Index (d). Significant correlations between soil properties and vegetation features are indicated with
asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001). All variables were normalized by min-max normalization to keep a common scale ranging from 0 to 1
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biomass, ranging from 55.55%–72.32%. The soil proper-
ties alone explained 3.30%–31.44% of the variation, and
the vegetation features alone explained 5.09%–24.32%,
among which soil properties had higher individual ex-
planation than vegetation features except the 45–46
years restoration period.
The results of SRA (Table 4) indicated that the factors

influencing biomass in the whole restoration process in-
cluded DBH and SOC. The fitting equation was: ybio-
mass = 7151.27xDBH + 7595.62xSOC (R2 = 0.914, p = 0.000).
However, there were different factors influencing the
biomass per restoration periods. In the 4–5 years restor-
ation period, SOC was the only dominant factor, and the
fitting equation was: ybiomass = − 966.94xSOC (R2 = 0.903,
p = 0.050). H, pH, and AP were the main influential factors
in the 10–12 years restoration period. The fitting equation
was: ybiomass = 15,620.74xH − 1.00xpH − 3484.06xAP (R2 =
0.990, p = 0.000). H and pH were the main factors in the
45–46 years restoration period (ybiomass = − 10,432.46xH +
14,071.07xpH; R

2 = 0.990, p = 0.000). In the old growth for-
est, SOC, TN and AP were the impacting factors (ybio-
mass = 45,060.13xSOC + 18,771.33xTN + 26,287.80xAP; R2 =
0.990, p = 0.000). In all periods, AN was not screened into
the regression equation.

Discussion
Soil physicochemical properties during vegetation
restoration
Our results showed that soil BD decreased, and the con-
tents of SOC, TN, TP, TK, Ca, AN, and AP increased
with vegetation restoration (Fig. 2), indicating that soil
physicochemical properties improved significantly. These
results are partially consistent with our hypothesis and
with the results of Zhang et al. (2019).
The rapid recovery of SOC at our study site has been

proven to be affected by plant biomass and soil nutrients
(Gu et al. 2019). The response rate of SOC (140.76%) in
this research was higher than the results under semi-arid
conditions (71%) recorded by Boix-Fayos et al. (2009),
which may be due to the more humid conditions in sub-
tropical regions. Consistent with the rapid accumulation
of SOC, the rates of change in TN and AN were greater
than the SOC change. This result differs from the results
of studies in the same subtropical area of southwest
China (Xu et al. 2018), which may be due to differences
in the degree of degradation and type of vegetation sys-
tem. Additionally, soil N is also input from other N
sources, such as atmospheric N deposition, and symbi-
otic N fixation by legumes (Alday et al. 2012). This ex-
plains why the recovery rates of TN and AN were
greater than SOC. Our results for the increase in TP and

Fig. 4 Variation partition analysis of the effects of soil properties and vegetation features on biomass. The numbers in each bar indicate
proportions of variation of the biomass explained by soil properties (sky blue) and vegetation features (pink) individually and collectively (light
orange) or not explained by either factor (white)
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AP contents are consistent with the results of Zhang
et al. (2019), who proposed that soil TP and AP contents
gradually increase with the composition of tree species,
annual litter yield, and SOC content along with the de-
velopment of a forest’s second succession. This is also
supported by the significant positive correlation of soil
TP and AP contents with the species diversity, biomass,

and contents of SOC, TN and AN observed in this study
(Fig. 5), which suggests that the accumulation of SOC
improves soil nutrients during vegetation restoration
(Zhang et al. 2019).
The variation ranges of BD and pH in the subtropical

regions of China are 0.97–1.47 g·cm− 3 and 4.5–6.0, re-
spectively (Hunan Provincial Department of Agriculture

Fig. 5 Variables ordination diagram of PCA for the first three principal component axes (n = 16). E indicates eigen values; percentages in brackets
indicate contribution rate. The cumulative contribution rate of 3 principal components was over 80% with eigenvalues greater than 1. Absolute
value of a loading matrix greater than 0.7 indicates that variable has a significant contribution to a principal component. The distance of arrows
from the center indicates the strength of the contributing variable to principal component. The cosine values of the angles between variables
indicate relationship strength; angles ranging from 0° to 90° indicate variables have positive correlations, and 90° to 180° indicate
negative correlations

Table 4 Stepwise regression of corresponding factors for biomass (n = 16)

Restoration
periods

Regression coefficient R2 p

DBH H pH SOC TN AN AP

Whole 7151.27 – – 7595.62 – – – 0.914 0.000

4–5 years – – – −966.94 – – – 0.903 0.050

10–12 years – 15,620.74 −1.00 – – – −3484.06 0.990 0.000

45–46 years – −10,432.46 14,071.07 – – – – 0.990 0.000

Old growth forest – – – 45,060.13 18,771.33 – 26,287.80 0.990 0.000

“—” indicates that the factors were removed by stepwise regression; R2 indicates adjustment decision coefficient
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1989). Our results were in the variation ranges. All the
pH samples in our study indicate that soil pH (4.54–
4.96) was lower than the results of Takoutsing et al.
(2016), being formed by a moderate ferrallitic effect
under high temperature and high humidity conditions in
subtropical regions (Li et al. 2012b). Meanwhile, decreas-
ing soil BD and pH has also been attributed to the accu-
mulation of organic matter, which is conducive to the
formation of soil aggregates and the improvement of soil
microbial activity (Bienes et al. 2016). This in turn re-
leases a large number of small molecular organic acids
during the decomposition of organic matter (van Bree-
men et al. 1984), resulting in a decline in soil BD and
pH values. The SOC in our study increased and showed
negative relationships with BD and pH during vegetation
restoration (Fig. 5). In addition, this study shows that
biomass stimulated the decrease in soil pH during vege-
tation restoration (Fig. 3). The accumulation of biomass
led to increased biomass in the roots, almost certainly
reflecting the development of the vegetation community
from annual plant species to perennial plants, which is
more conducive to the release and accumulation of the
various acid exudates (Pang et al. 2018). Although BD
and pH showed a general declining trend, their values
reached a peak in the 10–12 years restoration period
(Fig. 2). These results may be caused by a combination
of factors (i.e. soil texture, vegetation types and soil
acid–base equilibrium). Firstly, as herbs developed into
shrubs in our study site, the erosion effect of rainwater
on soil silt and clay particles resulted in a high propor-
tion of sand particles in the 10–12 years restoration
period, reflecting the transformation of soil texture to
sandy soil with high BD (Wang et al. 2018b). Secondly,
changes in vegetation types could be a major driver be-
hind the difference in cations absorption of the vegeta-
tion and consequent variation in the proportions of soil
cations (Gu et al. 2019). From soil acid–base equilib-
rium, the increase in cations (especially Mg and AK)
suggests that the soil H+ was replaced by increased alka-
line ions (Berthrong et al. 2009). Due to the similar soil
parent materials at different restoration stages, soil Ca,
Mg, and K contents, which are all derived from parent
rock materials, change little in response rates during
vegetation restoration (Takoutsing et al. 2016).

Vegetation development during restoration periods
In our study, species diversity increased with an 86.36%
recovery rate as restoration progressed, and these results
are consistent with the results of Wang et al. (2018a).
The amount of biomass increased significantly with the
greatest recovery rate (2906.52%) over the old growth
forest, followed by H (596%) and DBH (128%) in the
45–46 years period. These results are partially consistent

with our hypothesis and are very similar to the results of
Hu et al. (2017).
Improvements to the soil environment can provide

community habitat quality which then promotes the en-
richment of community diversity (Huang et al. 2015). Ca
content had a significant positive effect on species diver-
sity (Fig. 3), reflected in the following mechanisms.
Firstly, Ca2+ has the function of maintaining the homeo-
stasis of intracellular ions, especially in acidic soil where
higher Ca2+ content can counterbalance the toxicity of
aluminum ions for plants, further improving plant resist-
ance to adversity and being conducive to the improve-
ment of community diversity (Roem et al. 2002).
Secondly, the increase in soil Ca content alongside vege-
tation restoration can be instrumental in the coexistence
of species with different Ca requirements and the settle-
ment of calcium-loving species (Hooper 1998). Add-
itionally, soil P determines the species composition of a
vegetation community (Huang et al. 2015); thus, soil AP
content was considered as another major factor deter-
mining species diversity increase (Fig. 3).
In our study, biomass, DBH, and H had basically the

same changing trend, and were all significantly affected
by SOC, TN, AN, and AP contents (Figs. 4 and 5). This
is consistent with Brandies et al. (2009), who demon-
strated that there are significant positive growth rates
and similar effect factors between biomass, DBH, and H
in a general case. Data analysis of our study site con-
firmed that the percentages of individual trees with DBH
greater than 8 cm and H greater than 5 m were larger in
the 45–46 years restoration period (54% and 77% re-
spectively) than in the old growth forest (41% and 63%
respectively) (Chen et al. 2019). The greatest values of
DBH and H in the 45–46 years restoration period may
be because Pinus massoniana, as the dominant species,
is a fast-growing heliophilous plant that gets more light
by increasing vertical growth (H) (Cheng et al. 2011).
Soil SOC, TN, AN, and AP contents were leading fac-

tors in stimulating the increase in biomass, DBH, and H
(Fig. 3). As the environmental basis for vegetation sur-
vival, improving the soil provides a better habitat and es-
sential nutrients for vegetation growth (Huang et al.
2018), ultimately promoting the positive succession of
vegetation (Liang et al. 2010). The accumulation of SOC
affects biomass, DBH, and H mainly by decomposing
and releasing large amounts of nutrients to meet plant
growth needs, and by improving soil texture and pro-
moting microbial activity which provide a better growing
environment for vegetation (Alday et al. 2012). More-
over, the increase in N content promotes growth of the
leaf area and improves plant photosynthesis, providing
sufficient energy for the growth of individual plants. P is
the nutrient that most limits productivity and species
richness (Huang et al. 2015), and also controls leaf litter
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decomposition (Zeng et al. 2016). In addition, soil P
changes the structure of the root system, promotes the
formation and growth of fine roots, lateral roots and se-
cretions of root exudates, and thereby stimulates plants to
make more efficient use of soil nutrients (Li et al. 2017).

Key factors affecting vegetation restoration
Soil factors (pH, SOC, TN, TK, Mg, AN, and AP) and
vegetation features (biomass, DBH, and H) were the main
factors influencing vegetation restoration at our study site.
This is consistent with the finding that the recovery of de-
graded ecosystems not only relies on soil rehabilitation,
but also on the reconstruction, productivity, and function
of vegetation (Liang et al. 2010; Peng et al. 2012).
The soil properties and vegetation features can be

viewed as three distinct groups. The first group can be
summarized as soil pH, SOC, TN, AN, AP, biomass,
DBH, and H across the vegetation restoration periods.
The roles of soil pH, SOC, TN, AN, and AP have been
analyzed above. Specifically, soil resource is the main
limiting factor in the early period of vegetation restor-
ation. However, in the later period of vegetation restor-
ation, the change in community characteristics leads to
light conditions becoming a limiting factor (van Der
Maarel and Franklin 2013). With the accumulation of
biomass, a complex community structure reduces the
understory light transmittance, controlling the vegeta-
tion in the understory including the growth and mortal-
ity of tree seedlings and saplings (Montgomery and
Chazdon 2001). Therefore, the shade tolerant species are
successively established, increasing understory vegetation
richness. On the other hand, heliophilous species are
shaped by increasing H and diameter to gain more light
by adapting to strong interspecific competition. At in-
creasingly larger H and DBH, light transmittance could
further influence a species’ light-capturing ability and
distribution (Cheng et al. 2011). The limitation of light
conditions for vegetation growth and performance in the
late vegetation restoration period means that increases
in biomass, DBH, and H are the key growth factors, de-
termining restoration success.
The second group of soil variables includes Mg. The

increase in Mg during the restoration periods was ac-
companied by a series of improvements in the plants’
physiological processes, such as photosynthetic effi-
ciency, carbohydrate metabolism, and synergistic absorp-
tion with P (Unger 2010). The third group showed that
the vegetation restoration development was determined
by TK. Besides N and P, K is the limiting nutrient with a
significant influence on vegetation growth and develop-
ment (Pang et al. 2018), mainly reflected in the impact
on plant photosynthesis and respiration by controlling
the regulation of stomata opening (Unger 2010), even

though here the effect of TK on vegetation development
was not significant.
Previous studies have suggested that species diversity

was the dominant vegetation factor for vegetation restor-
ation in a large scale (Crouzeilles et al. 2016), because
higher species richness can enhance ecosystem stability
and increase nutrient use efficiency (Hu et al. 2017).
However, species diversity was not considered to be an
influential factor for vegetation restoration in our study.
The difference could be due to the non-significance of
the relationships between species diversity and the main
soil physicochemical properties or biomass, indicating
that species diversity had no significant effect on the re-
covery of soil fertility and plant communities at our
study site. In addition, species diversity showed a decreas-
ing trend in the 45–46 years restoration period (Fig. 2), in
which dominant species transformed from simple shrubs
and herbs to pioneer species such as Pinus massoniana. In
fact, needles of some Pinus species have been reported as
a hindering factor which influences the regeneration of
native plants and increases in species diversity (Navarro-
Cano et al. 2010). It is reasonable that species diversity has
no significant effect on vegetation restoration in specific
study area, but further research is needed.

Soil and vegetation factors affecting biomass
The variation of biomass was one of the important in-
dexes reflecting vegetation restoration (Mansourian et al.
2005). Therefore, the relative importance of soil proper-
ties and vegetation features in driving biomass develop-
ment can reflect the degree of their individual and joint
influence on vegetation restoration.
Our study revealed that the change in biomass was

strongly influenced by the interaction of soil properties
and vegetation features, which explained 55.55%–72.32%
of the biomass variation (Fig. 4). This dominant contri-
bution by joint influence to biomass may be explained
by the close interaction between vegetation and soil
(Liang et al. 2010). As we discussed above, there was a
clear co-evolutionary relationship between soil factors
(pH, SOC, TN, AN, and TP) and vegetation features
(DBH and H) across the restoration periods. This result
suggests that the variations in key soil factors (pH, SOC,
TN, AN, and TP) were likely to promote the growth of
plant and the restoration of vegetation structure (Alday
et al. 2012). In turn, vegetation features (DBH, and H)
could influence improvements in the soil environment
(Fig. 3). These results also offer the further evidence for
the hypothesis that the mechanisms of plant and soil
promote vegetation restoration synergistically.
This study also found that soil properties explained

3.30%–31.44% of the variation in biomass, which was ba-
sically higher than explanation of vegetation (5.09%–
24.32%). This result provides evidence that the

Chen et al. Forest Ecosystems            (2020) 7:32 Page 14 of 17



importance of soil properties in driving the changes ob-
served in biomass is more than that of vegetation fea-
tures in the study region, which is most likely because
the advantage of hydrothermal conditions in the sub-
tropical region accelerates the material circulation, and
promotes the enrichment of soil organic matter (Corlett
and Hughes 2015); thus, providing a fertile environment
for plant growth. The regulation mechanism of soil
properties on biomass development had been discussed
previously. With vegetation restoration, the increased in
plant species has intensified the competition of above-
ground parts for light resources and underground roots
for soil resources (Cheng et al. 2011; Li et al. 2017),
which further induces the variations of individual growth
and morphological structure of trees (DBH and H). As
DBH and H increased, more fine materials and litters
can be intercepted and accumulated by plants, further
enhancing the accumulation of biomass (Li et al. 2017).
The biomass development at our study site was influ-

enced by different soil and vegetation factors in different
restoration periods. In the early restoration period (4–5
years), SOC was the major influential factor (Table 4).
The possibility is that SOC is the main source of most
nutrients, and that the accumulation of SOC promotes
improvements in other soil factors, such as TN, AN, and
AP, which have a notable effect on vegetation growth
and development (Alday et al. 2012). In the 4–5 years
restoration period, SOC content was low (Fig. 2), which
is not conducive to the improvement of soil structure or
the accumulation of nutrients (Bienes et al. 2016).
Therefore, the low SOC not only limits the growth of
plant roots, but also intensifies the contradiction be-
tween the demand of plant growth for water and nutri-
ents and the supply of soil water and nutrients, resulting
in hindrances to plant growth.
H, pH, and AP were the main factors driving biomass

development in the 10–12 years restoration period. This
could be attributed to the competition of shrubs for light,
which would drive the increasing of H to adapt to inter-
specific competition (Cheng et al. 2011). Additionally, the
accumulation of biomass impels plants to need more N-
and P-rich substances (such as enzymes, transport pro-
teins, and amino acids) to participate in metabolic activ-
ities (Qin et al. 2016). Therefore, shrubs need to absorb
more N and P for growth than do herbs. In particular, P is
an important limited factor in red soil area of south China
(Gao et al. 2014). However, in the 10–12 years restoration
period, the increasing of pH affected the availability of P
(Duan et al. 2008), suggesting that the role of AP may in-
tensity the inequity of competition among plants, rather
than promote the accumulation of biomass.
Biomass in the 45–46 years restoration period was condi-

tioned by the synergistic effect of H and pH. The significant
effects of H and pH may be caused by a combination of

two factors. Firstly, the dominant tree species (Pinus mas-
soniana) of 45–46 years restoration period obtains more
light by increasing H and canopy density (Cheng et al.
2011), resulting in lower density of woody plants (Table 1);
thus, H had a negative effect on biomass. Secondly, low soil
pH is beneficial to improve soil permeability, aggregates
and porosity (such as BD), and the accumulation of soil nu-
trients (such as SOC, N and P) (Ramírez et al. 2015), and
enhances the availability of P, K, Ca, and Mg (Duan et al.
2008). Meanwhile, soil pH decreased with vegetation restor-
ation, and the bioaccumulation and material circulation in-
creased with advantageous hydrothermal conditions
(Corlett and Hughes 2015), which were beneficial to the in-
crement of soil nutrient content; thus restoration stimulates
the increase of biomass.
In the old growth forest (sub-climax community), the

structure of plant community has reached a state of
stable (Peng et al. 2012), which means that the develop-
ment of vegetation features (DBH and H) has entered a
slow growth stage and has less of an impact on biomass.
Instead, as a nutrient bank and soil health indicator
(Bienes et al. 2016), SOC continues to influence biomass
growth. In addition, evergreen trees with a long leaf life
need to accumulate more organic substances (such as
lignin) to construct defensive structures, and require
higher N and P content to maintain normal growth and
metabolism (Zeng et al. 2016). Therefore, the supply
capacity of soil N and P largely determines the effective-
ness of vegetation restoration (Li et al. 2012a).

Conclusions
The present work has shown that vegetation restoration
can improve significantly soil texture and fertility (espe-
cially N, P, and SOC) and vegetation features (species di-
versity, biomass, DBH, and H). The study showed a clear
coupling relationship between some soil factors (pH,
SOC, TN, AN, and TP) and vegetation development and
structural components (biomass, DBH, and H). At the
same time, soil properties and vegetation features had a
strongly cooperative influence on the variation of bio-
mass, which suggested that the successful restoration of
a degraded forest was driven mainly by their synergistic
effect. The individual effect of soil factors on biomass
development was greater than that of vegetation factors.
Notably, the controlling factors of biomass had differed
in the different restoration periods.
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