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Abstract—Vegetation restoration projects have been implemented in China’s degraded karst ecosystems
(rocky desertification areas) for more than 20 years. There is an urgent need to evaluate the impact of different
vegetation restoration modes on the ecological environment. The status of the soil environment under differ-
ent vegetation restoration modes in degraded karst ecosystems was determined in the Guanling-Zhenfeng
demonstration area of rocky desertification control in Guizhou, China. The differences in soil microbial
quantity; soil microbial biomass carbon (MBC), nitrogen (MBN) and phosphorus (MBP); and soil nutrients
were compared among five typical vegetation restoration modes (Hylocereus undatus 'Foo-Lon’ (HUF), Lon-
icera japonica Thunb. (LJT), Zanthoxylum bungeanum Maxim. (ZBM), artificially accelerated forest regen-
eration (AFR), and hillclosing afforestation (HA)) implemented continuously for 13—15 years. Pearson cor-
relation analysis and redundancy analysis (RDA) were utilized to analyse the environmental factors affecting
the soil microbial quantity and biomass under the five vegetation restoration modes. The results showed that
the soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), calcium (Ca), and ammonium
nitrogen contents under HA were significantly higher than those under the other vegetation restoration
modes (P < 0.05). There were no significant differences in the soil microbial quantity or biomass among the
different vegetation restoration modes, and the other microbial indicators, except MBP, reached their highest
values at the HA site. The correlation analysis and RDA showed that TP, TN, vegetation type, and SOC were
the main factors affecting the soil microbial quantity and biomass under the 5 vegetation restoration modes
and that TP was the limiting factor for vegetation restoration in degraded karst ecosystems. The results of our
study provide insights into the selection of appropriate vegetation reconstruction measures and modes for
degraded karst ecosystems.
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INTRODUCTION

Karst ecosystems in South China are fragile, with
slow soil formation rates, shallow soil, and a low car-
rying capacity. In the context of intense human-land
conflicts, irrational land use has led to ecosystem deg-
radation, habitat fragmentation, serious soil erosion,
and high bedrock exposure rates; these factors have
resulted in rocky desertification, which has become
one of the main obstacles to the sustainable develop-
ment of karst areas [4, 49]. Due to the fragility of the
foundational environment, positive succession in
karst ecosystems occurs only very slowly and can be
terminated or reversed due to external disturbances;
this makes recovery after the destruction of karst eco-
systems extremely difficult [13, 25]. Vegetation recov-
ery plays an essential role in ecological restoration and
has implications for the ability of the environment to

support socioeconomic activities [53]. In 2018, statis-
tics showed that grass was growing in artificial affor-
estation areas and that forest-grass vegetation protec-
tion played a leading role (contribution rate of 65.5%)
in the reversal of rocky desertification [10]. This area
is characterized by high-intensity agricultural activi-
ties, little arable land per capita, low socioeconomic
development, and a lack of coordination between eco-
logical benefits and socioeconomic benefits [44, 46].
Therefore, ecological restoration must be considered
with regard to socioeconomic factors. Artificial eco-
nomic forests and their related industries can alleviate
the conflicts between humans and land in this area.

Rocky desertification control efforts typically have
problems such as low stability in planted vegetation
communities, a lack of regional suitability, and weak
sustainability of the ecological restoration projects
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implemented for desertification control [39]. Evalua-
tions of whether vegetation restoration modes are sci-
entifically appropriate and have long-term effects are
urgently needed. Artificial afforestation and natural
restoration have their own advantages and disadvan-
tages [5, 23]. Artificial forests have a simple structure
and a single dominant species, and it is difficult for
artificial forests to form ecosystems that are self-sus-
taining and self-stabilizing. These factors can lead to a
decrease in the ability of the ecosystem to resist out-
side interference, which can easily cause a large-scale
reduction in crop production as well as soil quality
degradation [2, 8]. The economic benefits produced
by some artificial economic forests have emerged
gradually, effectively alleviating human-land con-
flicts; this result has confirmed the effectiveness of
stony desertification control to a certain extent. In
contrast, natural restoration vegetation communities
develop towards complex, complete and stable struc-
tures, and their species diversity, soil nutrients, micro-
bial biomass, and microbial diversity are significantly
higher than those of artificial forests [20, 40]. Changes
in vegetation communities are always related to
changes in the soil [35]; that is, any change process in
the vegetation community is also a process of mutual
influence and interaction between vegetation and soil.
Therefore, the effects of vegetation restoration modes
can be evaluated through the soil-vegetation system.

Soil is the foundation of plant growth and the main
source of plant nutrients, and it plays an important role
in regulating and driving plant growth and activity [6].
Soil microorganisms are sensitive indicators and early
warning systems for soil ecosystem change [14, 34]
and play an important role in the mineralization of soil
organic matter, nutrient transformation, material cir-
culation, etc. [50]. Studies of these processes are of
great value to the restoration and reconstruction of
karst ecosystems [19]. Vegetation and soil interact with
and influence each other [41, 47]. Positive succession in
vegetation communities can improve the stability and
interference resistance of karst forest ecosystems and is
beneficial to the accumulation of soil nutrients [19].
There is an obvious relationship between the diversity
of vegetation and the grade of rocky desertification in
karst areas; with the increase in the grade of rocky
desertification, the physical and chemical properties
of soil degrade at first and then improve gradually [37].
Different restoration modes can significantly increase
soil carbon and nitrogen fixation in karst areas, and
natural restoration is the best restoration mode for this
purpose [42]. In the process of vegetation restoration,
with the gradual restoration of surface vegetation, bio-
diversity also increases gradually [22].

At present, studies on the relationship between veg-
etation restoration and the soil environment in
degraded karst ecosystems focus mainly on different
successional stages or individual vegetation commu-
nity types and adopt the “space-for-time substitution”
method [19, 22]. However, there are few comparative
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studies on the relationship between different vegeta-
tion restoration modes and the soil environment
among vegetation restoration projects of similar dura-
tions. Therefore, in this study, five vegetation resto-
ration modes (artificial afforestation modes: (1) Hyloce-
reus undatus 'Foo-Lon’, (2) Lonicera japonica Thunb.,
(3) Zanthoxylum bungeanum Maxim; natural resto-
ration modes: (4) artificially accelerated forest regener-
ation and (5) hillclosing afforestation) applied in
degraded karst ecosystems were taken as the object of
study. The physical and chemical properties and micro-
bial quantity and biomass of the topsoil (0~20 cm) were
studied. The main purposes of this study are to deter-
mine 1) the soil physical and chemical properties and
soil microbial quantity and biomass under the differ-
ent vegetation restoration modes, 2) which environ-
mental factors have important effects on microbial
quantity and biomass, and 3) which environmental
factors are the limiting factors for vegetation resto-
ration. Our study is expected to provide a basis for veg-
etation restoration and sustainable development in
degraded karst ecosystems.

MATERIALS AND METHODS

Study site. The study area is located in the Guan-
ling-Zhenfeng Demonstration Area of Rocky
Desertification Control (25°37°407~25°42'30” N,
105°35°00”~105°43'20” E, 530~1473 m above sea
level) in the Beipan River basin at the border between
Zhenfeng County and Guanling County, Guizhou
Province, Southwest China (Fig. 1a). This area is
dominated by a subtropical humid monsoon climate.
The mean annual temperature is 18.4°C, the mean
annual precipitation is 1100 mm, and the rainfall from
May to October accounts for approximately 83% of
the annual rainfall. High-intensity hillside ploughing
and deforestation activities have occurred in this area.
The vegetation coverage is low, and the land is domi-
nated by moderate and heavy rocky desertification
(bedrock outcropping rate is 20~80%). According to
the WRB classification standard, the soils in the study
area are mainly cambisols. The soil types in this area are
yellow limestone soil and brown limestone soil since
their parent rock is Triassic carbonate. Due to the lack
of a transition layer between the rock interface and the
soil, soil loss and block slip easily occur in rainstorms,
resulting in thin and discontinuous soil layers, and the
soil is mainly distributed in karst depressions and
lapiaz, grike, and rhegmalypt formations.

Rocky desertification control has been imple-
mented in the study area for more than 20 years. Sev-
eral typical vegetation restoration species have been
planted in the study area (Fig. 1c): a) Hylocereus unda-
tus 'Foo-Lon’ began to be popularized and planted on
a large scale in 2007. It is mainly planted on sloping
farmland with a continuous soil distribution. b) Lonic-
era japonica Thunb. is one of the early vegetation res-
toration species and is mainly planted in lapiaz or near
EURASIAN SOIL SCIENCE  Vol. 54
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Fig. 1. Location of the study site. Study site (A) in the South China Karst; location of sampling plots (B) in the study area; land-
scape view of the sample plot from above (C): (a) Hylocereus undatus 'Foo-Lon’ (HUF), (b) Lonicera japonica Thunb. (LJT),
(¢) Zanthoxylum bungeanum Maxim. (ZBM), (d) artificially accelerated forest regeneration (AFR), (e) hillclosing afforestation

(HA), and (f) Zea mays L. (CK).

exposed bedrock. ¢) Zanthoxylum bungeanum Maxim.
is one of the early vegetation restoration species
because it has economic value; it is popular with local
farmers, and an industry has developed around its
production. d) Artificially accelerated forest regenera-
tion areas are planted with native trees and shrubs.
Natural vegetation succession processes are allowed to
occur in these areas without interference from human
activities. e) Hillclosing afforestation areas are estab-
lished on thin soils (soil depth 0~15 cm). The vegeta-
tion roots grow along grikes, and the dominant vegeta-
tion type is low trees.

Experimental design. Before sampling, a survey was
conducted on the different vegetation restoration
modes in the study area. Combined with the plots
monitored by the team for a long time, plots with the
same or similar vegetation restoration durations were
selected for this study. Due to the different life cycles
of the artificial economic forests, the three HUF, LIT,
and ZBM plots were replanted many times during the
study period, but no other species were planted in the
study plots. In the end, 5 plots (Fig. 1B) in the study
area were selected. Three standard sampling squares of
10 x 10 m were established in each plot. The average
2021
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soil chemical properties at the initial stage (2008) of
the five restoration modes are shown in Table 1, and
detailed information on the sample plots is shown in
Table 2.

Applicable scope and main features of the 5 resto-
ration modes. HUF: Hylocereus undatus 'Foo-Lon’ is
drought resistant and tolerant of low fertility. Under
the condition of sufficient water, the root system can
maintain a relatively vigorous growth state; this species
has a beneficial role in maintaining water and soil and
has produced good economic benefits after successful
cultivation. LJT: The branches and leaves of honey-
suckle cover a large area and have a good water and soil
maintenance effect. Additionally, Lonicera japonica
Thunb., as a multipurpose Chinese medicinal mate-
rial, can increase farmers' economic income. It can be
planted in the soil of stone gaps or holes due to its low
requirements for the growth environment. ZBM: Zan-
thoxylum bungeanum Maxim. is a popular condiment.
Its root system is well developed and drought tolerant.
It can improve the environment while also providing
economic benefits. ZBM has played an important role
in local ecological restoration and alleviating poverty
among farmers. AFR: Due to the harsh natural envi-
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Table 1. Soil chemical properties at the initial stage of different vegetation restoration modes

Index HUF T ZBM AFR HA CK
pH 7.62 £+ 0.06ab 7.81 £ 0.08a 7.34£0.07b | 7.28 £ 0.13b 7.5 = 0.44ab 7.56 £ 0.04ab
SOC, gkg~! | 30.35% 1.12b 33.13 £3.31b 31.9+£2.73b |(36.28 + 1.88ab | 40.86 * 3.52a 32.6 £4.52b
TN, g kg™! 2.96 + 0.27a 3.11 £ 0.31a 321x0.17a | 3.03x£0.27a | 3.29+0.37a 3.77 £ 0.08a
TP, g kg™! 1.38 £ 0.2a 1.28 £ 0.32a 1.21 £ 0.14ab | 0.88 £ 0.14b 1.11 £ 0.13ab 1.19 = 0.19ab
TK, gkg™! 3.37£0.92a 2.05 £ 0.17bc 1.39 £ 0.21c | 2.87 £0.87ab| 2.68 = 0.89ab 2.7 £0.45ab
AN, mg kg~! | 131.05 £ 14.72cd | 153.88 £ 22.08bcd |237.97 £ 41.98a [125.26 & 11.4d | 191.5 + 42.88ab | 183.06 £ 22.86bc
AP, mgkg~' | 15.11 £0.43a 12.54 = 1.77ab 10.11 = 3.08b [10.48 £2.89b | 10.08 = 1.34b 9.14 £ 0.44b
AK, mg kg~! [168.97 £ 34.34a 84.1 £ 6.4d 71.8 £4.48d | 71.8 = 4.48cd | 132.7 £ 19.93bc | 136.17 + 20.64ab

AN available nitrogen; AP: available phosphorus; AK: available potassium; mean values (means = SD, n = 3) followed by different low-
ercase letters represent significant differences of soil chemical properties in different vegetation restoration modes (P = 0.05).

Table 2. Details of the sample plots for the 5 vegetation restoration modes

Vegetat{on . . Restora- Longitude Elevation, | Slope, Soil Vegetation
restoration Dominant species . - depth,
tion years Latitude m degrees cover, %
modes cm
HUF Hylocereus undatus 'Foo-Lon’ 13 105°40°03.49” E | 695~712 | 5~13 35 38
25°40°15.23” N
LJT Lonicera japonica Thunb. 15 105°38’47.81” E 761~787 | 0~14 15 25
25°39'28.06” N
ZBM Zanthoxylum bungeanum Maxim. 15 105°39°00.30” E | 758~775 | 0~9 26 45
25°39°13.86” N
AFR Koelreuteria bipinnata Franch., Ficus 14 105°38°54.95” E | 745~762 | 5~15 31 79
auriculata Lour., Broussonetia papyr- 25°39'33.47” N
ifera, Vitex negundo L., Musa basjoo
Siebold, Dendrocalamus latiflorus
Munro
HA Cinnamomum camphora (L.) presl, 15 105°38’47.10” E 805~823 | 7~17 13 77
Rhus chinensis Mill., Viburnum dila- 25°39’17.43” N
tatum Thunb., Broussonetia papyrif-
era, Ligustrum quihoui Carr., llex
crenata Thunb., Pistacia weinmanni-
folia J. Poisson ex Franch., Vitex
negundo L., Berchemia sinica
C. K. Schneid.
CK Zea mays L. >13 105°39°43.52” E | 761~782 | 3~7 22 65
25°39°13.12” N

ronment in rocky desertification areas, it is very diffi-
cult to restore vegetation. Replanting drought-tolerant
and barren-tolerant shrubs and low trees will speed up
the reconstruction and restoration of vegetation in
rocky desertification areas. HA: Places with discontin-
uous land distribution, thin soil layers, and high
organic matter content are suitable for the growth of a
variety of trees and shrubs. It is possible to make full
use of the advantages of both natural restoration to
afforestation and to prohibit all human activities that
are not conducive to the growth and reproduction of
vegetation. CK: Zea mays L. is the main food crop in

this area. With the implementation of the project of
returning farmland to forest and grassland, especially
the development of economic forest, the planting area
of corn has gradually decreased, and Zea mays L. has
been planted in the studied sample plot for 13 consec-
utive years.

Soil sample collection and experimental analysis. In
July 2020, 6 sample plots were selected (5 vegetation
restoration modes and 1 corn plot as the control
group), and 3 sampling points were selected using the
diagonal method in each plot. Litter, moss and other
EURASIAN SOIL SCIENCE  Vol. 54
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debris were removed before sampling from the surface
of the sampling point. Topsoil (0~20 cm) was col-
lected from each sample square (in sampling areas
with soil layers thinner than 20 cm, samples were taken
of the entire soil profile). Before samples were taken to
determine the soil chemical properties, 0~20 cm
undisturbed soil was obtained in 5 cm layers by using a
cutting ring (5 cm high, 5 cm diameter); these samples
were used to measure the soil water content. Three soil
samples were collected from each sampling square,
and roots, gravel, and other debris were removed. The
samples were divided into 2 parts. One part was sieved
through a 2 mm sieve and immediately placed into the
incubator with an ice bag. After the samples were col-
lected, they were stored in a refrigerator at 4°C in the
laboratory for the determination of the soil microbial
biomass carbon (MBC), nitrogen (MBN), and phos-
phorus (MBP) and the quantities of bacteria, fungi
and actinomycetes. The other part of each soil sample
was naturally air-dried, any debris was removed, and
the soil was sieved through a 100-mesh sieve before the
determination of the nutrient contents and pH.

The soil microbial biomass was determined using
the chloroform fumigation-extraction method [37].
MBC and MBN were extracted by K,SO,, and the
conversion coefficient for K was 0.45. MBP was
extracted by NaHCO;, pH correction was performed,
and the conversion coefficient for K was 0.4. The soil
microbial quantity was calculated by the spread plate
method, with dilutions of microbial cultures spread
onto the following media: beef extract peptone agar
medium for bacteria, Martin medium for fungi, and
modified Gauze’s synthetic medium no. 1 for actino-
mycetes. More details on the above determination
methods can be found in the literature [43]. The pH
value of the soil was measured by an acidity meter. The
SWC was measured by the drying method. The soil
organic C (SOC) content was determined using the
dichromate oxidation method [24], and the total N
(TN) was analysed by the Kjeldahl method [3]. After
the soil sample was digested by HCIO,-H,SO,, the
total P (TP) was determined by the molybdenum blue
method [33]. After the soil sample was melted and
diluted with NaOH, the total potassium (TK) was
determined by the flame photometer method [26].
After the soil was extracted with saturated
CaS0O,2H,O0 solution, the nitrate nitrogen content was
measured by phenoldisulfonic acid colorimetry [31],
soil samples were extracted with 2 mol L~! KCl solu-
tion, and the ammonium nitrogen content was anal-
ysed by indophenol blue colorimetry [7]. The total
amounts of CaCO; and MgCO; in soil were deter-
mined by the air volume method [1], and the result
was the calcium content (Ca). In addition, environ-
mental factors other than soil chemistry properties were
recorded, including altitude, slope, vegetation cover-
age, vegetation type, vegetation restoration years, soil
depth, and soil water content.
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Statistical analyses. Microsoft Excel 2010 software
(Microsoft Corporation, Santa Rosa, Ca, USA) was
utilized to preliminarily collate the data. The mult-
comp, agricolae, and ggplot2 packages in R software
(R Development Core Team 2019) were used to per-
form one-way ANOVA on the soil pH, SWC, MBC,
nutrient contents, microbial quantity, and biomass.
The least significant difference (LSD) method was
used to make multiple comparisons, and histograms
were drawn. The pheatmap and corrplot2 software
packages were used to analyse the correlation between
environmental factors and soil microbial quantity and
biomass using the Pearson correlation analysis
method and to visualize the results. CANOCO 5.0
(Microcomputer Power, Ithaca, NY, USA) was used
to analyse the relationship between soil microbial
quantity and biomass and environmental factors in
RDA and to extract the simple and conditional effects
of each factor on the variation in soil microbial quan-
tity and biomass. The data are expressed as the aver-
age * standard deviation. The significance level was
set at P =0.05, and the extreme significance level was
set at P =0.01.

RESULTS

Characteristics of changes in soil physical and chem-
ical properties under different vegetation restoration
modes. As shown in Fig. 2, the range of soil pH under
the different restoration modes was 7.32~7.58, and the
pH decreased in the order LJT > HUF > CK > AFR >
HA > ZBM (Fig. 2a). There were no significant differ-
ences between the different recovery modes. The SWC
varied from 20.46 to 25.77% and decreased in the order
AFR > LJT > ZBM > HA > CK > HUF (Fig. 2b). The
SWC values of AFR and LJT were significantly higher
than those of the other restoration modes (P < 0.05).
In terms of soil nutrients, the contents of SOC, TN,
TP, TK, Ca, nitrate nitrogen and ammonium nitrogen
in HA were higher than those in the other vegetation
restoration modes (Figs. 2c, 2d, 2e, 2g, 2i). Among
them, SOC, TN, TP, Ca and ammonium nitrogen were
significantly higher in HA than in the other vegetation
restoration modes (P < 0.05). Furthermore, the SOC
and TP of HUF were significantly lower than those of
the other vegetation restoration methods (P < 0.05).
The results showed that compared with the initial
stage of vegetation restoration (Table 1), the SOC,
TN, TP and TK contents all increased under the LJT,
ZBM, AFR, and HA, indicating that these four modes
were all conducive to the accumulation of soil nutri-
ents, of which HA was more beneficial than other
modes. The soil nutrient content of LJT decreased
compared with that in the previous period of vegeta-
tion restoration.

Changes in the MBC, MBN, MBP and quantity of
bacteria, fungi and actinomycetes under the different
vegetation restoration modes. The MBC, MBN, MBP,
and the quantity of bacteria, fungi and actinomycetes
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Fig. 2. Soil pH, soil moisture content and soil nutrients under the different vegetation restoration modes. Mean values (means
SD, n = 3). Lowercase letters indicate significant differences in the same index among different vegetation restoration modes
(n =13, P<0.05). HUF: Hylocereus undatus 'Foo-Lon’; LJT: Lonicera japonica Thunb.; ZBM: Zanthoxylum bungeanum Maxim.;
AFR: Artificially accelerated forest regeneration; HA: Hillclosing afforestation; CK: Zea mays L.

had no obvious regularity among the different vegeta-
tion restoration methods. The MBC of HUF and HA
were significantly higher than in the other restoration
modes (P < 0.05), 360.67, 363.00 mg/kg, respectively
(Fig. 3a). The MBN of HA was significantly higher
than that of the other vegetation restoration modes, at
30.43 mg/kg (Fig. 3b). The MBP of LJT was the high-
est, at 16.06 mg/kg, which was significantly different
from those of HUF and AFR (Fig. 3c). The quantities
of soil bacteria and fungi in ZBM and HA were signifi-
cantly higher than those in the other vegetation resto-
ration modes (P < 0.05); the bacterial counts were
2.80 x 10° and 2.60 x 10° cfu/g, respectively, and
those of the fungi were 1.19 X 10*and 1.33 x 10* cfu/g,
respectively (Figs. 3d, 3e). The quantity of actinomy-
cetes in HA was significantly higher than that in the
other vegetation restoration modes (P < 0.05), at
2.27 x 10 cfu/g (Fig. 3f). The MBC, MBN and MBP

were the lowest under AFR. The quantities of bacteria,
fungi and actinomycetes were relatively low in HUF
and LJT. The results showed that there was no signifi-
cant difference in soil microbial biomass, bacteria,
fungi and actinomycetes in the plantation compared
with those in CK, but the soil microbial biomass and
number under natural restoration measures were
higher than those in the plantation.

Correlation between environmental factors and soil
microbial quantity and biomass. There were no signifi-
cant correlations between MBC and environmental
factors (Fig. 4). MBN was significantly positively cor-
related with TK. MBP was significantly positively cor-
related with the restoration years and significantly
negatively correlated with nitrate nitrogen. Bacteria
were significantly positively correlated with TP and
vegetation type. Fungi were significantly positively
correlated with TN, TP, and altitude; extremely sig-
EURASIAN SOIL SCIENCE  Vol. 54
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Fig. 3. Characteristics of MBC, MBN, MBP and quantities of bacteria, fungi and actinomycetes under different vegetation res-
toration methods. Mean values (means = SD, n = 3). Lowercase letters indicate significant differences in the same index among

different vegetation restoration modes (n = 3, P < (0.05).

nificantly positively correlated with vegetation type;
and significantly negatively correlated with pH. Acti-
nomycetes were significantly positively correlated with
vegetation type and altitude; extremely significantly
positively correlated with SOC, TN, and TP; and sig-
nificantly negatively correlated with TK. The results
showed that the soil microbial quantity and biomass,
especially those of fungi and actinomycetes, were sig-
nificantly affected by environmental factors.

Redundancy analyses of environmental factors and
soil microbial quantity and biomass. RDA was carried
out with soil bacteria, fungi, actinomycetes, MBC,
MBN and MBP as response variables and soil physical
and chemical properties and other environmental fac-
tors as environmental explanatory variables (Fig. 5,
Table 3). The explanatory variables of the first axis and
the second axis explained 81.37% and 11.51% of the
variation, respectively, and the cumulative amount of
explanation was 92.88%. This result indicates that the
selected environmental factors can effectively explain
the changes in soil microbial quantity and biomass.
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In terms of simple effects, environmental factors
explained changes in the soil microbial quantity and
biomass as follows, in %: TP (37.1) > TN (34.8) > veg-
etation type (32.6) > SOC (31.0)> altitude (22.4) >
restoration years (16.5) > pH (13.1) > soil water con-
tent (12.7). Of these factors, TP, TN, vegetation type
and SOC had significant effects on the soil microbial
quantity and biomass. From the perspective of condi-
tional effects, soil microbial quantity and biomass
were affected mainly by TP and TN, and the results
reached extreme significance. According to the RDA
results, the effect of environmental factors on soil
microbial biomass was lower than that on soil bacteria,
fungi and actinomycetes; moreover, actinomycetes
and fungi were more sensitive than bacteria to envi-
ronmental changes, which was consistent with the
results of the correlation analysis (Fig. 4). Among the
environmental factors, SOC, TN, altitude, TP, vege-
tation type, restoration years and ammonia nitrogen
had the strongest effects on the actinomycetes.
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DISCUSSION

Comparative Analysis of Soil Nutrients
and Microbial Quantity and Biomass
under Different Vegetation Restoration Modes

Hillclosing afforestation is more conducive to soil
nutrient accumulation than other modes. In this study,
there were certain differences in soil nutrient levels
under the different vegetation restoration modes.
Among them, the SOC, TN, TP, Ca, and ammonium
nitrogen contents in the closed-hill afforestation area
were significantly higher than those in other vegeta-
tion restoration mode areas. As shown in Table 1, the
SOC, TN, and TP of the closed-hill afforestation
model are 2.72, 2.52, and 3.06 times higher than those
of the initial restoration stage. The reason may be that
natural restoration is more favourable to soil nutrient
accumulation than other restoration methods [42].
After 15 years of hillclosing afforestation, the vegeta-
tion community at the HA site is mainly composed of

low trees (1.0~2.3 m), shrubs, and fewer herbaceous
plants and thicker litter than in the other restoration
vegetation communities in this study. The HA site is in
the tree-shrub stage of positive karst vegetation com-
munity succession and is nearly unaffected by human
activities; thus, it provides good conditions for the
accumulation of soil nutrients [21]. The average mass
fractions of SOC, TN, TP, Ca and ammonium nitro-
gen at the HA site were 2.86~9.41, 2.67~7.17,
2.02~8.64, 4.73~9.51, and 1.79~4.49 times higher
than those of the other restoration modes, respec-
tively. Nutrients and carbon released from litter create
an available nutrient pool for plants [9, 11]. Moreover,
the surface litter in the HA area was thicker than that
in the other restoration areas, which is more conducive
to nutrient accumulation. These results indicated that
except HUF, other vegetation restoration modes were
conducive to the accumulation of soil nutrients, of
which hillclosing afforestation had obvious advantages
for the improvement of the soil environment.
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Fig. 5. Relationship between environmental factors and soil microbial quantity and biomass.
Table 3. Explanatory power and significance of environmental factors
Type Index Explains, % pseudo-F P
Simple effects TP 37.1 7.7 0.014
TN 34.8 6.9 0.020
Vegetation type 32.6 6.3 0.012
SOC 31.0 5.8 0.022
Altitude 224 3.8 0.074
Restoration years 16.5 2.6 0.090
pH 13.1 2.0 0.162
Soil water content 12.7 1.9 0.158
Conditional effects TP 37.1 7.7 0.016
TN 10.4 3.8 0.046
Soil depth 10.0 2.3 0.126
Slope 9.9 2.9 0.082
pH 8.3 2.0 0.146
Altitude 4.4 1.8 0.222
Soil water content 2.0 0.7 0.436
SOC 1.9 0.7 0.434
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Hillclosing afforestation resulted in higher soil nutri-
ent levels, making it more conducive to the growth and
reproduction of soil microorganisms. Different resto-
ration modes and management strategies led to differ-
ent structures and functions of the soil microbial com-
munity. The MBC of the five vegetation restoration
modes ranged from 344.33~363.00 mg/kg, showing lit-
tle variation; this range is lower than that of plateau
karst [51]. The range of MBN was 24.37~30.43 mg/kg,
showing little variation, which is lower than that of
subtropical forest soil and karst peak cluster-depres-
sion formation [17]. The range of microbial biomass
phosphorus was 27.93~160.57 mg/kg, which is quite
wide and is higher than that in a karst peak cluster-
depression formation [48]. Vegetation restoration and
vegetation diversity can increase microbial biomass,
which may be one of the reasons for the high MBC
and MBN at the HA site. The quantities of bacteria,
fungi and actinomycetes were also the highest at the
HA site. The microbial quantities in the five vegetation
restoration modes decreased in the order bacteria >
actinomycetes > fungi; these results are consistent
with the results reported by Q.J. Tan et al. [36].
Although the soil nutrient content of HA in the initial
stage of vegetation restoration was not the highest
among the five restoration modes (Table 1), its nutri-
ent accumulation was faster than that in other resto-
ration modes, which resulted in the soil at the HA hav-
ing higher organic carbon and nitrogen levels than the
other restoration modes and therefore provided more
carbon and nitrogen sources for microorganisms.
After a long period of natural recovery, the plant spe-
cies diversity in natural restoration areas will continue
to increase, producing more litter and root exudates
that provide rich substrates for microorganism growth
and thus accelerate microorganism reproduction and
growth; this conclusion is consistent with the results of
W. Gao et al. [12].

Analysis of the factors causing the soil nutrients and
microbial quantity and biomass of the artificial eco-
nomic forests to be lower than those resulting from hill-
closing afforestation. Through the comparative analy-
sis of the soil nutrients and microbial quantity and bio-
mass under the different vegetation restoration modes,
we determined that compared with restoration with
artificial economic forests, natural restoration was
more conducive to soil nutrient accumulation and
improved the microbial community environment. The
main reason behind this finding is that plantation spe-
cies such as dragon fruit, honeysuckle and prickly ash
not only perform vegetation restoration functions but
also must provide economic benefits. Because they
produce fruit, which affects the material and nutrient
cycles of the “soil-vegetation-litter” system, artificial
economic forest ecosystems are energy-consuming,
unstable systems that need to absorb more nutrients
from the soil than they return to the soil to ensure their
own growth and maintain fruit production [30]. In
addition, most of the artificial economic forests in this

YANG CAO et al.

area are managed by “relying on nature for a living”
approaches. Fertilization measures are unscientific or
nonexistent, which may be the main reason for the low
soil nutrient levels in these artificial economic forests.
Due to the decrease in soil nutrients, the substrate
conditions for microbial survival worsen, resulting in a
decrease in the microbial turnover rate [18]. In the
future, to provide scientific support for precision fer-
tilization and field management, in-depth studies
should be carried out on nutrient demand, the soil
nutrient supply and nutrient cycling in artificial eco-
nomic forests.

Effects of Environmental Factors
on Soil Microbial Quantity and Biomass

Soil fungi and actinomycetes are more sensitive than
bacteria to environmental changes. Figure 4 shows that
there was no significant correlation between MBC and
environmental factors, indicating that MBC varies
greatly in the study area. The reason may be that there
are differences in litter, root exudates and soil quality
of different vegetation types, which have a certain
impact on MBC [32]. Therefore, MBC cannot be
used to characterize the soil microbial biomass in this
study. Vegetation, pH, soil nutrients, organic matter,
etc., have a greater impact on soil fungi and actinomy-
cetes [15, 38]. The quantities of soil fungi and actino-
mycetes were positively correlated with environmental
factors such as TN, TP, VT and AL. Moreover, Fig. 5
confirms that environmental factors had significant
effects on soil fungi and actinomycetes. MBC, MBN,
MBP and bacteria had no significant correlation with
environmental factors. These results indicate that
fungi and actinomycetes are more sensitive than bac-
teria to environmental changes and that their growth
and reproduction are more easily affected by the exter-
nal environment.

Analysis of the main factors limiting vegetation res-
toration in degraded karst ecosystems. In this study, TP
explained 37.1% of the variation in soil microbial
quantity and biomass, indicating that TP has an import-
ant impact on vegetation restoration in these rocky
desertification areas. That is, P is the main limiting fac-
tor on vegetation growth in karst rocky desertification
areas; this finding is consistent with the fact that terres-
trial plants in China are generally P limited [16].
P affects microorganisms mainly indirectly by affect-
ing the soil carbon cycle and chemical properties [22].
SOC controls energy and nutrient cycling in the soil
and is a stable source of energy and nutrients for
microbial communities, and nitrogen can increase the
rate of organic matter decomposition by microorgan-
isms [27]. SOC and TN were positively correlated with
MBC, MBP, and the quantities of bacteria, fungi and
actinomycetes, and they were able to explain 31.0 and
34.8%, respectively, of the simple effects; this finding
was significant. N was second only to P in terms of
explanatory power and limited vegetation restoration
EURASIAN SOIL SCIENCE  Vol. 54
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in this area. Vegetation type was positively correlated
with the quantities of bacteria, fungi and actinomy-
cetes (simple effect explanation, 32.6%); vegetation
type affects the soil biota by affecting the soil water
content, temperature, ventilation, pH value and
organic carbon and nitrogen levels [52].

CONCLUSIONS

(1) Among the five vegetation restoration modes in
the study area, the contents of soil SOC, TN, TP, Ca
and ammonium nitrogen at the hillclosing afforesta-
tion site were significantly higher than those at the
other vegetation restoration modes, indicating that
hillclosing afforestation was more conducive to the
accumulation of soil nutrients.

(2) Except for MBP, the soil microbial quantity and
biomass indicators were the highest under hillclosing
afforestation, which indicated that natural restoration
vegetation was more beneficial to soil microbial repro-
duction and growth than the other restoration modes.

(3) Correlation analysis and RDA showed that the
SOC, TN, TP and vegetation type were important fac-
tors affecting the soil microbial quantity and biomass.
Soil fungi and actinomycetes were more sensitive than
soil bacteria to changes in environmental factors. P is
the principal factor limiting vegetation restoration in
degraded karst ecosystems.

It is worth noting that the hillclosing afforestation
is more conducive to the accumulation of soil nutri-
ents and the reproduction and growth of microorgan-
isms. In terms of improving soil quality, hillclosing
afforestation is a more effective vegetation restoration
measure than artificial economic forests, but artificial
economic forests provide obvious social and economic
benefits, and they form the core of the eco-economic
industry in rocky desertification control areas. How to
develop and improve effective fertilization measures
and sustainable management strategies for artificial
economic forests in this area needs to be further studied.
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