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Abstract: The bare lands formed after volcanic eruptions provide an excellent opportunity to study
the interactions between vegetation succession and soil formation. To explore the changes in soil
physicochemical properties in the vegetation succession processes and the relationship between them,
soil physicochemical properties of different volcanic ash accumulation on Miyake-jima Island were
studied at different vegetation succession stages. The results showed that soil bulk density gradually
decreased and that soil porosity, soil water content (SWC), pH, cation exchange capacity (CEC), soil
total organic carbon (TOC), and total nitrogen (TN) increased significantly with vegetation succession.
The physicochemical properties changes in the soil surface horizon were most obvious, and the
deep soil accumulated a large amount of relatively stable soil carbon and nitrogen. The forest land
formed a thicker organic matter horizon, accumulating more carbon and nitrogen than grassland,
and the soil quality index (SQI) was higher than that of grassland and shrubland. In conclusion, our
research indicates the significant change in soil physicochemical properties and the improvement in
soil quality in the vegetation succession processes, emphasizing a significant relationship between
vegetation succession and soil development in bare land.

Keywords: vegetation succession; soil bulk density; soil porosity; soil organic carbon; volcanic island

1. Introduction

Physical and chemical weathering play a key role in soil formation. The weathering
products of parent materials provide the necessary nutrient elements for plant development
and growth [1,2], regulate the chemical composition of soil [3,4] and groundwater [5,6],
and gradually transform parent materials into soil suitable for vegetation growth. At the
same time, vegetation plays an important role in controlling the formation of soil [7–9]. In
general, vegetation accelerates soil formation by promoting physical and chemical weath-
ering of parent materials. For example, the roots of vegetation accelerate the physical
disintegration of parent materials [10], change their exposed surface area [11,12], and form
organic chelates, which further accelerate the weathering of parent materials after disinte-
gration due to the large numbers of root exudates, such as organic acids and ligands [12].
In addition, vegetation canopies have the functions of intercepting rainfall and reducing
soil water evaporation. In addition, combined with the soil pore structures produced by
roots, they deepen the infiltration capacity of soil and the vertical preferential flow, further
increase the soil water residence time and soil solute flux, and create favorable weathering
conditions. At the same time, they in turn promote vegetation growth. Chadwick et al. [8]
used chrono sequences along with an altitudinal gradient in Hawaii to emphasize the im-
portance of soil moisture and the physical properties of soil in controlling water percolation,
cation leaching, and soil formation.

Volcanic soils account for only 0.8 percent of the world’s land area, but they store up to
5 percent of the global soil carbon (C) pool [13]. The volcanic soils (Andisols) formed after
volcanic eruptions are among the most fertile lands for cultivation in the world. Nearly
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60 volcanoes erupt around the world every year. The high-temperature magma and forest
fires caused by volcanoes destroy vegetation, form a large area of bare land, and force
vegetation succession, thus providing unique conditions for studying vegetation succession,
especially in the early stages of primary succession [14]. Pyroclastic and associated soil
cover more than 124 million hectares of the earth’s surface [15], and the major areas of
these volcanic areas are along the Pacific Rim, where oceanic plate subductions produce
extensive rhyolitic and andesitic volcanism. The weathering and development of volcanic
ash soils show similar patterns in different parts of the world. In temperate and tropical
environments with sufficient rainfall, volcanic sediments usually form volcanic soil with
sufficient moisture under weathering [16].

Miyake-jima Island is a stratovolcano composed of basalt with a circular area of
55.44 km2 in Japan. In the last 100 years, volcanic eruptions were observed in 1940, 1962,
1983, and 2000 [17]. Although the basic composition of volcanic ash is basalt, the accu-
mulated volcanic ash showed strong acidity due to the release of volcanic gas, dissolved
a large amount of aluminum and calcium in the form of sulfate, and gradually formed
a hard crust, which led to a relatively poor living environment for the growth of vegeta-
tion [17]. According to a chrono sequence study on the lava flow of different ages, the
primary succession process on Miyake-jima Island can be summarized as follows: (1) the
successful colonization of pioneer species, such as deciduous Alnus sieboldiana (a N-fixing
tree), Miscanthus condensatus (a perennial grass), and Fallopia japonica var. hachidyoensis (a
perennial herb), on bare lava flows; (2) the colonization of seral deciduous species, such as
Prunus speciosa, and climax evergreen species, such as Machilus thunbergii and Castanopsis
sieboldii; and (3) the establishment of climax forests composed of evergreen C. sieboldii [18].
In 2000, after 18 years, Miyake-jima Island erupted again, and the representative vegetation
of the island suffered a devastating disaster. Before the eruption in 2000, the eruptions
of Miyake-jima Island in 1874, 1940, 1962, and 1983 were of a fissure vent type, and they
were accompanied by lava and scoria eruptions [19,20]. However, the eruption in 2000 was
completely different in regard to the fissure vent type, where a caldera was formed, and a
large amount of volcanic ash was emitted at the same time. In addition, a large amount
of volcanic gas containing high concentrations of sulfur dioxide was released for a long
time. Especially on the slopes above 300 m above sea level, 96% of the vegetation (1700 ha)
disappeared within two months after the eruption, while the volcanic ash produced during
the eruption accumulated on the hillside [21,22]. As a characteristic of volcanic activity,
the long-term release of volcanic gas caused long-term vegetation disasters on the hill-
side and led to surface acidification [23–25]. According to observations of the released
sulfur dioxide (one of the main components of volcanic gas), although the release tended
to decrease gradually, the released volcanic gas still caused leaf death 7 years after the
volcanic eruption [26]. The chemical composition of volcanic ash was basaltic as before,
but it contained more clay and higher base saturation, which made its properties very
different [17]. Due to the surface acidification, primary minerals, such as plagioclase and
volcanic glass, as well as the dissolution of some smectites, released a large amount of
aluminum. The harsh soil environment caused by this volcanic eruption was gradually
improved with vegetation restoration.

The bare land vegetation succession formed by the volcanic eruption of Miyake-jima
Island in 2000 provides a unique opportunity to understand soil development and vege-
tation restoration after volcanic eruptions. The objectives of this paper are to investigate
(1) the changes in the soil properties, such as soil porosity and soil bulk density, during
vegetation succession processes, (2) the differences in the soil properties at different vegeta-
tion succession stages, and (3) the effects of volcanic ash deposition on the geomorphology
and soil properties of Miyake-jima Island.
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2. Materials and Methods
2.1. Study Site

Miyake-jima Island (34◦04′37” N, 139◦31′34” E) is located in the sea of Sagami Bay,
approximately 180 km southeast of Tokyo, Japan. The annual average temperature is
17.4 ◦C, and the annual precipitation is 2872 mm [27]. The island has a humid subtropical
climate with hot summer, warm winter, and abundant precipitation throughout the year.
The warm and wet flow from the tropics creates warm and moist conditions in summer [28].

The Igaya area in the west of Miyake-jima Island was selected, and three research
sites (IG7, IG8, and IG9) with different elevation gradients along the ridge were set up
(Figure 1). All sites were developed from the same parent materials and were covered
by vegetation at different succession stages. Before 2000, IG7, IG8, and IG9 were covered
with Eurya japonica var. japonica, Castanopsis sieboldii, and Cryptomeria japonica, respectively.
Satellite images confirm that all research sites (IG7, IG8, IG9) completely lost the vegetation
following the 2000 eruption. They were also covered by volcanic ash and were less affected
by volcanic gas [29]. Now the IG7 is covered by the vegetation type of grassland. This
vegetation type comprises the following dominant species: Miscanthus condensatus, Fallopia
japonica, Calamagrostis autumnalis, and Carex okuboi. The IG8, which has become shrubland,
is mainly composed of the following species: Alnus sieboldiana (small size trees), Rubus
trifidus, Dryopteris caudipinna, and Miscanthus condensatus. The vegetation type of forest
land covers the IG9 at the lowest altitude. This vegetation type comprises the following
dominant species: Alnus sieboldiana, Kadsura japonica, Dryopteris caudipinna, Trachelospermum
asiaticum, and Rubus trifidus (Table 1).

Figure 1. Location of the study sites on Miyake-jima Island.

2.2. Soil Sampling

Field investigations were carried out at the locations of the three research sites in
December 2007, December 2011, and October 2019, respectively. After the litter on the
ground was removed, the soil profile was investigated according to the soil survey manual
of the Japanese Society of Pedology, and the profile description included soil color, texture,
structure, and root in the wet state. The soil survey manual refers to soil classification
guidelines such as the Unified Soil Classification System of Japan, Soil Description (FAO),
Soil Taxonomy (USDA), and so on [30]. A stainless cutting ring with a diameter of 50 mm
and a height of 51 mm (Daiki, DIK-180) was used to collect soil bulk samples of 0–5 cm,
10–15 cm, 30–35 cm, 50–55 cm, and 70–75 cm from top to bottom, with 3 repeats in each
horizon. At the same time, three replicate representative bulk soil samples were collected
from each soil horizon of each site.
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Table 1. Geographical and vegetation characteristics of the three study sites.

Site Altitude
(m)

Aspect
(◦)

Slope
(◦)

Volcanic Ash
Thickness

(cm)

Vegetation
Restoration

Time

Land
Cover
Types

Coverage
(%)

Main Plant
Species

IG7 538 N50W 6 43
7 Bare land <1 —

11 Grassland 55 Miscanthus
condensatus

19 Grassland 99 Miscanthus
condensatus

IG8 443 N60W 12 38
7 Grassland 91 Miscanthus

condensatus
11 Shrubland 130 Rubus trifidus
19 Shrubland 176 Alnus sieboldiana

IG9 388 N50W 6 20
7 Shrubland 131 Alnus sieboldiana
11 Forest land 180 Alnus sieboldiana
19 Forest land 242 Alnus sieboldiana

Coverage is the total vegetation coverage of the tree, shrub, and herb horizons.

2.3. Laboratory Procedures

The actual volume of the sample in the soil cutting ring was measured using a digital
actual volumenometer (Daiki, DIK-1150, Kounosu, Japan). The bottom of the cutting ring
was immersed in degassed water for 24 h to weigh the saturated weight after achieving
capillary saturation and then the drying weight after drying in an oven at 105 ◦C for 24 h.
The three-phase distribution of the soil was calculated, and its hydraulic conductivity
was measured by distilled water using the constant water head method (Daiki, DIK-4050,
Kounosu, Japan). After all the bulk soil samples were air-dried for 2 months and gently
crushed to pass 2-mm and 0.5-mm sieves, the roots and stones were removed to determine
the physical and chemical properties of the soil. The soil pH was determined in both
deionized water and 1N KCl in a 1:2 soil-to-solution ratio using a glass electrode. The
cation exchange capacity (CEC) was determined using the ammonium acetate method of
Schollenberger [31]. The total organic carbon (TOC) and total nitrogen (TN) contents were
determined using dry combustion on an NC Analyzer (Sumika Chemical Analysis Service,
SUMIGRAPH NC 220F, Osaka, Japan).

2.4. Evaluation of Soil Quality Index

Principal component analysis (PCA) and Pearson’s correlation analysis were used to
screen the best representative soil indicators by using SPSS 27.0 (SPSS Inc., Chicago, IL,
USA). If the indicators were well correlated (correlation coefficient > 0.6) with each other,
only the highest weighted indicator was retained in the PC. A nonlinear scoring function
was performed to transform the representative soil indicators into scores of 0 to 1 [32]
(Equation (1)). Finally, a formula was used to calculate soil quality index (SQI) to assess
soil quality [33] (Equation (2)).

S = a/
(

1 + (x/x0)
b
)

(1)

where S is the score of soil indicator, a reflects the maximum value reached by the function
(a = 1), x is the value of the indicator, x0 is mean value of each soil indicator, and b is the
value of the equation’s slope. Using b = −2.5, the value provided curves that vary between
0 and 1 in a suitable way [34,35].

SQI = ∑n
i=1 Si ∗Wi (2)

where Wi is the weighting values of the representative soil indicators determined by PCA, n
is the number of the representative soil indicators. One-way analysis of variance (ANOVA)
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followed by least-significant difference (LSD) was used to examine and to compare the
differences in soil indicators and SQI among different soil horizons at p < 0.05 level [36].

3. Results
3.1. Morphological Features of the Soil Profiles

Due to the frequent eruption of Miyake-jima Island, the ash thicknesses of the three
study sites, which were at different altitudes on the ridge, were different. After the eruption
in 2000, the ash accumulation thicknesses of IG7, IG8, and IG9 were 43 cm, 38 cm, and
20 cm, respectively. The depth of the 2A horizon, which was formed by the three sites after
the 1983 eruption, was different. The 2A horizon of IG7, which is closest to the crater and
has the highest altitude, was deepest. Due to the island being formed by volcanic eruptions,
the soil had a very significant active aluminum reaction with a stronger aluminum reaction
on the soil surface, which is consistent with the high degree of weathering on the soil
surface and the leaching of a large amount of active aluminum. In our study (Table S1), all
the soils had black (2.5Y 2/1) to dark brown (2.5Y 3/1) fragile loam and clay soil except
for the deeper part of the C horizon, which had sandy soil with little stones. All the sites
had crumb or subangular blocky A/B horizons with slightly sticky plastic and a massive C
horizon without sticky plastic. The soil hardness increased with the depth, resulting in the
number of roots gradually decreasing until they disappeared.

In the 2007 survey, there was no A horizon at each site, and no soil structure devel-
opment was observed in the surface horizons (Figure S1). In the 2011 survey, a slight
formation of the A horizon was observed in IG9. Furthermore, in 2019, a crumb structure
was observed on the surface horizon at each site, and an A horizon was confirmed. The
development of the A horizon only took place 20 years after the 2000 eruption, which is a
characteristic result of this study.

3.2. Three-Phase Distribution and Hydraulic Conductivity of the Soil Core Samples

In 2019, the solid fraction of the surface soil in the accumulation horizon after the
volcanic eruption in 2000 was lower, but it gradually increased with the depth. Furthermore,
the buried horizon, which is the accumulation before the volcanic eruption in 2000, also
had a lower solid fraction. Compared with the sites of the three different succession stages,
the surface horizon of IG7 had the highest solid and gas fractions and the lowest liquid
fraction, while the surface horizon of IG9 covered by tree vegetation had the highest liquid
fraction. In the same soil profile, the soil hydraulic conductivity of the A horizon (0–5 cm)
and C3 horizon (30–35 cm) of IG7 was higher and was 0.12 and 0.19 cm/s, respectively.
The 3C horizon (50–55 cm) of IG8 was higher, and it was 0.22 cm/s, and those of the A
horizon (0–5 cm), Cd horizon (10–15 cm), and 3C horizon (30–35 cm) of IG9 were higher,
and they were 0.06, 0.06, and 0.11 cm/s, respectively (Table 2).

3.3. Bulk Density

Similar to the change in porosity, the soil bulk density significantly increased with
depth and decreased with time (p < 0.05; Figure 2), while the deep soil bulk density even
slightly increased. In 2019, the surface bulk density of IG7, IG8, and IG9 was 1.19 g/mL,
0.81 g/mL, and 0.89 g/mL, respectively. In comparison, the soil bulk density of IG7 near the
crater was highest, indicating that the degree of weathering in the grassland was weaker
than that in the forest land (Table 2).

3.4. Soil Porosity

In the soil formed by the accumulation of the volcanic ash from the same volcanic erup-
tion, the total soil porosity decreased with depth and increased with vegetation succession,
indicating that the soil gradually weathered with the vegetation growth. Moreover, the
internal porosity of the soil gradually increased, and the weathering degree of the surface
soil was highest (p < 0.05; Figure 3). In the deep soil formed by the accumulated volcanic
ash after the volcanic eruption in 2000, the total soil porosity even slightly decreased due
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to the lack of weathering conditions. The change in the soil capillary porosity was similar
to that of the total porosity, and the increase in the surface soil capillary porosity with time
was particularly significant, indicating that the aeration and water storage capacity of the
island’s surface soil were gradually increasing (p < 0.05; Figure 3). At the same time, the
capillary porosity of IG9 was highest among the three sites, indicating that the forest land
had better soil weathering conditions, which is consistent with the three-phase distribution.

Table 2. Three-phase distribution, soil porosity, and hydraulic conductivity of different sites in 2019 (means and standard error).

Depth (cm)
Three-Phase Distribution (%) Soil Porosity (%)

Hydraulic
Conductivity (cm/s)Solid

Fraction
Liquid

Fraction
Gas

Fraction
Total

Porosity
Capillary
Porosity

Non-Capillary
Porosity

IG7
0–5 39.5 (0.4) 26.6 (1.1) 34.0 (0.7) 60.5 (0.4) 52.5 (0.9) 8.0 (0.8) 11.7 × 10−2 (0.0002)

10–15 44.7 (2.4) 36.2 (1.0) 19.2 (1.5) 55.3 (2.4) 47.1 (1.4) 8.2 (1.2) 0.6 × 10−2 (0.003)
30–35 44.7 (1.6) 19.6 (0.5) 35.6 (2.1) 55.3 (1.6) 46.3 (0.9) 9.0 (0.9) 18.9 × 10−2 (0.01)
50–55 27.4 (1.0) 66.9 (2.0) 5.7 (1.1) 72.6 (1.0) 71.2 (1.2) 1.4 (0.2) 0.1 × 10−2 (0.0002)
70–75 29.3 (1.4) 63.4 (2.2) 7.3 (1.0) 70.7 (1.4) 66.5 (2.0) 4.2 (0.8) 0.1 × 10−2 (0.0002)

Mean * 37.1 (1.4) a 42.5 (1.4) a 20.4 (1.3) a 62.9 (1.4) a 56.7 (1.3) a 6.2 (0.8) a 6.3 × 10−2 (0.003) a

IG8
0–5 31.3 (3.1) 46.3 (1.6) 22.4 (2.7) 68.7 (3.1) 60.5 (0.6) 8.2 (2.8) 0.1 × 10−2 (0.0005)

10–15 43.6 (1.2) 44.9 (0.6) 11.6 (1.7) 56.4 (1.2) 50.9 (0.4) 5.5 (0.8) 0.1 × 10−2 (0.0005)
30–35 42.3 (1.2) 36.2 (2.4) 21.6 (1.4) 57.7 (1.2) 50.8 (1.0) 7.0 (0.7) 0.1 × 10−2 (0.0008)
50–55 30.2 (2.5) 22.7 (0.8) 47.0 (3.3) 69.8 (2.5) 54.4 (2.2) 15.4 (0.4) 21.6 × 10−2 (0.01)
70–75 46.1 (1.1) 33.0 (2.6) 21.0 (2.1) 53.9 (1.1) 38.0 (2.5) 15.9 (2.0) 0.1 × 10−2 (0.0001)

Mean * 38.7 (1.8) a 36.6 (1.6) b 24.7 (2.3) a 61.3 (1.8) a 50.9 (1.3) b 10.4 (1.3) b 4.4 × 10−2 (0.0003) a

IG9
0–5 32.9 (3.6) 52.5 (1.6) 14.6 (4.4) 67.1 (3.6) 62.6 (2.1) 4.5 (2.6) 6.1 × 10−2 (0.05)

10–15 43.2 (3.0) 30.3 (2.2) 26.6 (3.7) 56.8 (3.0) 49.6 (3.4) 7.2 (1.0) 6.1 × 10−2 (0.05)
30–35 26.4 (1.7) 37.9 (4.3) 35.7 (4.3) 73.6 (1.7) 59.0 (1.9) 14.6 (1.0) 11.2 × 10−2 (0.05)
50–55 30.8 (2.0) 49.7 (1.1) 19.5 (2.3) 69.2 (2.0) 60.9 (1.7) 8.3 (0.5) 0.8 × 10−2 (0.006)
70–75 41.8 (1.9) 41.0 (2.7) 17.2 (1.9) 58.2 (1.9) 46.9 (2.2) 11.4 (0.7) 0.1 × 10−2 (0.0001)

Mean * 35.0 (2.4) a 42.3 (2.4) a 22.7 (3.3) a 64.9 (2.4) a 55.8 (2.3) a 9.2 (1.1) b 4.8 × 10−2 (0.03) a

* Different letters express significant difference within the column; one-way ANOVA, p < 0.05.

Figure 2. Bulk density at the different sites; different lowercase letters express significant difference at the same depth
(one-way ANOVA, p < 0.05), and different uppercase letters express significant difference under different soil depths
(one-way ANOVA, p < 0.05).
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Figure 3. Total porosity and capillary porosity at the different sites; different lowercase letters express significant difference
at the same depth (one-way ANOVA, p < 0.05), and different uppercase letters express significant difference under different
soil depths (one-way ANOVA, p < 0.05).

3.5. pH and Cation Exchange Capacity

In the early succession stage, the soil pH maintained a consistent low value in 2007,
the pH in the surface soil was highest, and the soil pH gradually tended toward neutral
with vegetation succession (p < 0.05; Table 3). With the gradual vegetation growth, the
CEC content showed a gradually increasing trend. In 2019, the CEC content in the surface
horizons of IG7, IG8, and IG9 was 4.76 cmol/kg, 12.28 cmol/kg, and 19.36 cmol/kg, respec-
tively. For the soil accumulated by the volcanic eruption in 2000, the CEC content of IG7 in
2019 was 4.76–6.91 cmol/kg, while the CEC content in deep soil was 7.92–18.63 cmol/kg.
Soil formed before the volcanic eruption in 2000 had a higher CEC content, as shown in
Table 3.

3.6. Total Organic Carbon Contents and Total Nitrogen Contents

For the accumulated volcanic ash soil after the volcanic eruption in 2000, the TOC
content of IG7 in 2007, 2011, and 2019 was 1.26 g/kg, 0.76–1.31 g/kg, and 1.29–8.04 g,
respectively, and the TOC content of IG8 was 4.44–21.94 g/kg, 0.35–11.10 g/kg, and
1.47–38.02 g/kg, respectively. The TOC content of IG9 was 0.18 g/kg, 1.70–58.53 g/kg,
and 11.12–47.84 g/kg, respectively (Table 4). The soil TOC significantly increased with
time and decreased with the increase in altitude (p < 0.05; Table 4). The volcanic ash
accumulation thickness was large in the area close to the crater, and the contribution of the
growing herbaceous vegetation to the soil carbon accumulation was low. However, the
TOC content in the deep soil of IG7 was 4.87–70.62 g/kg, which resulted in the storage of a
large amount of soil carbon in the depths of the ground due to the frequent eruption of
Miyake-jima Island.
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Table 3. pH and cation exchange capacity (CEC) at different sites (means and standard error).

Sites
pH (H2O) pH (KCl) CEC (cmol/kg)

2007 2011 2019 2007 2011 2019 2007 2011 2019

IG7
A/C1d 3.9 (0.03) 4.8 (0.03) 5.7 (0.03) 3.8 (0.01) 4.1 (0.03) 4.7 (0.01) 4.6 (0.11) 6.7 (0.17) 4.8 (0.10)

C1d 3.9 (0.02) 4.8 (0.04) 5.9 (0.02) 3.8 (0.03) 4.1 (0.02) 4.8 (0.02) 4.6 (0.13) 6.7 (0.12) 6.9 (0.24)
C2d 3.9 (0.04) 4.3 (0.02) 5.5 (0.01) 3.8 (0.02) 4.0 (0.02) 4.4 (0.03) 4.6 (0.28) 5.5 (0.18) 6.9 (0.06)
C3 3.9 (0.04) 4.3 (0.03) 5.2 (0.02) 3.8 (0.02) 4.0 (0.02) 4.3 (0.01) 4.6 (0.19) 5.5 (0.13) 5.4 (0.09)
C4 3.9 (0.02) 4.4 (0.03) 5.1 (0.02) 3.8 (0.02) 4.1 (0.02) 4.3 (0.01) 3.5 (0.29) 4.6 (0.26) 6.9 (0.11)

2A1 3.9 (0.03) 4.4 (0.02) 5.2 (0.01) 4.0 (0.02) 4.1 (0.02) 4.6 (0.01) 16.7 (0.21) 23.5 (0.19) 18.6 (0.13)
2A2 3.9 (0.03) 4.6 (0.02) 4.9 (0.01) 4.1 (0.01) 4.4 (0.03) 4.7 (0.01) 9.5 (0.21) 12.2 (0.25) 15.1 (0.14)
2BW 3.9 (0.02) 4.6 (0.04) 4.7 (0.01) 4.1 (0.03) 4.5 (0.02) 4.7 (0.01) 7.9 (0.25) 11.7 (0.13) 16.9 (0.08)
3C 4.0 (0.03) 4.6 (0.03) 4.7 (0.01) 4.4 (0.02) 4.7 (0.03) 4.8 (0.01) 1.3 (0.23) 1.0 (0.14) 7.9 (0.27)

Mean * 3.9 (0.03) Aa 4.4 (0.03) Ab 5.1 (0.02) Ac 3.9(0.02) Aa 4.2 (0.02) Aa 4.5 (0.01) Ab 6.1 (0.21) Aa 8.2 (0.17) Ab 10.2 (0.14) Ac

IG8
A/C1d 3.9 (0.03) 4.6 (0.04) 5.3 (0.03) 3.6 (0.01) 4.2 (0.02) 4.3 (0.01) 6.4 (0.18) 8.2 (0.11) 12.3 (0.01)

C1d 4.1 (0.02) 4.8 (0.02) 5.7 (0.01) 3.8 (0.03) 4.2 (0.01) 4.5 (0.01) 7.1 (0.22) 9.2 (0.15) 8.5 (0.05)
C2 3.8 (0.03) 4.6 (0.02) 5.0 (0.02) 3.7 (0.02) 4.1 (0.03) 4.3 (0.01) 8.0 (0.19) 7.7 (0.16) 5.9 (0.07)
2A 4.1 (0.02) 4.7 (0.04) 5.0 (0.01) 4.1 (0.02) 4.3 (0.03) 4.5 (0.02) 15.4 (0.11) 20.5 (0.21) 17.6 (0.16)
3C 3.8 (0.02) 4.7 (0.02) 5.1 (0.01) 4.2 (0.01) 4.5 (0.02) 4.8 (0.01) - 6.0 (0.24) 8.2 (0.17)
4B 4.0 (0.02) 4.7 (0.03) 4.8 (0.02) 4.3 (0.01) 4.5 (0.02) 4.8 (0.01) 10.8 (0.12) 9.6 (0.18) 3.9 (0.23)
5C 4.2 (0.02) 4.8 (0.03) 5.0 (0.02) 4.6 (0.02) 4.7 (0.02) 5.0 (0.01) 1.0 (0.11) 3.8 (0.17) 3.7 (0.11)

Mean * 4.1 (0.02) Aa 4.7 (0.03) Ab 5.1 (0.02) Ac 4.1 (0.02) Aa 4.3 (0.02) Aa 4.6 (0.01) Ab 6.4(0.17) Aa 8.4 (0.17) Ab 7.1 (0.11) Ba

IG9
A/C1 3.8 (0.03) 4.7 (0.02) 5.7 (0.04) 3.8 (0.02) 3.8 (0.01) 4.6 (0.01) 6.2 (0.27) 22.7 (0.32) 19.4 (0.31)

Cd 4.0 (0.02) 5.0 (0.02) 5.7 (0.06) 3.9 (0.02) 4.2 (0.02) 4.4 (0.01) 8.6 (0.23) 9.7 (0.25) 12.5 (0.01)
2A 4.1 (0.04) 4.9 (0.02) 5.4 (0.04) 4.2 (0.02) 4.4 (0.02) 4.7 (0.01) 25.2 (0.14) 23.3 (0.33) 21.5 (0.13)
3C 4.2 (0.02) - 5.5 (0.02) 4.4 (0.02) - 4.9 (0.01) - 16.8 (0.17) 9.2 (0.12)
4B 4.3 (0.03) 4.8 (0.04) 5.1 (0.02) 4.5 (0.02) 4.7 (0.02) 5.0 (0.01) 10.8 (0.28) 12.8 (0.24) 11.3 (0.17)
5C 4.5 (0.01) 4.9 (0.04) 5.1 (0.02) 4.6 (0.01) 5.0 (0.02) 5.3 (0.01) 10.8 (0.23) 0.8 (0.24) 5.1 (0.35)
6C 4.4 (0.03) 5.0 (0.02) 5.3 (0.01) 4.8 (0.02) 5.0 (0.01) 5.4 (0.02) 0.6 (0.17) 0.3 (0.25) 0.5 (0.10)

Mean * 4.2 (0.03) Aa 4.5 (0.03) Ab 5.1 (0.03) Ac 4.4 (0.02) Ba 4.2 (0.01) Aa 4.9 (0.01) Bb 8.4 (0.23) Ba 9.3 (0.26) Bb 9.2 (0.17) Ab

* Depth-weighted average (different uppercase letters express significant difference within the column; different lowercase letters express significant difference within the row; one-way ANOVA, p < 0.05).
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Table 4. Total organic carbon, total nitrogen, and C/N at different sites (means and standard error).

Sites
Total Organic Carbon (g/kg) Total Nitrogen (g/kg) C/N

2007 2011 2019 2007 2011 2019 2007 2011 2019

IG7
A/C1d - 1.1 (0.1) 3.6 (0.1) - 0.1 (0.04) 0.5 (0.03) - 12.4 (0.3) 7.7 (0.5)

C1d - 1.1 (0.1) 2.2 (0.3) - 0.1 (0.02) 0.4 (0.03) - 12.4 (0.6) 5.7 (0.5)
C2d - 0.8 (0.1) 1.3 (0.1) - 0.1 (0.02) 0.5 (0.04) - 11.1 (0.4) 2.8 (0.2)
C3 - 0.8 (0.2) 2.8 (0.1) - 0.1 (0.02) 0.4 (0.02) - 11.1 (0.2) 7.5 (0.8)
C4 1.3 (0.2) 1.3 (0.3) 8.0 (0.1) - 0.1 (0.02) 0.8 (0.01) - 11.4 (0.2) 10.2 (0.1)

2A1 83.9 (1.6) 96.8 (1.5) 70.6 (1.7) 6.8 (0.1) 7.8 (0.2) 5.8 (0.1) 12.4 (0.5) 12.5 (0.6) 12.2 (0.1)
2A2 46.4 (1.2) 37.5 (1.5) 59.8 (1.1) 3.8 (0.2) 3.3 (0.2) 5.2 (0.2) 12.3 (0.6) 11.4 (0.7) 11.6 (0.1)
2BW 31.0 (1.1) 32.3 (1.2) 31.6 (1.2) 2.6 (0.1) 2.9 (0.1) 2.8 (0.2) 11.8 (0.5) 11.2 (0.2) 11.3 (0.1)
3C 0.6 (0.1) 2.2 (0.3) 4.9 (0.2) - 0.2 (0.03) 0.7 (0.02) - 10.9 (0.3) 7.5 (0.2)

Mean * 17.7 (0.8) Aa 18.7 (0.6) Aa 20.6 (0.5) Ab 1.4 (0.1) Aa 1.5 (0.1) Aa 1.8 (0.1) Aa 12.1 (0.5) Aa 11.4 (0.4) Aa 9.1 (0.3) Ab

IG8
A/C1d 21.9 (1.2) 11.1 (0.1) 38.0 (1.5) 0.9 (0.04) 0.6 (0.04) 2.4 (0.1) 24.5 (1.2) 18.1 (0.7) 15.8 (0.4)

C1d - 0.4 (0.01) 1.5 (0.4) - 0.1 (0.03) 0.4 (0.02) - 5.5 (0.4) 3.9 (0.1)
C2 0.5 (0.01) 0.8 (0.01) 2.3 (0.4) - 0.1 (0.04) 0.4 (0.01) - 8.3 (0.1) 5.2 (0.2)
2A 60.5 (1.2) 87.1 (1.2) 69.2 (1.4) 4.2 (0.1) 6.4 (0.1) 5.2 (0.1) 14.6 (0.5) 13.6 (0.6) 13.3 (0.4)
3C 20.1 (1.1) 19.8 (1.1) 36.3 (1.4) 1.4 (0.1) 1.6 (0.1) 2.7 (0.3) 14.5 (0.4) 12.2 (0.5) 13.5 (0.4)
4B 31.8 (1.2) 31.1 (1.1) 22.9 (1.3) 2.2 (0.1) 2.6 (0.1) 1.9 (0.3) 14.2 (0.5) 11.9 (0.7) 12.3 (0.2)
5C 2.8 (0.1) 5.0 (0.1) 3.7 (0.1) - 0.4 (0.01) 0.5 (0.01) - 13.2 (0.7) 6.9 (0.2)

Mean * 14.1 (0.8) Ba 17.2 (0.5) Ab 16.2 (0.9) Bb 0.9 (0.1) Ba 1.3 (0.1) Ab 1.3 (0.1) Bb 16.9 (0.7) Ba 10.8 (0.5) Bb 8.2 (0.3) Bc

IG9
A/C1 - 58.5 (1.4) 47.8 (1.6) - 4.1 (0.1) 4.1 (0.1) - 14.2 (0.3) 11.7 (0.3)

Cd 0.2 (0.01) 1.6 (0.4) 11.1 (0.1) - 0.1 (0.01) 1.2 (0.1) - 12.0 (0.5) 9.3 (0.6)
2A 76.9 (1.1) 74.1 (1.5) 59.5 (1.4) 6.2 (0.1) 6.6 (0.1) 5.7 (0.1) 12.4 (0.7) 11.2 (0.4) 10.5 (0.1)
3C 20.7 (1.3) - 44.5 (1.3) 1.7 (0.1) - 4.0 (0.1) 12.1 (0.3) - 11.0 (0.1)
4B 30.2 (1.5) 40.6 (1.5) 41.9 (1.4) 2.7 (0.1) 3.7 (0.2) 3.9 (0.3) 11.4 (0.3) 11.1 (0.4) 10.9 (0.2)
5C 7.1 (0.1) 1.6 (0.3) 7.9 (0.1) 0.5 (0.02) 0.1 (0.03) 0.9 (0.02) 14.8 (0.3) 12.5 (0.4) 9.1 (0.1)
6C - 0.4 (0.02) 1.4 (0.2) - 0.1 (0.01) 0.3 (0.02) - 9.0 (0.2) 4.4 (0.2)

Mean * 16.7 (0.8) Aa 20.2 (0.9) Bb 24.5 (0.9) Cc 1.3 (0.1) Aa 1.7 (0.1) Ab 2.3 (0.1) Cc 12.6 (0.4) Aa 10.3 (0.4) Bb 8.8 (0.2) Bc

* Depth-weighted average (different uppercase letters express significant difference within the column; different lowercase letters express significant difference within the row; one-way ANOVA, p < 0.05).
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Similarly, for the volcanic ash soil accumulated after the volcanic eruption in 2000, the
TN content of IG8 was 0.65–0.90 g/kg in 2007, and the TN content of IG7, IG8, and IG9
in 2011 was 0.07–0.09 g/kg, 0.06–0.61 g/kg, and 0.13–4.11 g/kg, respectively. In 2019, the
TN content of IG7, IG8, and IG9 was 0.38–0.79 g/kg, 0.38–2.41 g/kg, and 1.19–4.08 g/kg,
respectively, and was consistent with the change in the TOC. The soil TN also significantly
increased with time and decreased with the increase in altitude (p < 0.05; Table 4). At the
same time, a large amount of soil nitrogen was accumulated in deep soil (Table 4).

The C/N ratio of IG7 in 2007, 2011, and 2019 was 11.81–12.36, 10.91–12.49, and
2.80–12.15, respectively, and the C/N ratio of IG8 was 6.82–24.52, 5.46–18.14, and 3.87–15.78,
respectively. The C/N ratio of IG9 was 11.35–12.42, 8.98–14.23, and 4.39–11.73, respectively.
The C/N ratio significantly decreased over time (p < 0.05; Table 4), and the C/N ratio in
the surface horizon was higher, which is consistent with the results of the previous studies,
as the C/N ratio of most of the volcanic ash soil profiles decreases with the depth [37–39].

3.7. Evaluation of SQI

The first three principal components explained 85.66% of the total variance (Table 5),
and highly weighted indicators were selected from the first three principal components. The
highly weighted indicators in the same principal component were significantly correlated
with each other, and finally, Total organic carbon (TOC), Gas fraction (GF), and pH (H2O)
were selected for the calculation of soil quality index (SQI). With the weighting values
based on PCA, the calculation of SQI is given by Equation (3):

SQI = 0.62TOC + 0.23GF + 0.15pH (3)

Table 5. Principal component analysis of soil quality indicators.

Principal Component PC1 PC2 PC3

Eigenvalues 6.94 2.55 1.65
Variance (%) 53.36 19.62 12.68
Bulk density −0.96 −0.16 −0.10

Capillary porosity 0.93 −0.22 0.17
Porosity 0.92 0.28 0.10

Solid fraction −0.92 −0.28 −0.10
Total nitrogen 0.90 0.29 0.08

Total organic carbon 0.90 0.30 0.02
Liquid fraction 0.88 −0.41 −0.16

Cation exchange capacity 0.82 0.20 −0.14
Gas fraction −0.47 0.81 0.31

Non-capillary porosity −0.34 0.80 −0.16
pH (H2O) −0.09 −0.47 0.74

Hydraulic conductivity −0.26 0.53 0.70
pH (KCl) 0.09 −0.38 0.62

Bold factors are considered highly weighted. PC1, PC2, PC3 indicate the first principal component, second
principal component, and third principal component, respectively.

Generally, the soil quality index decreased with soil depth and increased with time
(Figure 4). In 2019, the surface soil quality index of IG7 was 0.27, which was still lower
than that of IG8 and IG9. The buried A horizon still had a higher soil quality index. The
classification according to the vegetation type showed that the soil quality index of the
surface soil with the highest weathering degree increased gradually with the vegetation
succession, and the soil quality index of forest land was much higher than that of grassland
(Figure 5).
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Figure 4. Soil quality index at different sites; different letters express significant difference at the same soil horizon (one-way
ANOVA, p < 0.05).

Figure 5. Soil quality index of vegetation types along the successional gradient.

4. Discussion

The soil was formed under the comprehensive actions of climate, vegetation, topog-
raphy, parent materials, and other factors, and it constantly changed with the vegetation
succession. Soil nutrients accumulated continuously with the succession of plant communi-
ties, and soil physical properties improved gradually [40]. Different vegetation types lead
to differences in root system, litter amount, litter composition, and litter decomposition rate,
which leads to differences in soil physical properties [41]. Consistent with previous studies,
the vegetation coverage gradually increased over time [42]. In this study, nearly 19 years
after the volcanic eruption in 2000, it was found that IG7 was still occupied by herbs (Mis-
canthus condensatus) and that IG8 was covered with herbs (Miscanthus condensatus), some
shrubs (Rubus trifidus), and small nitrogen-fixing trees (Alnus sieboldiana), providing strong
support for the growth of other plants, as observed in IG9. Before the volcanic eruption,
IG9 was a subtropical forest dominated by Castanopsis sieboldii, and the colonization of
pioneer tree species, such as Alnus sieboldiana, could accelerate the succession to the top
forest community. Plants affect soil structure and function by promoting microbial activity
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and the quantity and quality of soil organic matter input [43]. The soil shows a higher
mineralization rate of carbon and nitrogen with the vegetation restoration. Many studies
have shown that soil function increases with the increase in plant species richness and di-
versity, such as increasing soil carbon and nitrogen content [44,45], reducing leaching, and
improving soil nutrients [46,47]. In this study, the soil quality index increased gradually
with the succession from bare land to forest land, which showed the effect of vegetation on
soil development. Correspondingly, the plant root system under the soil surface grew from
scratch; from less to more, the small gravel gradually disappeared, and the soil surface
gradually changed from a hard massive structure to a loose and porous crumb structure.
Since Miyake-jima Island is a basaltic stratovolcano with a large amount of calcium in
volcanic ash, the calcium was combined with volcanic gas to form hard gypsum (calcium
sulfate). In 2007, the surface horizon of IG7 soil was still covered with a hard platy structure
with a thickness of 3 cm, which was then replaced in 2019 with an organic horizon with a
crumb structure with slightly sticky plastic.

Nearly 19 years after the last volcanic eruption in 2000, IG7 formed a thinner organic
horizon, although the soil properties, such as porosity and bulk density, were still lower than
those of IG8 and IG9 at low elevations. Unlike IG8 and IG9 covered with shrubs and trees,
IG7 was still covered with herbaceous vegetation, showed underdeveloped roots and poor
soil permeability. Yu et al. [48] showed that there was a significant positive linear correlation
between the soil root density and soil porosity. With the gradual vegetation succession
progress, the root system gradually developed, and the improvement effect on the soil
bulk density and porosity was gradually strengthened, leading to positive feedback. With
the succession of vegetation, the soil bulk density of the IG7, IG8, and IG9 plots gradually
decreased, and the soil porosity gradually increased, especially in the surface horizons.

As an important part of soil, soil moisture is related to the transformation and
metabolism of matter in the soil, and it plays an important role in the processes of parent
material weathering and soil formation. The soil moisture of the IG7, IG8, and IG9 sample
plots decreased with the depth, which is consistent with the previous studies. In particular,
Miyake-jima Island is an erupting active volcano, and it has an organic horizon with a
larger capillary porosity and water content, a relatively loose soil structure in the deep soil
horizon, and a water storage capacity stronger than that of other soil horizons on the island.
The results of soil porosity showed that IG9 with thinner soil accumulation has looser
soil and better water storage capacity. Furthermore, the soil bulk density decreased, and
the porosity increased with the vegetation succession, thus increasing the soil hydraulic
conductivity. Generally, the soil hydraulic conductivity is related to the soil non-capillary
porosity, which is aerated and permeable because it is macroporous, and macropores
form macropore flow in the soil, which was proven to be the main factor that determines
the soil hydraulic conductivity [49]. Biological macropores (such as root channels) have
good connectivity and large pore diameter, which is conducive to the flow of water in
soil [50]. In addition, a part of the soil horizon with the large non-capillary porosity, such
as the C2d horizon in IG7, had an impact on the hydraulic conductivity due to its massive
structure type [51].

With the gradual succession of vegetation growth, the increased amount of litter plays
an important role in supplementing soil carbon pools. Furthermore, the biological processes
among plants, soil microorganisms, soil animals, as well as abiotic processes, such as the
environment and climate, promote the rapid accumulation of surface soil carbon [52,53].
At the same time, with long-term vegetation succession, vegetation cover can fix soil and
reduce the losses of soil carbon and nitrogen, which are caused by soil erosion [54]. The
soil carbon and nitrogen of the IG7, IG8, and IG9 plots gradually increased with time. Since
the IG7 plot, which was near the crater, was still in the herbaceous plant succession stage,
the accumulated soil carbon and nitrogen contents were still much lower than those of
IG8 and IG9, especially in the surface horizon in which the accumulation of carbon and
nitrogen was obvious, even though it increased compared with previous years. Due to
the input of organic matter from the roots and root exudates to the deep soil, the carbon
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and nitrogen contents in the deep soil increased [55], but the growth rate was much lower
than that in the surface horizon. Consistent with the results of previous studies, nitrogen
limitations generally exist in the processes of soil formation that are accompanied by
vegetation successions from the bare lands formed after volcanic eruptions, the C/N ratio
gradually decreases with the growth of vegetation, especially in regards to the colonization
of nitrogen-fixing plants, and the C/N ratio of most volcanic ash soil profiles decreases
with the depth [56]. The soil carbon and nitrogen content are closely related to the physical
properties of soil. Sokozoowska et al. [57] showed that the soil enzyme activity and soil
microbial content are positively correlated with the soil pore volumes, which can hold air
and water. The soil water content and availability can affect the diversity and richness of
soil microorganisms, and the decrease in the soil bulk density can promote the survival
and development of soil microorganisms. The dynamics of the soil microbial community
and the increase in biomass may affect the biogeochemical cycle of soil carbon and other
nutrients, resulting in higher carbon sequestrations [58–60].

5. Conclusions

Vegetation succession and the physical and chemical properties of soil influence each
other on Miyake-jima Island. Nineteen years after the volcanic eruption, herbaceous
vegetation, shrub vegetation, and tree vegetation were formed in high, middle, and low-
altitude areas, respectively. The carbon, nitrogen, bulk density, and water holding capacity
are the key factors in the succession of the soil’s physical and chemical properties. In the
process of vegetation growth, the soil bulk density gradually decreased, while the porosity
and soil water storage gradually increased. In addition, the soil pH, CEC, and carbon and
nitrogen contents further increased, and the change in the soil surface horizon was most
obvious. However, the buried horizons of the volcanic ash before the volcanic eruption in
2000 stored a large amount of carbon and nitrogen, and the soil properties were relatively
stable. There were some differences in soil covered by different vegetation, and the soil
properties of shrubland and forest land were slightly different. However, there was a great
difference in the soil properties at the succession stage of the herbaceous communities
in the high elevations. The soil quality index (SQI) also reflects the same result, and the
surface soil quality index at the grassland was still lower than that in shrubland and
forest land, and the soil quality index increased gradually with vegetation succession.
Under the influence of vegetation, a thinner organic layer was formed 20 years after the
volcanic eruption in the high-altitude area, while the organic matter layer was formed in
the low-altitude area after 11 years, accumulating more soil carbon and nitrogen than the
high-altitude areas.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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