i@ Journal of Ecological Engineering

Received: 2023.07.04
Accepted: 2023.08.08
Published: 2023.08.24

Journal of Ecological Engineering 2023, 24(10), 360-368
https://doi.org/10.12911/22998993/170860
ISSN 2299-8993, License CC-BY 4.0

Volcanic Deposits Thickness and Distance from Mt Semeru Crater
Strongly Affected Phosphate Solubilizing Bacteria Population
and Soil Organic Carbon

Reni Ustiatik’, Ayu Putri Ariska? Qo'id Lugmanul Hakim?,
Kurniawan Sigit Wicaksono', Sri Rahayu Utami'

! Soil Science Department, Faculty of Agriculture, Brawijaya University, JI Veteran, Malang, 65145, Indonesia

2 Study Program of Agroecotechnology, Faculty of Agriculture, Brawijaya University, JI Veteran, Malang, 65145,
Indonesia

3 Master Program of Soil and Water Management, Faculty of Agriculture, Brawijaya University, JI Veteran,
Malang, 65145, Indonesia

* Corresponding author’s e-mail: srirahayu.fp@ub.ac.id

ABSTRACT

Volcanic eruptions cause large-scale damage and leave piles of volcanic material that destroy plants, agricultural
lands, animals, and soil microorganisms, decreasing soil fertility. Therefore, it is necessary to accelerate soil fertil-
ity recovery in post-volcanic eruption areas to resume agricultural activities. This study aims to elucidate the effect
of volcanic deposits on soil fertility as well as explore tolerant plants and bacteria after Mt Semeru eruption. Soil,
volcanic ash, and plant samples were collected from Pronojiwo Sub-regency, Lumajang Regency, East Java, Indo-
nesia. Soil and volcanic ash chemical properties were analyzed (pH, available and total phosphorus (P), potassium
(K), magnesium (Mg), and calcium (Ca) content). Bacteria were isolated and enumerated, then tested for P solu-
bilization (PSB). The result showed that 3 months after Mt Semeru’s eruption, the first succession was fern, moss,
and fungi. Some local plants (banana and coconut) emerge new shoots and recover. A high total P (137.32 mg/kg)
with neutral pH 6.8 was found in the volcanic ash. Total P and available P were higher at the closest distance from
the crater, and soil pH controlled P availability in the soil covered with volcanic deposits. Also, the thickness and
distance from the crater strongly affect organic C, which reduces the PSB population from 10° to 10* CFU/g, com-
pared to unaffected areas. The bacteria exhibited P solubilization activities even under harsh environmental condi-
tions. Thus, accelerating soil fertility restoration by adding organic materials and inoculating beneficial bacteria
(such as PSB) in the post-eruption area is essential as the bacteria benefit both soil fertility recovery and agriculture
sustainability in degraded lands (e.g., post-eruption).
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INTRODUCTION

Indonesia lies in the Pacific Ring of Fire, which
causes frequent earthquakes and many active vol-
canoes (Masum & Akbar 2019). From December
2021 to February 2023, Mt Semeru frequently re-
leased volcano-pyroclastic flow and ash after long
dormant. Volcanic eruptions affect nearby agricul-
tural lands, due to the damage caused by the ac-
cumulation of volcanic ash and floods (Detikcom
2021). When a volcano erupts, tons of volcanic
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materials (rock and ash) are released into the atmo-
sphere, then deposited on the land surfaces lead-
ing to soil compaction, which is one of the limiting
factors for plant growth (Fiantis et al. 2019).

The eruption of Mt Semeru spewed pyroclas-
tic materials within 1-5 km that contain danger-
ous compounds such as hydrogen sulfide (H,S),
sulfur dioxide (SO,), and nitrogen dioxide (Voi.id
2021). Also, volcanic ash contains toxic trace ele-
ments such as arsenic (As), cadmium (Cd), cop-
per (Cu), cobalt (Co), chromium (Cr), and zinc
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(Zn) (Lestiani et al. 2018). Besides the negative
impact, pyroclastic material of volcanic eruptions
is beneficial for soil fertility in the future (Fiantis
et al. 2019; Smithsonian Institution 2022).

Deposited volcanic ash in the soil decreases
soil quality because the accumulation of volcanic
materials reduces soil water content, soil pH, or-
ganic matter, microbial biomass, and enzymatic
activity, such as P-glucosidase, glycine amino-
peptidase, and acid phosphatase (Berenstecher
et al. 2017). Previous studies reported that the
addition of fresh or decomposed organic materi-
als accelerates post-eruption land rehabilitation
because organic materials increase soil electrical
conductivity (EC), organic carbon (C), total nitro-
gen (N), and available phosphorus (P), and main-
tain soil chemical properties (Utami et al. 2017;
Utami et al. 2019; Ferreiro et al. 2020).

Volcanic deposits originally contained no or-
ganic C and the rapid soil organic carbon (SOC)
accumulation is from lichens and tolerant vascu-
lar plants (Fiantis et al. 2019), such as pine tree
(Conifer) and grass (Poaceae). The tolerant plants
have been reported to be associated with plant
growth-promoting microorganisms that support
the plants in a new deposit, which lack soil mois-
ture and available nutrients (Shirouzu et al. 2014;
Guo et al. 2021). The association contributes to
plants’ adaptation and proliferation in areas close
to an active volcano. Moreover, the beneficial
microorganism can be used as biofertilizers to
promote plant growth in degraded areas, e.g.,
post-volcanic eruption and heavy metals con-
tamination more efficiently due to the microor-
ganisms survive under unfavorable environments
(Rincon-Molina et al. 2020; Ustiatik et al. 2022a).

The beneficial microorganisms exhibit par-
ticular traits related to the production of plant
growth-promoting substances, such as ammo-
nium from free N, in the air (free-living diazot-
rophic), indole acetic acid, and siderophores (Us-
tiatik et al. 2021a; Ustiatik et al. 2022b). After
disturbances, microorganism abundance (bacteria
and fungi) is higher in the rhizosphere area of
pioneers (indigenous) plants in order to survive
under unfavorable environments (Ustiatik et al.,
2021b; Ustiatik et al., 2022a). Microorganisms
require metabolite products from plants, such as
polysaccharides from root exudates. In return,
microorganisms provide soil nutrients for plants
(Jacoby et al. 2017). The association between
plant growth-promoting microorganisms and pio-
neer plants can accelerate soil fertility recovery

after a volcanic eruption. This study aims: 1) to
elucidate the effect of volcanic deposit thickness
and the distance from Mt Semeru crater on soil
fertility; 2) to isolate and screen tolerant plants
and bacteria with P solubilizing trait after Mt Se-
meru eruption. Furthermore, the tolerant bacteria
and plants will be beneficial for land rehabilita-
tion after volcanic eruptions in the future.

MATERIALS AND METHODS

Study site and design

The study was conducted from March to De-
cember 2022 (3—9 months after Mt Semeru’s erup-
tion in December 2021). Soil and volcanic ash
sampling were carried out in agricultural areas af-
fected by Mt Semeru eruption, concentrated in Su-
piturang Village, Pronojiwo Sub-Regency, Luma-
jang Regency, East Java, Indonesia (Figure 1).
Sampling points were determined using purpo-
sive random sampling.

The study was designed using a completely
randomized factorial design with 2 factors. Factor
(1) consisted of 3 distances from the crater (namely
6.5 km (J1), 8 km (J2), and 9.5 km (J3)) and factor
(2) consisted of 2 thickness of volcanic ash (<20 cm
(T1) and >20 cm (T2)) with 3 replications. Three
sampling points were collected from unaffected ar-
eas as control (T0). At each sampling point, samples
were taken from 3 different points, then composited
into one sample (total 21 samples).

Soil and volcanic ash analysis

Soil and volcanic ash were analyzed for
chemical properties that consisted of organic C
(Walkey and Black), pH (Electrometry), available
and total P (Bray I and HCI 25% extraction), cal-
cium (Ca) and magnesium (Mg) (extracted by 1
M NH,OAc pH 7, measured using Atomic Absor-
bance Spectrophotometry, Thermo-Fisher, USA).

Total and P-solubilizing bacteria
enumeration and characterization

Five grams of samples (soil mixed with volca-
nic ash) were mixed with 45 mL of sodium chlo-
ride (NaCl) solution 0.9% (v/v). The suspensions
were transferred into test tubes for serial dilution
at a ratio of 1:9 (1 mL of sample suspension and
9 mL of 0.9% NaCl solution). Serial dilution was
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made up to 107, An aliquot (0.1 mL) of each serial
dilution (10, 1073, 103, and 107) was cultured onto
nutrient agar (NA: 15 g/L agar, 5 g/L NaCl, 5 g/L
peptone, 2 g/L yeast extract, and 1 g/L beef extract)
for total bacterial enumeration. P-solubilizing bac-
teria were tested using Pikovskaya medium (yeast
extract 0.5 g/L, dextrose 10 g/L, Ca,(PO,), 5 g/L,
(NH,),S0, 0.5 g/L, KC10.2 g/L., MgSO, 7H,0 0.1
g/L, MnSO,.H,0 0.0001 g/L, FeSO, 0.0001 g/L,
and agar 15 g/L). Each treatment was made in trip-
licates. Positive results were indicated by a clear
zone around the bacteria colonies. Bacteria popu-
lation were enumerated according to standard plate
count method (Cappuccino & Welsh 2017).

Data analysis

Statistical analysis was conducted using
GenStat 12" Edition. The obtained data were
subjected to a data normality test using Shapiro
Wilk’s test. Abnormal distribution data were sub-
sequently transformed using square root (Sqrt) or
logarithm (Log10), and then statistically analyzed
using a one-way analysis of variance (ANOVA).
The difference between treatment means was
tested using Tukey Test at 5% significance level.
Principal Component Analysis (PCA) was run to
determine the principal parameters among tested
soil fertility parameters strongly affected by vol-
canic eruption.
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Figure 1. Soil and volcanic ash sampling site
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RESULTS

Study site condition after 3 months of eruption

Three months after the eruption of Mt Semeru
in December 2021, the first succession that grew
on the study site covered with pyroclastic materials
were fern, moss, and fungi that inhabited the death
trees (Figure 2). Some local plants can recover,
namely taro, banana, and other big trees (e.g, coco-
nut, jack fruit, and bitter bean), by emerging new
shoots and branches (Figure 2). However, some
others could not survive after the volcanic erup-
tion. The survival plants were recorded as tolerant
plants. The chemical properties of the volcanic ash
were high in P content with neutral pH. As per oth-
er essential macronutrients, exchangeable K, Ca,
and Mg concentrations were low (Table 1).

Soil chemical properties at three different
distances from Mt Semeru Crater

The chemical analysis result showed that dis-
tances from Mt Semeru crater and volcanic ash
thickness significantly affected soil pH, organic
C, total P, and available P (p<0.05) (Figures 3a-d).
However, there was no significant difference in

Table 1. Chemical properties of volcanic ash

Parameters Units Results
pH H,0 - 6.80
pH KCI - 6.10
Total P mg/kg 137.32
Exchangeable K me/100g 0.06
Exchangeable Ca me/100g 3.71
Exchangeable Mg me/100g 0.30

First succession i

emarks:
ed arrow: Death plant that can not recover after the volcanic eruption
reen arrow: Plant species that can recover after the volcanic eruption

Figure 2. Primary succession and tolerant plants after Mt Semeru eruption
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the total P (p>0.05) (Figure 3c), even though a sig-
nificant difference was found in the soil available
P (p<0.05) (Figure 3d). Soil pH after volcanic ash
deposit ranged from neutral to slightly acidic. The
highest total P and available P content were at the
distance of 6.5 km from the crater (the closest dis-
tance in this study) and a thickness of less than 20
cm, 627.79 mg/kg and 20.61 mg/kg, respectively.
The highest available P in the affected area is simi-
lar to the available P in the unaffected area (con-
trol). Also, the highest concentration of organic C
was at <20 cm of the farther distance from Mt Se-
meru crater (9.5 km), similar to the unaffected area.
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Bacteria enumeration and characterization

After the volcanic eruption, total bacteria
population was significantly affected by deposits
of volcanic materials. The bacteria population in
the study site was in the range of 10°~10* CFU/g
(Figure 4). The distance from Mt Semeru crater
and volcanic ash thickness significantly affected
the total bacteria population (p<0.05), which
was higher in the farther area (9.5 km) than in
the closer area from Mt Semeru crater (6.5 km).
Moreover, in the thicker area covered by volcanic
ash, the total bacteria population was also low.
However, this study highlighted that the distance
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Figure 3. Soil pH (a), C-organic (b), total P (¢), and available P (d) of the post-volcanic areas at three different
distances from Mt Semeru crater (6.5, 8, and 9.5 km) and volcanic deposit thickness (0, <20, and >20 cm). Means
with different letters are significantly different (p<<0.05), as determined by Tukey’s test
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Figure 4. Enumeration of total (a) and P solubilizing bacteria (b) of the post-volcanic areas at three different
distances from Mt Semeru crater (6.5, 8, and 9.5 km) and volcanic deposit thickness (0, <20, and >20 cm). Means
with different letters are significantly different (p<0.05), as determined by Tukey’s test
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Figure 5. Biplot of principal component analysis

from Mt Semeru crater and volcanic ash thickness
did not significantly affect P-solubilizing bacteria
population, which the highest population found at
<20 cm in a distance of 8 km (2.56x10* CFU/g).

Effects of distance from the crater
and volcanic ash thickness on soil
fertility after Mt Semeru eruption

PCA analysis showed that among measured pa-
rameters (Figure 5), P solubilizing bacteria (PSB)
population and organic C were strongly affected by
the thickness of volcanic deposits and the crater dis-
tance (PC2). However, soil pH was the opposite of
both parameters, as the pH was lower at topsoil than
subsoil at distances 8 and 9.5 km from the crater.
Soil organic C was higher on topsoil than subsoil,
followed by the PSB population that was in line with
organic C at 3 distances from the crater. Also, total P
was in line with available P as available P was high-
er on subsoil than topsoil at 8 and 9.5 km from the
crater, but it was the opposite for the closet distance
(6.5 km). Both available P and total P parameters
were strongly correlated with pH (PC1). Moreover,
total P, available P, and PSB population were in line
at 2 distances, 8 and 9.5 km, respectively.

DISCUSSION

Three months after Mt Semeru’s eruption,
some pioneer plants grew and started to colonize

areas covered with pyroclastic material (e.g.,
moss, fungi, and fern). Also, some local species
recovered (e.g., banana and coconut). Bananas re-
emerged through their rhizomes buried with vol-
canic ash and coconut trees re-grew by emerging
new shoots after all the leaves were burned with
hot volcanic ash. Several plants were tolerant af-
ter a volcanic eruption, such as Conifer (pine tree)
and Poaceae (grass, e.g., Miscanthus condensatus
and Andropogon glomeratus) that are associated
with plant growth-promoting bacteria to support
the plants in a new deposit which lacks available
soil nutrients (Shirouzu et al. 2014; Guo et al.
2021). Fern from Pteridiceae family (Cheilantes
aemula) is one of pioneer plants that colonized a
recent deposit of pyroclastic materials (Rincon-
Molina et al. 2022) and tolerate extreme environ-
mental conditions because plant growth-promot-
ing bacteria colonization (Rincon-Molina et al.
2020; Rincon-Molina et al. 2022). Also, the first
succession on a newly exposed volcanic deposit
after 3 years of Mt Merapi eruption was covered
by mosses that were also colonized by Oxalobac-
teraceae, moss-associated bacteria (Lathifah et al.
2019). This indicates that in unfavorable environ-
ments, plants are symbiotic with microorganisms.
This study found yellow fan-shaped fungi on dead
trees (Figure 2). The fungus is a decomposing
fungus from Dacrymycetaceae family that inhab-
its dead trees and litterfall (Lung & Hoang 2017).
The fungus is an efficient wood decayer (Shirouzu
et al. 2014). Thus, this study suggested that the
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fungus colonialization might accelerate organic
materials decomposition to supply soil nutrients
for the new ecosystem in the post-eruption areas.

After Mt Semeru eruption, the closest area to
the crater was covered with thicker pyroclastic
materials, mainly volcanic ash, that affected soil
fertility. Soil chemical properties were strongly
affected after being covered with volcanic depos-
its, specifically soil organic C and total P. Com-
pared to unaffected areas, soil total P was higher
and aligned with available P. The available P was
strongly influenced by pH and total P from parent
materials as the source of P, which was in line with
volcanic ash thickness as the volcanic ash contains
high P (137.32 mg/kg). However, soil pH at the
unaffected and affected areas were neutral as the
characteristics of the volcatic deposits is neutral.
Soil pH affects P availability as pH influences the
activity of phosphatases, which are enzymes that
break down P-containing compounds in the soil.
Phosphatases are more active in alkaline soils
than in acidic soils (Margalef et al. 2017; Sun et
al. 2020). This study predicted that high P content
in the study area is essential for soil fertility in the
future, specifically when parent materials (e.g.,
volcanic ash) are weathered, as P is an essential
macronutrient and one of its primary sources is
from parent materials (Fiantis et al. 2019).

This study highlighted that the PSB population
and organic C decreased as the volcanic deposit
thickened. Organic C in the affected areas was
lower than in unaffected areas, low organic C was
found at >20 cm due to organic materials accumu-
lated in the topsoil before the volcanic eruption,
then buried with volcanic deposits. Pristine vol-
canic deposits initially contain no organic carbon,
then C content increase within 100 years due to or-
ganic matter accumulation in the surface horizons,
up to 10% in the topsoil (Fiantis et al. 2019). In
line with organic C, a low abundance of PSB was
found at >20 cm as C content of soil organic matter
increases soil microbes’ productivity (Widdig et al.
2019; Djuuna et al. 2022). Thus, this study sugge-
sted that adding organic material in the post volca-
nic eruption areas is crucial as the organic material
strongly influences soil properties, mainly micro-
bial activity, in supporting soil fertility recovery.

The isolated bacteria solubilized Cas(PO4)2
(one of P sources) for plant growth and energy
source, as P is an essential nutrient (Crowe et al.,
2018). Inoculation of PSB will be beneficial for
not only soil fertility recovery but also agriculture
sustainability in degraded lands (e.g., post-mining
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and post-eruption) (Alori et al., 2017; Bai et al.,
2022). Thus, the isolated bacteria are practical
for accelerating soil fertility recovery in the stu-
dy site. However, further studies are required to
elucidate the effectiveness of these bacteria in
improving soil physical, chemical, and biological
properties in the field. Also, using the bioindica-
tor method to analyze the effect of soil degradati-
on from either natural disasters or man-made on
soil properties is crucial.

CONCLUSION

Three months after Mt Semeru’s eruption,
fern, moss, and fungi were the first succession.
Some local plants (banana and coconut) can re-
cover by emerging new shoots. The volcanic ash
contained high P (total P was 137.32 mg/kg) with
neutral pH 6.8. The highest total P, in line with
available P were found at the closest site to Mt
Semeru’s crater (6.5 km) and P availability was
controlled by soil pH. The thickness and distance
from the crater strongly affected organic C, which
reduced PSB population. The bacteria population
ranged from 10° to 10* CFU/g. The isolated bacte-
ria exhibited P solubilization activity. These bac-
teria are beneficial bacteria that can survive under
harsh environments and have been widely used as
producers of plant growth-promoting substances
and control plant pathogens. Thus, inoculating
these bacteria in the post-eruption area is practi-
cal for accelerating soil fertility recovery. Also,
adding organic material is crucial for faster soil
fertility recovery in post-volcanic eruption areas.
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