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Abstract

The effusive Sinabung Volcano eruption resulting a large negative impact 
on agricultural land, causing soil acidification and nutrient imbalances, 
reducing crop productivity and leading to the declining farmers’ income. 
This study was conducted on the affected area to determine a proper 
agronomic technology package, to assess changes in soil fertility, potato 
yield and quality, and to calculate the economic profit of the tested-
packages. This study was laid out in a completely randomized design with 
five agronomic technology packages, combining organic and inorganic 
fertilizer, lime and sawdust. The result revealed that Package C, applying 
20 t manure + 5 t sawdust + 2 t dolomite + 500 kg NPK + 100 kg Urea + 
100 KCl per hectare, significantly improved soil fertility, increasing soil 
pH from 4.5 to 5.3 and enhancing Cation Exchange Capacity and water 
retention. This package also produced the highest potato yield (39.81 
t/ha), which is statistically significant difference with other packages 
and has the best-quality tubers (grade A to C). Economically, Package 
C received the highest net benefit and benefit-cost ratio per hectare, 
by US $ 12.017.4 and 2.70, respectively. In contrast, the farmers‘ 
practices (Package E) resulted in lower yield, a decline in tuber quality 
and reduced economic income. These findings demonstrate that the 
integrated agronomic technology packages, particularly Package C, 
offer a sustainable and profitable solution for restoring soil fertility 
and enhancing crop production on the volcanic-affected areas. The 
study provides some actionable recommendations for farmers and 
policymakers to support agricultural recovery and resilience in the face 
of natural disasters.
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1 Introduction

As one of the worst natural disasters, volcanic erup-
tions cause negative impacts on ecosystems, infra-
structure and human livelihoods (Briffa et al., 2020; 
Carrillo and Díaz‐Villanueva, 2021). Similarly, Sinab-
ung Volcano eruption which is located in Karo Regen-
cy, North Sumatera Province in Indonesia (Carr et al., 
2022; Sullivan and Sagala, 2020), directly affects the 
agricultural sector through its lava and heavy ashfall. 
Some consequences resulting from this eruption are 
led to extensive soil degradation, changes in soil pH, 
loss and imbalances of soil essential nutrients and 
physical alteration in soil fertility (Fiantis, 2019). 
These consequences continuing give impacts on the 
local farmers, reducing their crop yield and quality 
(Rozaki et al., 2022; Shoji and Takahashi, 2002) and 
surely threatening food security in Karo Regency. 
Thus, the implementation of innovative and well-de-
signed agronomic technology is essential to acceler-
ate sustainable soil fertility and agricultural produc-
tion.

Reaching sustainable soil fertility after an eruption 
is very complicated and difficult due to both chem-
ical and physical soil properties being degraded by 
volcanic ash (Mihai et al., 2023). Although volcanic 
ash is rich in minerals (Delmelle et al., 2015; Vogel, 
2017), unfortunately, in the short term, these miner-
als create acidic soil that restricts nutrient availabil-
ity and plant growth (Anda et al., 2016; Hue, 2022). 
Additionally, the eruption‘s impact on soil physical 
properties, like high bulk density and low water re-
tention, restricts agricultural productivity (Anda et 
al., 2016). Undoubtedly, recovering soil fertility takes 
much time through the natural process and it will 
lead to prolonged agricultural losses. Hence, imple-
menting certain technologies can accelerate the re-
covery of affected agricultural land.

Combining some agronomic technologies, called ag-
ronomic technology packages, refers to a set of scien-
tifically developed agricultural practices and inputs 
which is implemented for a specific environmental 
condition. It is one of the promising approaches to 
solve soil degradation and increase crop production 
in agricultural land due to volcanic eruption. Organic 
amendments, chemical fertilizers and lime need to 

be applied together to achieve optimal results in soil 
health (Lentz et al., 2019; Tya and Bappa, 2024). Ma-
nure and sawdust, as organic amendments, have the 
ability to improve soil structure and texture (Lentz 
et al., 2019; Tya and Bappa, 2024), water holding ca-
pacity (Shaheen and Turaib Ali Bukhari, 2018), bulk 
density and permeability (Tya and Bappa, 2024), 
and microbial activity (Kazeem et al., 2024). While, 
lime (dolomite) helps in neutralizing soil pH and in-
creasing nutrients availability (du Toit et al., 2022; 
Mahmud and Chong, 2022). The addition of chemi-
cal fertilizers plays an important role in soil chemical 
fertility management, especially in volcanic-affected 
areas. These fertilizers will provide soil nutrients (ni-
trogen, phosphorus and potassium) and encourage 
crops to grow better at the vegetative and genera-
tive phases. 

A few studies have investigated the volcanic erup-
tion impact on soil degradation and crop produc-
tion and quality. Thus, this research aims to deter-
mine the most appropriate technology packages to 
solve the issues. Moreover, this research also evalu-
ates the effect of different combinations of organic 
amendments, lime and chemical fertilizers on soil 
chemical and physical properties and crop yield to-
gether with its harvest quality. For the last goal, this 
research counts the economic feasibility by evaluat-
ing the contribution of each package to farmers‘ in-
come. The field trial outputs in this research serve as 
an important input for farmers, extension services, 
local farming groups, researchers and local govern-
ment to generate a comprehensive strategy for agri-
cultural reconstruction. 

2 Materials and methods

2.1 Study area 
The study was conducted in Kutarayat Village, Na-
man Teran District, Karo Regency. It is about 4-5 km 
from the peak of the Sinabung Volcano eruption, and 
located on the highland, about 1,300 m above sea 
level. Karo Regency has diverse topography, placed 
90 – 2,440 m above sea level and covered by Andis-
ols soil (Qadaryanty et al., 2020; Sembiring and Fau-
zi, 2017). Supporting by its climatic and biophysical 
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conditions, this regency is known by its horticultural 
commodities (fruits, flowers and vegetables). As one 
of horticultural commodities, potato is widely culti-
vated-crop and provides significant profits for farm-
ers in Karo Regency (Statistical Institution of Karo Re-
gency, 2022). Besides of its highly selling price due to 
its high market demand, potato also rich in calories, 
protein and vitamins, and categorized as durable 
commodity (Rachman et al., 2021). The details of 
the study area can be observed in Figure 1.

2.2 Experimental design and treatments
Field trials were conducted on the affected area of 
the volcano eruption (30 12‘ 24“ N, 980 25‘ 4“ E). 
The applied experimental design was a randomized 
block design with five treatments (Package A, B, C, D 
and E) and five replications. These treatments, agro-
nomic technology packages, were differentiated by 
the type and quantity of organic and inorganic ferti-

lizers and the dosage of lime application. In terms of 
Packages A and B treatments, the study compared 
the output which is influenced by the implementa-
tion of high and moderate levels of the compound 
fertilizer (NPK). At the same time, this study needs 
to investigate and compare the Package D output, 
which has reduced inputs, with the other packages. 
In line with the treatment, Package D is hypothe-
sized to have the smallest cost compared to the oth-
er. Among the treatments, the study implemented 
sawdust in Package C to test whether the sawdust’s 
unique physical properties could complement ma-
nure and lime combinations, rather than as an in-
dependent variable. In addition, the study needs 
to investigate the Package C’s role as the optimized 
treatment integrating all locally viable amendments 
(manure, lime, sawdust and reduced-NPK). Then, all 
the agronomic technologies for Package E specifi-
cally belong to the farmer‘s behavior, which is used 

Figure 1. The area of study location.
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as the control for the conventional method. The de-
tailed five treatments can be observed in Table 1.

Land preparation was carried out before seeding the 
potato tubers (Granola variety), which have 1-2 cm 
of sprout, by clearing and tilling the soil. Each size of 
the treatment plot was arranged by 8 x 6 m2, and 
then spread the dolomite lime according to the dos-
age of treatment packages. For the sowing distance, 
this study planted the potato tubers by spacing 80 
x 30 cm2; thus, there are 200 numbers of planting 
holes in each plot. Then, the ripe manure was ap-
plied to all the packages in the planting hole but 
with different dosages. The ripe manure was gener-
ated from the chicken manure, sourced from chick-
en husbandry, which is composted for 1-2 months. 
The composting is important to reduce the odor and 
the harmful pathogens and to stabilize the nutrients 
availability. This chicken manure was chosen due to 
its easy accessibility and consistent use by farmers. 
Meanwhile, the sawdust was collected from the lo-
cal timber mills by removing the large debris, leav-
ing only those measure < 1 mm. Then, the sawdust 
was added for Package C only by covering the top of 
planting hole, which is acted as a mulch. The imple-
mentation of sawdust coincided with the application 
of the ripe manure. In terms of Package E, all the 
agronomic technologies are given except dolomite 
lime and sawdust.

Implementation of inorganic fertilizer was start-
ed by applying compound fertilizer of nitrogen (N), 
phosphorus (P) and potassium (K) (16:16:16) before 
seedling the potato tubers. The weeding and hoard-
ing were performed twice in one planting season, 
which is applied at 50 DAP (day after planting) and 
65 DAP. The application of Urea and KCl fertilizers 
was spread at a similar time with the first weeding 
by giving accordingly to each package. Watering is 
important to support the vegetative growth, start-

ing from planting the potato tubers until reaching 70 
DAP. Last, the pest and disease outbreaks were very 
important to be observed and controlled by spraying 
insecticide and fungicide to the infected plant.

2.3 Soil sampling analysis
The soil samples were collected before and after 
the research conducted from each treatment plot. It 
was analyzed to observe the differences in soil phys-
ical and chemical fertility influenced by these treat-
ments. These composite soil samples were taken 
from five points diagonally around the experimental 
location. A total of 500 g of soil is taken from each 
point which is collected from ≤50 cm from the soil 
surface. The depth of soil sample was also consid-
ered the volcanic ash which is covered the agricul-
tural land up to 20 cm (Figure 2 (b)). Some of soil 
chemical and physical parameters are Soil Acidity 
(pH) by pH meter, Organic Carbon (C-org) by the 
walkey and black method, Potassium (K) by atomic 
absorption spectrophotometric (AAS) method, Cal-
cium (Ca) by AAS method, Magnesium (Mg) by AAS 
method, Manganese (Mn) by AAS method, Copper 
(Cu) by AAS method, Cation Exchange Capacity (CEC) 
by AAS method, Soil Texture by hydrometer method, 
Bulk Density (BD) by rings sample method, Permea-
bility by double-ring infiltrometer method and Soil 
Water Content (SWC) by gravimetric water content 
method. 

2.4 Data collection
This study collected data on soil fertility, physiological 
growth, and yield crop parameters. For the soil fertil-
ity, the characteristics of soil were gathered from the 
soil samples which is analyzed before and after the 
experiment was conducted. All soil parameters are 
listed in Section 2.3. While some of the physiological 

Agronomic technol-
ogy

Treatment
Package A Package B Package C Package D Package E

NPK (kg/ha) 750 500 500 250 250
Urea (kg/ha) 200 200 100 100 100
KCl (kg/ha) 200 200 100 100 100
Lime (t/ha) 4 4 2 2 -
Manure (t/ha) 30 30 20 20 10
Sawdust (t/ha) - - 5 - -

Table 1. The agronomic technologies implemented at the treatments.
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growth and yield crop parameters are the height of 
potato plant (cm), number of stems (stems), tuber 
weight per plant (g), number of tubers per plant (tu-
bers), and tuber weight per ha (kg).

The data of physiological crop and yield parameters 
was measured from 10 plant samples per plot; and 
the number of stems and height were measured at 
80 DAP. The height of plant was measured from the 
soil surface up to the highest growing point of plant. 
Meanwhile, the total number and weight of tubers 
data were collected by taking the average value of 
these parameters from 10 plant samples per plot 
during harvesting time. In addition, the observation 
of tuber quality was carried out by weighing the 
weight and counting the number of tubers per plant 
according to the criteria, namely, Class A (> 200 g/
tuber); Class B (151-200 g/tuber); Class C (101-150 
g/tuber); Class D (46-100 g/tuber); and Class E (<46 
g/tuber). 

Finally, the benefit cost ratio (BCR) was calculated 
to measure the economic benefit for every pack-
age. The data of kind, quantity, and price of input 
production (seed, manure, lime, chemical fertilizer, 
pesticide and saw dust) and together with the labors 
cost which is implemented for each package were 
gathered based on field-based data collection. In ad-
dition, data of total production and price of potato 
which is produced by each package were collected 
as well. 

2.5 Statistical analysis and cost-benefit analysis
For statistical analysis, this study used SPSS software, 
version 17 (SPSS Inc., Chicago, II, USA). The Analy-
sis of Variance (ANOVA) was performed to measure 
the significant difference between treatments and 

continue with Duncan’s Multiple Range Test (at p 
≤ 0.05) to recognize the specific significant differ-
ences among treatments. While, the evaluation of 
economic value was measured by benefit cost ra-
tio (BCR) analysis (Alam et al., 2021; Widodo et al., 
2023), as follows :

where:

∏i = farming profit i-th

TRi = total farming revenue i-th

TCi = total farming cost i-th

B/Ci = farming feasibility i-th

3 Results 

Undoubtedly, the Sinabung Volcano eruption bring 
negative impacts in many sectors, such as physical 
and physiological health, economic status, social life, 
environmental condition, etc. (Sullivan and Sagala, 
2020; Tampubolon, 2018). Wright et al. (2019) re-
ported that ten villages were in the evacuation area 
and about 5,000 families or approximately 15,800 
people were displaced since this natural disaster oc-
curred. These impacts resulted from the volcanic ash 
and gasses that spouted during eruption and spread 
around Sinabung Volcano. As farming is the major-
ity occupation of people who live around Sinabung 
Volcano, the volcanic ash causes enormous losses, 
especially in the agricultural sector. The ash covered 
the agricultural land, and the thickness depends on 
the wind direction during the eruption. Qadaryanty 
et al. (2020) stated that agricultural land with an ash 
thickness of > 5 cm has lower soil fertility compared 

πi = TRi - TCi   and   B/Ci = πi⁄TCi

Figure 2. a) The damaged crop by volcanic ash of Sinabung Volcano eruption, b) The thickness of volcanic ash on the ground, c) 
The agricultural land was covered by the volcanic ash at study area.

a b c
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to < 2 cm. Figure 2 illustrates the volcanic ash of Si-
nabung eruption impacts on the agricultural land, 
which is direct to crop production failures.

3.1 The transformation on soil fertility
The majority of affected agricultural land by Sina-
bung Volcano eruption was covered by lava, sand 
and ash by varying thicknesses. These materials 
needed to be cleaned, removed or cultivated before 
starting the planting time. Unfortunately, the mate-
rials that cover the agricultural land more than 50 
cm will not be cultivated for a longer period. Most 
of the materials from this uncultivated land, such as 
rock, sand and ash, were mined to be changed into 
construction materials (Karolina et al., 2015). Tarig-
an (2019) stated that materials spouted during erup-
tion change the chemical, physical and biological 
soil characteristics. The ashfall damaged the agroe-
cosystem by burning the crops, generating the sur-
face crust, lowering soil pH and affecting soil toxicity 
(Anda et al., 2016). Sukarman and Suparto (2015) 
analyzed some ash characteristics generated from 
Sinabung Volcano, i.e., has the loam texture, a very 
strongly acid (pH) and low nutrients content (Cation 
Exchange Capacity). 

3.1.1. The change on soil chemical properties 

At the initial level of the activity, it can be observed 
that soil chemical fertility in the site study area is 
at low level. Based on the criteria for soil chemical 
properties evaluation (Sadovski, 2019; Siswanto, 
2006), soil with a pH of 4.5 (1:1 H2O) is classified at 
the strongly acid level. Some soil macro and micro-
nutrients were analyzed as well and categorized in a 
very low (Ca and Mg), low (Cu and Mn), and moder-
ate availability level (C-org, K and CEC) as follows in 
Figure 3.

After administering the treatment of agronom-
ic technologies, some soil chemical properties are 
change for the better at the specific packages. The 
soil pH increased for all packages, except Package E 
(4.14), which ranges from 4.53 (Package D) to 5.43 
(Package C). In term of soil organic carbon (SOC), the 
content for all packages were decreased range from 
1.96 % (Package C) to 2.73 % (Package D). Package 
B has the highest potassium and calcium contents 
by 1.08 me/100 g and 13.80 me/100 g, respectively, 
while the lowest exist in Package D and Package E, by 
0.89 me/100 g and 2.39 me/100 g, respectively. The 
agronomic technologies treatment delivers Package 
C contains the highest of magnesium content by 0.94 
me/100 g, while the lowest is at Package D by 0.46 

Figure 3. The changes in soil chemical properties after the treatment of agronomic technological packages.
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me/100 g. Meanwhile, the increased of soil micro 
nutrients occurred at all packages, especially for the 
Package E (the farmer’s behavior), bring the highest 
contents of copper and manganese by 8.81 ppm and 
27.69 ppm, respectively. As the last important of soil 
parameter, cation exchange capacity, the agronom-
ic technologies treatment of Package C and E get 
the highest and the lowest of CEC by 36.50 me/100 
g and 26.20 me/100 g, respectively. The detail of 
chemical soil properties before and after treatments 
is presented in Figure 3.

3.1.2. The change on soil physical properties

The implementation of agronomic technologies has 
affected the soil physical properties as well. As pre-
sented in Figure 4, some soil physical properties such 
as soil texture, BD, permeability and SWC were ana-
lyzed in the soil laboratory. In the initial phase, the 
study area mostly covered by sand and followed by 
silt and clay by 64.0 %, 30.0 % and 6.0 %, respective-
ly, which is classified as sandy loam. The value of BD, 
permeability and SWC were informed as well by 1.44 
g/ml, 8.35 cm/hr and 15.0%, respectively. Similarly, 
some agronomic technologies which is implemented 
as the treatment in the field, bring a better result 
at the final stage in these soil physical properties. In 
terms of soil texture, the sand particles decreased 
for all packages, ranging from 37.75 % (Package A) to 
42.22 % (Package B). Then, the silt particle increased 

for all packages as well, ranging from 48.49 % (Pack-
age B) to 57.19 % (Package C). Meanwhile, the clay 
percentage content of Package A and B increased 
slightly; and the rest decreased slightly. Thus, all of 
soil texture packages change from the initial condi-
tion, become silt loam and loam. Figure 4 also shows 
the transformation of soil BD and permeability. The 
value of BD was decreased which is ranges from 1.20 
(Package C) to 1.38 (Package D). Likewise, the value 
of permeability was decreased which is ranges from 
3.10 (Package D) to 6.68 (Package E). Lastly, in terms 
of the soil water content parameter, the values in-
crease for all packages, ranging from 16.5 % (Pack-
age E) to 22.5 % (Package C).

3.2 The effect of agronomic technology 
packages on physiological growth and crop 
production

The results revealed that all parameters were signifi-
cantly affected by the implementation of agronomic 
technologies as follows in Table 2. The Package C of 
agronomic technologies treatment derived the high-
est outputs for all parameters (height, number of 
stems, tubers weight/plant and tubers weight/ha), 
except the parameter of number of tuber/ plants. 
On the contrary, Package E (the farmers’ technology 
behavior), bring the lowest output for all parame-
ters, except the parameter of the number of tubers/
plants. In terms of the height parameter, Package 

Figure 4. The changes in soil physical properties after the treatment of agronomic technological packages..
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C gave the highest rate of potato crop and reached 
46.02 cm, which is significant difference statistically 
with Package D and E, by 40.14 cm and 39.30 cm, re-
spectively. The implementation of agronomic tech-
nologies in Package C brings the highest number of 
potato stems as well by 4.96 and provides significant 
difference with all treatments statistically. Similar-
ly, Package C also gives the highest output in the 
parameter of tuber weight per hectare by 39.81 t/
ha which is statistically significant difference with 
all packages. While, for the parameter of number 
of tubers per plant, Package E and D are the treat-
ments that give the highest and the lowest outputs 
by 10.70 and 6.55 tubers per plant, respectively. The 
detailed output related to the effect of agronomic 
technologies treatment on physiological and potato 
production can be observed in Table 2.

The parameters of weight and number of tubers per 
plant based on the grade classification were meas-
ured as well to identify the quality of potato yield as 
influenced by agronomic technologies implementa-
tion. Table 3 shows that Package C resulting the high-
est weight of tuber per plant for grades A to C (> 100 
g/tuber) by 721.6 g/plant, 300.5 g/plant and 172.6 
g, respectively. Meanwhile, grades D and E (< 100 g/
tuber) were delivered by Package E at 149.3 g/plant 
and 140.2 g/plant, respectively. A similar pattern of 

the result is also founded in parameter of number of 
tubers per plant, Package C gave the highest number 
of tubers for grade A to C by 2.6, 1.6 and 1.6, respec-
tively. Then, Package E gave the lowest number by 
1.9 and 5.2 for Package D and E, respectively. In addi-
tion, the implementation of agronomic technologies 
of Package C gives significantly different statistically 
for almost all parameters with Package E (the farm-
er’s behavior) as follows in below table.

3.3 Income / financial
Based on the feasibility analysis, all tested-packag-
es were feasible to develop because all BCR values 
were more than 1.00 (Alam et al., 2021; Widodo et 
al., 2023). This study informed that Package A spent 
the highest cost compared to the other packages, 
US $ 5,108.6, which is to provide input and labor; 
while Package E spent the lowest by US $ 3,596.6. 
Unfortunately, Package A did not provide the high-
est income although spent the highest cost for input 
production. On the other hand, Package C shares the 
highest income and benefit by US $ 16,474.3 and US 
$ 12,017.4, respectively. Then, this research stated 
that as the best agronomical technology package, 
Package C received double income compares farm-
ers technology (Package E). 

Agronomic 
technology package

The parameter of physiological growth and potato production
Height (cm) No. of Stems Tuber Weight/ plant (g) No. of Tuber/ plant Tuber Weight/ha (t)

A 43.30 bc 3.88 a 1,158 ab 7.25 ab 34.40 c
B 42.64 abc 3.86 a 1,187 bc 6.95 a 33.08 bc
C 46.02 c 4.96 b 1,392 c 8.70 b 39.81 d
D 40.14 ab 3.82 a 1,020 ab 6.55 a 28.38 ab
E 39.30 a 3.80 a 950 a 10.70 c 23.79 a

Mean 42.28 4.06 1114 8.03 31.89

Table 2. The agronomic technologies implemented at the treatments.

Note: means followed by a different letter within a column are significantly different at p ≤ 0.05.

Agronomic 
technology package

Weight of tuber / plant (g) No. of tubers / plant
Grade A Grade B Grade C Grade D Grade E Grade A Grade B Grade C Grade D Grade E

A 631.6 b 224.4 ab 142.4 a 107.1 a 36.8 a 2.2 bc 1.2 a 1.2 a 1.4 ab 1.3 a
B 622.1 b 236.8 abc 129.8 a 94.3 a 26.0 a 2.3 bc 1.3 a 1.3 a 1.3 ab 1.1 a
C 721.6 b 300.5 c 172.6 a 116.0 a 28.1 a 2.6 c 1.6 a 1.6 a 1.8 bc 0.9 a
D 550.8 b 194.5 a 139.9 a 70.4 a 26.8 a 2.0 b 1.1 a 1.2 a 1.0 a 1.2 a
E 309.2 a 265.9 bc 165.8 a 149.3 b 140.2 b 1.1 a 1.2 a 1.2 a 1.9 c 5.2 b

Table 3. The effect of agronomic technology packages on weight and number of tubers based on the potato quality. 

Note: means followed by a different letter within a column are significantly different at p ≤ 0.05.
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4 Discussion 

4.1 The enrichment of soil physical and chemical 
properties

Most of the soil parameters on the affected area of 
Sinabung volcanic eruption, chemical and physical 
properties, have improved by the application of ag-
ronomic technology packages although the extent of 
improvement varied across treatments. Determina-
tion of the kind and quantity of fertilizer, together 
with soil amendments, surely influences the outputs. 
The fertilizer dosage for Package E was determined 
by the common sum of the local farmers’ applica-
tion and the previous study (Agbede, 2010; Mancer 
et al., 2024). Meanwhile, the availability of soil nutri-
ents has decreased in the affected area of the Sina-
bung eruption. Anda et al. (2016) and Nanzyo (2002) 
stated that the availability of P is decreased more 
due to fixation by ash-derived allophane, one of the 
nanocrystalline materials in Andisol. Additional issue 
reported by Grzebisz and Niewiadomska (2024) and 
Kunito et al. (2016) are that the low soil pH condition 
decreases nitrogen availability, which is influenced 
by the low quantity and supports microbial activity 
that plays a role in the nitrogen cycle. Hence, about 
500-750 kg NPK was applied in this study to over-
come the soil nutrients unavailability and support 
the potato growth, production and quality (Setiyo et 
al., 2018; Tulung et al., 2021). 

As one of the soil chemical parameters, soil pH in-
creases for all packages, except Package E. It indi-

cates the effectiveness of lime (dolomite) in neu-
tralizing soil acidity, especially for Package C which 
increases the soil pH from 4.50 to 5.43, at initial and 
final phase, respectively. In contrast with Package 
E, farmers’ behavior treatment, to improve soil pH 
can be attributed to the absence of lime. This result 
is consistent with the previous studies (Castro and 
Crusciol, 2015; du Toit et al., 2022; Mahmud and 
Chong, 2022) that emphasize the advantage of lime 
(dolomit) to neutralize soil pH. Meanwhile, for the 
parameter of soil organic carbon (SOC), all packag-
es showed a decrease in SOC with values ranging 
from 1.96% - 2.73%, at Package C and Package D, 
respectively. The decline of this SOC is due to the 
rapid mineralization of organic matter (manure) in 
the tropical climate. As Sierra et al. (2015) reported 
organic matter can decompose faster under warm 
and humid conditions.

In terms of macronutrient availability, all nutrients 
(K, Ca, and Mg) at the initial phase are categorized 
by very low to medium classes, then increase at the 
final phase by low to very high classes. Package B 
specifically, demonstrated the highest potassium (K) 
and calcium (Ca) likely due to the combination effect 
of manure and lime. Eckhardt et al. (2018) stated 
that manure is a rich source of potassium, while lime 
contributes to the calcium and magnesium nutrients 
availability. K uptake by crops, induced by lime, was 
facilitated by K+, Ca2+ and Al3+, with lime application 
increasing soil K availability (Han et al., 2019). Verde 
et al. (2013) showed that the application of lime re-
sulted in increased levels of magnesium. However, 

Component Total expense of each agronomic technology package ($/ha)
A B C D E

A. Input production
1. Seed 1,303.4 1,303.4 1,303.4 1,303.4 1,303.4
2. Manure 1,241.4 1,241.4 827.6 827.6 413.8
3. Lime 165.5 165.5 82.8 82.8 0
4. Chemical fertilizer 574.1 410.3 369 205.2 205.2
5. Pesticides 225.9 225.9 225.9 225.9 225.9
6. Saw dust 0 0 34.5 0 0

B. Labors 1,598.3 1,598.3 1,613.8 1,587.9 1,448.3
C. Total cost (C) 5,108.6 4,944.8 4,456.9 4,232.8 3,596.6
D. Total income 14,234.5 13,689.5 16,474.3 11,741.4 9,638.1
E. Benefit 9,125.9 8,744.7 12,017.4 7,508.6 6,041.5

B/C 1.79 1.77 2.70 1.77 1.68

Table 4. Total income, cost and benefit-cost ratio per hectare from potato farming system based on agronomic technology 
package.
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Package C which include sawdust in the treatment, 
had the highest magnesium content (0.94 me/100 
g), further emphasizing the role of lime in supplying 
the essential nutrients. Package E as representative 
of farmer’s conventional practices, brings the micro-
nutrients of Cu and Mn in the low levels to the me-
dium level by 8.81 ppm and 27.69 ppm, respectively. 
It could be attributed to the lower pH in Package E 
itself, as acidic condition enhances the solubility and 
availability of micronutrients. However, the low pH 
in Package E also limits the availability of macronu-
trients, and it could be concluded that this specif-
ic package is not sustainable for overall soil health 
especially macro and micronutrient availability. For 
the last parameter, Package C achieved the highest 
CEC (36.50 me/100g), indicating improved soil fertil-
ity and nutrient-holding capacity. It can be related to 
the combined effect of manure, lime and sawdust, 
which enhanced soil’s ability to create a resilient soil 
environment.

The improvement of soil fertility can be observed as 
well from soil physical parameters, such as soil tex-
ture, bulk density (BD), permeability and soil water 
content (SWC). The change in soil texture from sandy 
loam to silt loam and loam across the treatments in-
dicate a significant improvement in soil structure. 
The reduction of sand content from 64.0% to 36.75% 
- 42.22% and the increase of silt content from 30% 
to 48.49% - 57.19% revealed that the addition of or-
ganic amendments (manure and sawdust) played a 
significant role in modifying soil texture. This process 
likely occurs because there were two hoarding steps 
during cultivation, which provides an opportunity 
for organic amendments to act as the major binding 
agent of soil particles, producing stable aggregates 
(Djajadi et al., 2012; Golchin et al., 2018). This pro-
cess reduces the dominance of sand particles and in-
creases the proportion of silt and clay, continuing to 
achieve a more balanced of soil texture. Peng et al. 
(2015) also examined that the application of organic 
matter, pig manure, changes the proportion of clay 
and silt fractions. Package C itself, showed the high-
est content of silt particles, likely due to the ability 
of sawdust to improve soil aggregation and reduced 
sand particle dominance. Sawdust, when properly 
composted, acts as a physical binding agent, enhanc-
ing the formation of silt and clay aggregates (Medi-
na-Martinez et al., 2023; Tya and Bappa, 2024). 

In terms of BD, the decreased in BD across all pack-
age treatments, ranging from 1.20 to 1.38 g/cm3, 
for Package C and D, respectively, which is indicates 
improved soil porosity and root penetration. The 
decrease of BD is primarily attributed to the organ-
ic amendments which have a role to promote the 
formation of pore spaces. Generating sponges in 
soil can reduce soil compaction and improve soil 
structure which is the main problem in soil-affect-
ed areas due to volcanic eruption. Again, Package C 
which included manure and sawdust, achieved the 
lowest BD, highlighting the synergistic effect of these 
amendments in enhancing soil porosity. Tahat et al. 
(2020) stated that the organic amendments improve 
soil respiration by 20-fold compared to the conven-
tional farming. In line with the restoration from soil 
texture and BD, soil has more ability to absorb the 
water, which can be observed from the parameters 
of permeability and SWC. The decrease of perme-
ability and the increase of SWC compared at the 
initial phase across all treatments reflects to the 
reduced water loss through leaching and improved 
water retention. One of the advantages of organic 
amendments, manure and sawdust is enhance soil 
water retention by increasing soil organic matter 
and improving soil soil structure. Organic matter 
plays a role as a reservoir for water, holding moisture 
in soil and making it available for plants (Bashir et 
al., 2021; Lentz et al., 2019). Undoubtedly, Package 
C which includes sawdust in the package, achieved 
the highest SWC by 22.5%, likely due to the ability 
of both manure and sawdust to improve soil aggre-
gation and water-holding capacity and to ensure a 
more stable water supply for crops (Shaheen and 
Turaib Ali Bukhari, 2018).

4.2 The enhancement of crop physiological 
growth and crop production and quality

The implementation of agronomic technologies 
significantly influenced to the physiological growth 
and crop production on the affected area of Sina-
bung Volcanic eruption. The results revealed that 
Package C which included a combination of manure, 
lime, sawdust, and inorganic fertilizers, consistently 
outperformed the other packages in term of plant 
height, number of stems, and tuber yield (Jovovic et 
al., 2021). These improvements can be attributed to 
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the enhanced soil chemical and physical fertility pro-
vided by Package C. Manure and sawdust in Package 
C increase soil organic matter, which is important for 
root development and nutrients uptake. Further-
more, the existence of lime in this package is likely to 
contribute to the neutralization of soil acidity, then 
help the sustainable soil nutrients availability (Ar-
gaw et al., 2025; Rachman et al., 2021). This condi-
tion supports the crop’s physiological growth which 
can be observed from height and number of stem 
parameters. Related to the tuber weight, number 
of tuber and tuber yield, Package C gets the highest 
outputs at these parameters. These achievements 
are related to the support of nutrient availability, 
which is critical for tuber formation and growth. Ra-
chman et al. (2021) informed that the usage of ma-
nure and lime increases the potato production and 
soil fertility by adding the macro and micronutrients, 
improving the activity of soil organisms and enrich-
ing soil physical properties. Comparing the total 
amount of inorganic fertilizer to Packages A and B, 
Package C uses less than these packages, suggesting 
that organic amendments can partially replace the 
inorganic fertilizers while maintaining high yields. 
Soil physical fertility specifically, Package C likely 
supported better BD and SWC conditions which is 
promote tuber growth and increase the yield (Agbe-
de, 2010). Moreover, Package C consistently pro-
duced the highest-quality tubers in terms of weight 
and number for grades A to C (>100 g/tuber) which 
is in contrast with Package E outputs. This superior 
performance can be attributed to the improved soil 
chemical and physical condition provided by Package 
C. Supporting nutrient availability, pH condition, soil 
structure and texture, water content, and soil cation 
exchange capacity contribute to larger and higher 
quality of tubers.

4.3 Income improvement
Nowadays, an economic feasibility analysis is an im-
portant parameter as well to measure the sustain-
able agricultural system. The output of this study 
informed that Package C emerged as the most eco-
nomically advantageous. Combining organic amend-
ments (manure and sawdust) reduced the need for 
expensive inorganic fertilizers, resulting in lower pro-
duction costs compared to Package A and B. Package 

C spent the total cost by $ US 4,456.9 per hectare, 
and generated the highest income and benefits by $ 
US 16,474.3 and $ US 12,017.4 per hectare, respec-
tively. This superior economic performance can be 
attributed to the cost efficiency strategy of reducing 
unnecessary expenditures, such as inorganic fertiliz-
ers; and use the low-cost organic management, such 
as sawdust. Another reason, Package C produced 
the highest potato yield and the best-quality tubers 
(grades A and B), meaning the higher quality produc-
tion the higher income will get by the farmers. Al-
though all agronomic technology packages had BCR 
greater than 1.0, indicating their financial viability. 
However, Package C achieved the highest BCR by 
2.70, and followed by Package A by 1.79. 

It is interesting to note that, conventional farming 
normally has a greater capacity to increase yield 
compared to organic farming in the short-term 
(Tahat et al., 2020). Although the entire package 
of this research provides a beneficial economic 
contribution, the excessive and continuous use of 
chemical fertilizers inevitably results in a decline of 
soil health in the long-term. Several previous stud-
ies have demonstrated that the improper applica-
tion of chemical fertilizers has led to degradation 
in soil physical (Abid et al., 2020; Alkharabsheh et 
al., 2021), chemical (Douillard et al., 2025; Mi et al., 
2018; Moro et al., 2021) and biological (Bhunia et 
al., 2021; Ngongo et al., 2022; Wei et al., 2017) prop-
erties. To avoid long-term detrimental impacts that 
will be experienced specifically in areas affected by 
this volcanic eruption, this study suggests several 
action strategies that can be considered by farmers 
and local governments, such as: (i) periodically re-
ducing the use of excessive chemical fertilizers for 
the next planting seasons, because the initial objec-
tive of this research activity focuses on providing nu-
trients that are lacking for potato plants, especially 
nitrogen and phosphorus; (ii) periodically adding soil 
amendments (organic fertilizers and sawdust) to the 
affected agricultural land because it will make a ma-
jor contribution to soil fertility, especially its physical 
and biological properties; (iii) by applying lime to the 
affected agricultural land to maintain soil pH stabil-
ity; and (iv) integrating the main crop with legumes 
in the following planting season to increase natural 
N fixation. It is believed that implementing these 
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strategies, which require cooperation from relevant 
agencies within the Karo Regency government, will 
achieve the sustainability of the affected agricultural 
land.

5 Conclusions 

In this study, the restoration of soil fertility and crop 
production on the affected area of volcanic eruption 
has been assessed by testing five agronomic tech-
nology packages in a field trial, which are differen-
tiated by the type and quantity of soil amendments 
(organic fertilizers and sawdust), inorganic fertiliz-
ers and the dosage of lime application. Integrating 
of manure, sawdust, lime and inorganic fertilizer at 
the specific treatment was not only increases soil 
chemical fertility (pH, soil organic carbon, potassi-
um, calcium and magnesium contents and cation ex-
change capacity) and physical fertility (soil texture, 
bulk density, permeability and soil water content) 
but also physiological growth, yield crop production 
and its harvest-quality. Thus, this specific treatment 
received double income compared to the farmers‘ 
treatment, and is certainly economically feasible to 
developed. It is undeniable that the research design 
can be expanded for further study to generate max-
imum results, e.g., designing a variable rate of saw-
dust (2.5, 5.0 and 7.5 t/ha), designing a deeper rate 
of the ash thickness (20, 40, 60 and 80 cm), integrat-
ing legume intercropping to fix nitrogen organically, 
and considering conducting field research up to four 
planting seasons to monitor the long-term effect. In 
addition, several policies can be considered by Gov-
ernment of Karo Regency or by other governments 
who have a similar issue to be implemented, name-
ly: (i) providing price subsidies for chemical fertiliz-
ers, lime and manure, (ii) providing training to local 
farmers about the proper cultivation management 
in affected areas by volcanic eruptions, and (iii) con-
tinuing to monitor soil fertility levels for the next few 
years after the eruption. 
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