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Enrichment planting is needed to restore degrading Indonesian forests, and seed ball
technology is a promising solution. This study evaluated the growth of Hopea odorata
seedlings using various seed balls and media. The study employed a completely
randomized design (CRD) with two factors—the first factor comprised two media: sand
(M1) and soil (M2). The second factor consisted of three seed-ball media: clay (S1), clay
and compost (S2), and clay, compost, and hydrogel (S3). The results showed that the soil
medium (M2) resulted in greater increases in root length, diameter, and height compared
to the sand medium (M1), with increases of 31%, 48%, and 58%, respectively.
Meanwhile, the seed ball medium containing clay, compost, and hydrogel (S3) was the
most effective treatment for improving seedling survival by approximately 55%.
Additionally, the highest seedling growth observed in the S3 treatment reached 20.9 cm
+ 2.68 in height, 3.6 mm * 0.88 in diameter, and 2.08 mm + 0.21 in diameter increment.
However, no significant interaction was found between seed-ball composition and
planting medium. Our findings suggest that the seed-ball composition containing clay,
compost, and hydrogel (S3) is the most suitable medium for improving the growth of

Hopea odorata seedlings in soil-based planting conditions (M2).

1. INTRODUCTION

Indonesia contains the world’s third-largest area of tropical
forests, following Brazil and the Democratic Republic of the
Congo [1]. These forests deliver essential ecosystem services
by supporting livelihoods, economic resilience, and human
well-being, while also sustaining high biodiversity and
contributing to global sustainability [2].

Lowland dipterocarp forests, a major tropical rainforest type
in Southeast Asia, are dominated by climax tree species of the
family Dipterocarpaceae. Within this family, 510 species are
distributed across 16 genera, of which 470 species (92.1%)
occur in Asia [3]. Borneo serves as the centre of dipterocarp
diversity, containing 13 genera and 269 species, whereas
Sumatra hosts 12 genera and 113 species [4].

In Indonesia, dipterocarp species are also distributed across
Papua, Maluku, Java, and Sulawesi [4]. Within lowland
tropical rainforests, dipterocarps account for approximately
15.6-21.9% of total tree abundance [5], yet they dominate
forest structure by contributing 41.7% of the basal area, 50—
80% of emergent trees, and around 40% of understory
individuals [3, 6].

Although deforestation rates in Indonesia have fluctuated
over time, recent trends indicate a significant decline [7].
Annual net deforestation decreased from approximately 1.9
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million hectares during 1990-1996 to about 121,000 hectares
in 2022-2023 [7]. Nevertheless, forest degradation remains a
critical issue, driven by factors such as illegal logging and
forest fires [8]. This degradation results in substantial
ecological consequences, including biodiversity loss and
climate-related impacts such as increased CO: emissions,
changes in temperature and humidity, reduced carbon
sequestration, and lower evapotranspiration rates [9].
Consequently, strategies to mitigate the impacts of natural
forest degradation must involve forest restoration with native
species and the development of silvicultural techniques to
enhance canopy cover and improve environmental conditions.
Restoration aims to restore the structure of forest stands and
enhance forest ecosystems to achieve ecological and socio-
economic benefits [10]. Restoration with native species
enhances ecosystem functions and biodiversity, improves
resilience against environmental changes, and supports local
livelihoods [11]. Native species are generally better adapted to
local environmental conditions, resulting in higher survival
and growth rates [12].

Selecting native species is crucial for restoring forest
structure, function, and diversity to support accelerating forest
restoration [13]. One Dipterocarpaceae species, Hopea, can be
used for forest restoration in degraded tropical rainforests.
Hopea, a genus with 104 species, is found worldwide. These
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plants are known for their high-quality wood, large size, and
evergreen leaves, which are characteristics of tropical
rainforest trees [14]. Hopea odorata is a protected species in
the family Dipterocarpaceae and is classified as Vulnerable
(VU) on the IUCN Red List because its population continues
to decline globally [15]. Hopea odorata, a shade-tolerant
dipterocarp, shows promising growth and physiological
responses, indicating its potential as a native species for forest
rehabilitation and restoration efforts in tropical environments
[16].

However, the large area of degraded forest land requires
technology that can be applied quickly. Additionally, some of
the land replanted is hard to reach and cannot be planted using
conventional methods. Conventional techniques require more
time and money [17, 18]. One approach to restoration is seed
ball technology integrated with drones. Seed balls are
composed of seeds, clay, compost, and other natural
ingredients. The clay shields the seeds from external stress and
predation, while the compost offers critical nutrients for seed
germination and early plant growth [19, 20]. Seed balls are
inexpensive to make and can be disseminated manually or by
aerial means, making them ideal for large-scale restoration
[21].

Natural forest restoration using seed balls is an innovative
technique that uses clay-coated seeds and combinations of
them to improve germination and growth in degraded
environments [19]. Natural regeneration through waiting for
natural succession has a long-term constraint. Additionally,
the condition of one of the factors of natural regeneration, the
seed bank, is not necessarily the availability of seeds on the
forest floor. Degradation significantly changes the
composition and density of the seed bank [22]. Tropical forest
rehabilitation requires human assistance to speed up recovery.
Assisted regeneration enables greater coverage and is cost-
effective [23].

Several studies on the use of seed balls—such as in India
with Leucaena leucocephala and in East Africa with Sesbania
sesban—have shown that they enhance growth and improve
the success of land rehabilitation efforts [20, 24]. The use of
seed ball technology in peatland rehabilitation with jelutung
(Dyera polyphylla) has affected the germination percentage
[25]. Research on seed balls with various media compositions
has been conducted on various adaptive plants, such as
Artocarpus heterophyllus and Intsia bijuga [26, 27]. However,
research on a combination of seed ball media and H. odorata
plants as native species on land intended for restoration has not
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been widely studied. Therefore, research is needed to prepare
the formula of seed ball media and the site of planting to find
the best media composition and site for planting to support the
growth of H. odorata.

2. METHODS
2.1 Site description

This study was conducted at the Intensive Silviculture
Laboratory of the Faculty of Forestry at Universitas Gadjah
Mada, Yogyakarta, Indonesia. The research was conducted
from January to June 2025. Our study was conducted in a
nursery to control environmental variability and allow a
clearer evaluation of the treatment effects on seed germination
and early seedling establishment. The average relative
humidity in the area is 68.6%, with average temperatures of
31.9 °C. The average light intensity is 16,717.78 lux. One
limitation of this study is that the experiment was performed
in a nursery rather than under open-field conditions. To better
simulate field conditions, the seed balls were placed on soil
and sand media within the nursery environment. Therefore, we
assumed that once the seed balls germinated, the seedlings
would be able to adapt to these artificial site conditions.

2.2 Research design

The study was conducted on a completely randomized
design (CRD) with two factors. The first factor involved two
media: sand (M1) and soil (M2). The second factor consisted
of three seed ball media: clay (S1) as a control, clay and
compost (v/v) (1:1) (S2), and clay, compost (v/v) (1:1), and
hydrogel 0.04 gram per seed ball (S3). This study used H.
odorata seedlings in which the seed balls were placed in media
according to the experimental design and treatment
combinations (Figure 1 and Table 1). The study included three
replications, each with 10 individual seed balls. So for each
treatment combination, there are 30 seedballs, and the total is
180 individuals. The seed balls were prepared with a diameter
of 3 cm, which allowed for precise and automated release
using the drone system. Each seed ball weighed approximately
42.5 g. In addition, this seed-ball size falls within the
recommended range reported in previous studies for
improving seed germination and seedling establishment [28].
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Figure 1. Research layout

where, M1 = sand media, M2 = soil media, S1 = clay seed ball media, S2 = clay seed balls media + compost, S3 = clay seed balls media + compost + hydrogel,
Ul =repeat 1, U2 = repeat 2, U3 = repeat 3

2.3 Data collection

The growth parameters measured in H. odorata seedlings
include survival ability, height, height increment, diameter
growth, diameter increment, root length, and aboveground and
belowground biomass. The parameters were measured using

the following method:
a. Survival ability

Survival ability (%)

number of living seedlings
= Z 8 & X 100% M

number of seed planted
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Table 1. Description of media and seedball media
combination treatments, codes of H. odorata seedlings

Code Treatment
MI1S1 Sand media (M1) and clay seed ball media (S1)
Sand media (M1) and clay seed balls media +
M1S2
compost (S2)
MIS3 Sand media (M1) and clay seed balls media +
compost+ hydrogel (S3)
M2S1 Soil media (M2) and clay seed ball media (S1)
Soil media (M2) and clay seed balls media + compost
M2S2 (S2)
M2S3 Soil media (M2) and clay seed balls media +
compost+ hydrogel (S3)

b. Height and height increment (HI)
Height measured at the final observation.

HI (cm) = the final height — the initial height  (2)

c. Diameter and diameter increment (DI)
Diameter measured at the final observation.

DI (cm) 3)
= the final diameter-the initial diameter

d. Root length

Root length is measured from the base of the root to the
longest tip using a ruler.

e. Aboveground biomass
Aboveground biomass is calculated by drying the upper
parts of the plant (leaves and twigs) at 70 °C until constant

weight is reached.

f. Belowground biomass
Belowground biomass is calculated by drying the plant's
lower part (roots) at 70 °C until it reaches a constant weight.

2.4 Data analysis

The obtained data were analyzed using analysis of variance
(ANOVA). Differences between treatments were tested using
Duncan's Multiple Range Test (DMRT) at the 5% and 1%
significance levels (p < 0.05 and p < 0.01). The statistical
analysis was performed using Microsoft Excel and SPSS 25.0
[29].

3. RESULT AND DISCUSSION
3.1 Effect of media on Hopea odorata growth

The results show that media significantly influenced growth
in terms of diameter (p <0.01), diameter increment (p <0.01),
height (p < 0.01), height increment (p < 0.01), and root length
(p < 0.01) of H. odorata seedlings (Table 2). However, the
media and seed ball did not significantly affect the above-
ground or below-ground biomass of H. odorata seedlings
(Table 2). Furthermore, combining media and seed balls also
had no significant effect on H. odorata seedlings (Table 2).
The growth and development of a plant are influenced by
genetic factors and environmental factors [30]. One of these
factors is the planting media. The planting media, as root
media, are crucial for plant growth and quality [31].

Table 2. Analysis of variance (ANOVA) for the effects of growth media and seed balls on the growth of H. odorata

. L. Diameter (mm) Diameter Increment (cm) Height (cm) Height Increment (cm)
Source of Variation df MS F Value MS F Value MS___F Value MS F Value
Media 1 67.72 84.43%* 57.86 110.68** 349321  88.86%* 3397.17 169.91**
Seed balls 2 7.14 8.91** 2.23 4.27** 294.30 7.48%** 50.00 2.50ns
MediaxSeed balls 2 0.62 0.78ns 0.59 1.14ns 5142 1.30ns 23.19 1.16ns
s Survival Ability (%) Root Length (cm) Aboveground (g) Belowground (g)
Source of Variation  df MS F Value MS F Value MS ___ F Value MS F Value
Media 1 355,556 1,600ns 479.67 45.30%* 5.06 3.26ns 2.09 1.83ns
Seed balls 2 1,372,222 6,175* 11 1.03ns 0.15 0.09ns 0.03 0.02ns
MediaxSeed balls 2 2065,556 0.92ns 20.69 1.95ns 1.47 0.95ns 1.02 0.89ns

Note: *: significant at p < 0.05, **: significant at p < 0.01, ns: non-significant different at p > 0.05, MS: Mean Square

The best planting media have a loose, porous soil structure
[32], providing optimal conditions for seedling growth. In
general, the use of soil significantly increases the root growth
of H. odorata seedlings (Figures 2 and 3). In soil media (M2),
the average root length was approximately 15.74 cm £+ 1.23,
which was about 31% higher than in sand media. Soil media
also significantly increased the diameter, height, and the
increment in diameter and height (Figure 4). The diameter
growth in soil media (M2) was around 4.33 + 0.40 mm, and
the diameter increment was 2.84 = 0.14 mm (Figure 4(a)). In
addition, the height growth was around 25.89 + 1.83 cm, and
the increment was around 18.38 = 3.33 cm (Figure 4(b)). This
growth in diameter and height was 48% and 58% higher,
respectively, than that observed in sand media. Soil provides
good aeration, which improves root development and
increases water absorption [33]. It improved nutrient
adsorption and water use efficiency, facilitating better water
and nutrient uptake by roots during the experiment. This is
consistent with previous research indicating that soil media is
more effective than sand media for seedling growth [34].

Therefore, it has the potential to promote plant growth.

a

Root Length (cm)

Media

Figure 2. Mean root length of Hopea odorata seedling roots
in sand media (M1) and soil media (M2) treatments
Note: Different letters indicate significant differences between treatments at
p<0.05. The sample size (n): M1 = 33, (n) M2 = 39; error bars represent
standard error (SE); The SE is calculated by dividing the standard deviation
by the square root of the sample size.



(b)

Figure 3. Root growth of H. odorata seedlings in (a) sand
media and (b) soil media

In contrast, H. odorata seedlings grown in sand media
exhibited lower growth. Sand is highly porous, allowing
nutrients, aeration, and drainage to pass easily. It has large
pores, so adding organic matter is necessary to retain water and
nutrients [32]. Each growing medium has its own advantages
and disadvantages, particularly regarding the naturally
occurring nutrients available in the media. The structure of the
media and their nutrient content are important factors to
consider when choosing the right medium for each plant type
[35].
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10 S
g
-~ 8 a L4 E
g -
L) 6 -3 g
= =
$ =
7 (%]
4 F2 =
g p
| 2 F 1%
8
0 08
Media
(a)
OHeight (cm) ®@Height Incremenet (cm)
A -
30 a - 25 E
- 25 - 20 E
=
g0 L 15 &
=15 B s
5 L 10 €
< 10 )
= -5 -
> o
0 0 E
Media
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Figure 4. Mean growth of Hopea odorata seedlings: (a)
diameter and diameter increment, (b) height and height
increment, in sand media (M1) and soil media (M2)
treatments
Note: Different letters indicate significant differences between treatments at
p <0.05. The sample size (n): M1 = 33, (n) M2 = 39; error bars represent
standard error (SE); The SE is calculated by dividing the standard deviation
by the square root of the sample size.
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3.2 Effect of seed ball media on Hopea odorata growth

The results showed that the type of seed ball media
significantly affected the survival ability (p < 0.05), diameter
(» <0.01), diameter increment (p < 0.01), and height (p <0.01)
of H. odorata seedlings (Table 1). Seed ball media containing
a mixture of clay, compost, and hydrogel (S3) exhibited the
most significant growth (Figure 5, Figure 6). Seed ball media
containing clay, compost, and hydrogel (S3) increase survival
ability, height, diameter, and diameter increment of H. odorata
seedlings (Figure 5, Figure 6). The survival rate of H. odorata
seedlings in the S3 seed ball treatment was around 55 = 5.00%,
which was higher than in treatment S1 (around 36 £ 6.15%)
and treatment S2 (around 25 + 6.32%) (Figure 5). Seed balls
protect seeds from biotic and abiotic stressors, increasing their
survival and establishment rates [20]. The highest growth of
H. odorata seedlings in height, diameter, and diameter
increment in treatment S3 was 20.9 £ 2.68 ¢cm, 3.6 = 0.88 mm,
and 2.08 + 0.21 mm, respectively, during the observation
period (Figure 6(a, b, ¢)). This is due to the presence of organic
materials, such as compost, which contain the essential
nutrients that plants need [36]. Providing compost in the
planting media provides additional nutrients to support
seedling growth [27, 37].

70
a
60 T
é 30 ab 1
z
R I b
= |
= 30
I
5 20 J.
7]
10
0
Sl s2 53
Seedballs

Figure 5. Mean survival rates of Hopea odorata seedlings
under various seed ball medium treatments (S1: clay; S2:
clay and compost; S3: clay, compost, and hydrogel)

Note: Different letters indicate significant differences among treatments at p

< 0.05. The sample sizes (n): S1 =24, S2 =15, S3 = 33; error bars represent

standard error (SE); The SE is calculated by dividing the standard deviation
by the square root of the sample size.

Organic fertilizers, such as compost, increase water
absorption and storage capacity, boost organic matter levels,
and improve soil physical properties [38]. Furthermore,
adding hydrogel helps absorb and store water for optimal
growth. Hydrogels help maintain water availability for plants
over a longer period [39]. Furthermore, when combined with
compost, they can enhance nutrient availability [40], thereby
promoting plant growth. Due to its organic matter content and
crumbly structure, it is ideal for plant growth as it fulfils their
nutrient needs. The integration of these three media types into
seed balls is the most effective for increasing height, diameter,
and overall growth. The ideal seed ball formulation varies
according to the target crop and environmental conditions. To
ensure maximum efficiency, seed ball compositions must be
adapted to individual environmental conditions. Soil type,
moisture availability, and local climate are all important
considerations [41]. The right combination of planting media



can provide the necessary nutrients for optimal growth,
development, and reproduction [32].
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Figure 6. Mean growth of Hopea odorata seedlings: (a)
height, (b) diameter, and (c) diameter increment under
various seed ball treatments (S1: clay; S2: clay and compost;
S3: clay, compost, and hydrogel)

Note: Different letters indicate significant differences among treatments at
the 0.05 significance level. The sample sizes (n): S1 =24, S2 = 15, S3 = 33;
error bars represent standard error (SE). The SE is calculated by dividing the

standard deviation by the square root of the sample size.

The seed ball media contains nutrients that support seed
growth and the success of planting [20, 42]. It entails
encapsulating seeds in a mixture of locally accessible
materials to generate seed balls that may easily disseminate in
varied conditions [43]. A combination of seeds, clay, and
compost creates a protective, nutrient-rich environment for
germination [19]. However, the success of seed balls depends
on soil quality, climatic conditions, and appropriate dispersal
methods, such as drone technology [44]. Additionally, they
create conditions conducive to germination and survival until
the seeds germinate [45]. A limitation of this study is the
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absence of additional blank controls, such as untreated seeds
or no seed ball treatments. The clay-only treatment was used
as the experimental control to evaluate the relative effects of
seed ball amendments within the clay matrix. Consequently,
the results should be interpreted as comparisons among seed
ball formulations rather than absolute effects relative to
untreated conditions.

3.3 Opportunity for the seed ball for restoration in the
degraded tropical rainforest

The rate of forest degradation in Indonesia is high due to
deforestation, forest fires, and land use change [46]. The net
deforestation in Indonesia remains hundreds of thousands of
hectares per year, while the accumulated deforestation over
recent years has reached millions of hectares [7]. Deforestation
has a direct impact on declining biodiversity, increased carbon
emissions, and disrupted ecosystem stability [47, 48].
Restoring degraded forests is crucial as a climate change
mitigation strategy, as forests serve as vital carbon sinks that
absorb greenhouse gases [49].

Additionally, forest restoration using native species is an
essential measure to address the biodiversity crisis [50]. Such
large-scale forest damage requires effective, efficient, and
adaptive rehabilitation efforts that take into account various
biophysical conditions in the field. Conventional rehabilitation
approaches through manual seedling planting have proven to
have limitations, including high labour requirements, difficult
land access, high planting costs, and limited coverage in
remote areas [51]. Furthermore, technological innovation in
enrichment planting is necessary to accelerate forest
restoration.

One restoration effort involves seed ball technology. Seed
balls are a vegetation restoration technology that encases seeds
in a soil mixture and protects them from extreme
environmental conditions, and increases their chances of
germination [20, 26]. Seed ball technology is a cost-effective
reforestation approach that is suitable for degraded land and
large-scale applications [21]. Using seed balls with native
species increases seedling survival by 50-60% [52]. Using
seed balls can increase seed mass. This way, they can fall on
the target restoration site. Tropical forest restoration efforts
can be supported by using drones, which can increase the
number of native species individuals. Seed balls can be
disseminated manually or by drones to efficiently cover large,
inaccessible areas [42, 53]. Drones offer flexibility, low cost,
and improved efficiency for seed ball dispersal in large-scale
restoration projects [54, 55]. However, obstacles include high
seed predation rates, uneven effectiveness, and a paucity of
success statistics [44].

The combination of drone technology and seed balls offers
an innovative, efficient approach to forest rehabilitation that
has the potential to be applied on a large scale. Drones can
deliver seeds to targeted microsites with precision, potentially
boosting success rates [44]. Meanwhile, seed balls can
increase seed viability after dispersal [56]. The integration of
drones and seed balls enables accelerated forest restoration at
a lower operational cost than traditional methods, while also
improving planting accuracy in priority restoration areas [57].
This approach is expected to be a strategic alternative for
restoring resilient, sustainable forest ecosystems aligned with
national climate change mitigation and biodiversity
conservation targets. The novelty of this research lies in the
information on the best seed ball media for the native species



Hopea odorata. The implications and benefits of this study's
results include selecting the best seed ball media for native
species, which can contribute to the success of natural forest
restoration and large-scale plantations. It is hoped that further
research can be carried out directly in degraded tropical forest
areas to determine the germination and growth of Hopea seed
balls in actual environmental conditions.

4. CONCLUSIONS

The findings of this research indicate that seedball and
media significantly affected the survival rate and growth of H.
odorata seedlings. The best seed ball media combination was
soil, compost, and hydrogel (S3), which yielded a survival rate
of approximately 55 + 5.00% and showed the best growth in
height (20.9 £ 2.68 cm), diameter (3.6 + 0.88 cm), and
diameter increment (2.08 = 0.21 cm). Meanwhile, the in-root
length, diameter, and seedling height in soil media (M2) were
higher than in sand media (M1), by 31%, 48%, and 58%,
respectively. However, the combination of media and seed ball
did not significantly affect the growth of H. odorata seedlings.
It suggested that the seed-ball composition containing clay,
compost, and hydrogel (S3) is the most suitable medium for
improving the growth of Hopea odorata seedlings in soil-
based planting conditions (M2).

ACKNOWLEDGMENT

The authors sincerely thank Universitas Gadjah Mada for its
research grant and financial support for this study.

REFERENCES
[1] FAO and UNEP. (2020). The State of the World’s
Forests 2020: Forests, Biodiversity and People. FAO and
UNEP, Rome. https://doi.org/10.4060/ca8642en

IPBES. (2019). The Global Assessment Report on
Biodiversity and Ecosystem Services Summary for
Policymakers. Summary for Policymakers of the IPBES
Global Assessment Report on Biodiversity and
Ecosystem Services. https://www.ipbes.net.

Ashton, P.S. (1982). Dipterocarpaceae. Flora Malesiana.
Series I Spermatophyta, Flowering Plants, 9(2): 237-552.
https://www.cabidigitallibrary.org/doi/full/10.5555/198

(2]

(3]

20681886.
[4] Symington, C.F. (1974). Foresters' manual of
Dipterocarps. Penerbit Universiti Malaya, p. 244.

https://www.google.com.sg/books/edition/Foresters Ma
nual_of Dipterocarps/-NEpAQAAMAAIJ?hl=zh-
CN&gbpv=0&bsq=Foresters%20manual%200f%20Dip
terocarps.

Slik, J.W.F., Kebler, P.J.A., Wezlen, P.C. (2003).
Macaranga and Mallotus species (Euphorbiaceae) as
indicators for disturbance in the mixed lowland
dipterocarp forest of east Kalimantan (Indonesia).
Ecological Indicator, 2: 311-324.
https://doi.org/10.1016/S1470-160X(02)00057-2
Appanah, S., Turnbull, JM. (1998). A Review of
Dipterocarps: Taxonomy, Ecology, and Silviculture.
Bogor: Center for International Forestry Research
(CIFOR).

(3]

1328

Ministry of Environment and Forestry (MOEF). (2024).
The State of Indonesia’s Forests 2024. Jakarta: Ministry
of Environment and Forestry, Republic of Indonesia.
https://statistik.kehutanan.go.id/storage/publication/atta
chment/publication/1767142076_state-of-indonesias-
forest-soifo-2024.pdf.

Aoyagi, K., Tsuyuki, S., Phua, M.H., Teo, S.P. (2012).
Mapping distribution of dipterocarpus in East
Kalimantan, Indonesia. Journal of Forest Science, 28(3):
179-184. https://doi.org/10.7747/JFS.2012.28.3.179
Bala, G., Caldeira, K., Wickett, M., Phillips, T.J., Lobell,
D.B., Delire, C., Mirin, A. (2017). Combined climate and
carbon-cycle effects of large-scale deforestation. PNAS,
104(16): 6550-6555.
https://doi.org/10.1073/pnas.0608998104

Tedesco, A.M., Brancalion, P.H.S., Hak Hepburn, M.L.,
Walji, K., et al. (2022). The role of incentive mechanisms
in promoting forest restoration. Philosophical
Transactions of the Royal Society B: Biological
Sciences, 378 (1867): 20210088.
https://doi.org/10.1098/rstb.2021.0088

Lu, Y., Ranjitkar, S., Harrison, R.D., Xu, J.C., Ou, X.K.,
Ma, X.L., He, J. (2017). Selection of native tree species
for subtropical forest restoration in southwest China. Plos
One, 12(1): e0170418.
https://doi.org/10.1371/journal.pone.0170418

Jesus, E.D., Santos, T.S.D., Ribeiro, G., Orge, M.D.R.,
Amorim, V., Batista, R.C.R.C. (2016). Regeneragdo
natural de espécies vegetais em jazidas revegetadas.
Floresta Ambiente, 23(2): 191-200.
https://doi.org/10.1590/2179-8087.115914

Widiyatno, Hidayati, F., Hardiwinoto, S., Indrioko, S.,
Purnomo, S., Jatmoko, Tani, N., Na’iem, M. (2020).
Selection of dipterocarp species for enrichment planting
in a secondary tropical rainforest. Forest Science and
Technology, 16(4): 206-215.
https://doi.org/10.1080/21580103.2020.1831620

Reddy, B.M., Uma, G.S., Sharma, L., Manohara, T.N.
(2020). Distribution, phenology, and ecology of hopea
Genus (Family: Dipterocarpaceae) in India-A review.
International Journal of Current Microbiology and
Applied Sciences, 9(10): 496-509.
https://doi.org/10.20546/ijcmas.2020.910.060

TUCN. (2004). The IUCN red list of threatened species.
International Union for the Conservation of Nature and
Natural Resources.

Dong, T.L., Beadle, C., Eyles, A., Forrester, D.I., Doyle,
R., Worledge, D., Churchill, K., Khanh, D.C. (2016).
Growth and physiology of Hopea odorata planted within
gaps in an acacia plantation acting as a nurse crop. Plant
Ecology & Diversity, 9(5-6): 549-562.
https://doi.org/10.1080/17550874.2016.1266526

Lee, S.Y., Hamilton, S., Barbier, E.B., Primavera, J.,
Lewis, R.R. (2019). Better restoration policies are
needed to conserve mangrove ecosystems. Nature
Ecology and Evolution, 3: 870-872.
https://doi.org/10.1038/s41559-019-0861-y

Sasmito, S.D., Basyuni, M., Kridalaksana, A., Saragi-
Sasmito, M.F., Lovelock, C.E., Murdiyarso, D. (2023).
Challenges and opportunities for achieving Sustainable
Development Goals through restoration of Indonesia’s
mangroves. Nature Ecology and Evolution, 7(1): 62-70.
https://doi.org/10.1038/s41559-022-01926-5

[19] Pesha, J.V., Renukadevi, G., Srinath, G., Sheshanth, R.,

(8]

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]



Premkumar, S. (2023). Eco-centric landscaping: The
science and strategy of 5-meter seed ball deployment. In
2023 International Conference on System, Computation,
Automation and Networking (ICSCAN),
PUDUCHERRY, India, pp- 1-4.
https://doi.org/10.1109/icscan58655.2023.10395387

[20] Tamilarasan, C., Jerlin, R., Raja, K. (2021). Seed balls
technique for enhancing the establishment of subabul
(Leucaena Leucocephala) under varied habitats. Journal
of Tropical Forest Science, 33(3): 349-355.
https://doi.org/10.26525/jtfs2021.33.3.349

[21] Abishek, Rawat, D., Kohli, A., Khanduri, V.P., Singh,
B., Riyal, M.K., Sati, S.P. (2024). Seed ball technology:
Facets and prospects for restoration of degraded lands. In
Sustainable Land Management in India: Opportunities
and Challenges, pp- 149-166.
https://doi.org/10.1007/978-981-97-5223-2 9

[22] Arduini, L., Orlandi, C., Mariotti, M., Masoni, A. (2013).
Seed banks and forest recruitment after disturbance: The
composition and abundance of seed after the clear-cut of
stone pine (Pinus pinea L.) plantations. Polish Journal of
Ecology, 61(3): 457-470.

[23] Sasaki, N., Asner, G.P., Knorr, W., Durst, P.B., Priyadi,
H.R., Putz, F.E. (2011). Approaches to classifying and
restoring degraded tropical forests for the anticipated
REDD+ climate change mitigation mechanism. Iforest,
4: 1-6. https://doi.org/10.3832/ifor0556-004

[24] Kinyanjui, T. (2022). Indigenous seed based restoration.
Stockholm+50 UNDP.
https://www.sparkblue.org/system/files/2022-
11/10.%20Seedballs%20Kenya%2C%20Teddy%20Kin
yanjui.pdf.

[25] Sari, M.K., Wijayanto, N., Hartoyo, A.P.P. (2025).
Application of seedball materials compositions on
swamp jelutung (Dyera polyphylla (miq) Stennis)
growth for peatland rehabilitation. IOP Conference
Series: Earth and Environmental Science, Bogor,
Indonesia, 1506: 012009. https://doi.org/10.1088/1755-
1315/1506/1/012009

[26] Hartoyo, A.P.P., Rahmadhani, K., Syahira, T.N.,
Kusuma, R., Astuti, N.J., Maulana, D., Muhammad, D.N.
(2023). Application of seedballs for the growth of
jackfruit (Artocarpus heterophyllus), Bisbul (Diospyros
blancoi), and Merbau (Intsia bijuga) seeds. Jurnal
Silvikultur Tropika, 14(2): 106-113.
https://doi.org/10.29244/j-siltrop.14.02.106-113

[27] Zubaidah, S., Mansur, 1., Budi, S.W., Yusmur, A. (2022).
Seedballs coating material formulation to enhance
germination and growth of fruit and forest seeds. IOP
Conference Series: Earth and Environmental Science,
Bogor, Indonesia, 959: 012039.
https://doi.org/10.1088/1755-1315/959/1/012039

[28] Mueller, P., Mendivil, E., Jonas, J., Kline, A., Gornish,
E.S. (2021). Seedball design to optimize germination.
https://repository.arizona.edu/handle/10150/670024.

[29] IBM SPSS statistics for windows (version 25.0 armonk).
IBM Corp.: Armonk, NY, USA.

[30] Brukhin, V., Albertini, E. (2021). Epigenetic
modifications in plant development and reproduction.
Epigenomes, 5(4): 25.
https://doi.org/10.3390/EPIGENOMES5040025

[31] Quaye, A., Konlan, S., Arthur, A., Pobee, P., Dogbatse,
J.A. (2019). Effect of media type and compost mixtures
on nutrient uptake and growth of cocoa (Theobroma

1329

cacao L.) seedling in the nursery. Ghana Journal of
Horticulture, 14(1): 11-21. http://www.journal.ghih.org.

[32] Febriani, L., Gunawan, G., Gafur, A. (2021). Review:
Pengaruh jenis media tanam terhadap pertumbuhan
tanaman. Bioeksperimen: Jurnal Penelitian Biologi, 7(2):
93-104.

[33] Hayati, E., Sabaruddin, S., Rahmawati, R. (2012).
Pengaruh jumlah mata tunas dan komposisi media tanam
terhadap pertumbuhan setek tanaman jarak pagar
(Jatropha curcas L.). Jurnal Agrista Unsyiah, 16(3): 129-
134.
https://www.neliti.com/publications/218614/pengaruh-
jumlah-mata-tunas-dan-komposisi-media-tanam-
terhadap-pertumbuhan-setek#cite.

[34] Seman, L.F., Zulkefly, S., Adekunle, S.M., Samad,
M.Y .A. (2018). Effect of different media combination on
growth and biomass production of oil palm (Elaeis.
guineensis)  seedlings. International Journal of
Environment, Agriculture and Biotechnology, 3(1):
239048.
https://www.neliti.com/publications/239048/effect-of-
different-media-combination-on-growth-and-biomass-
production-of-oil-pa#cite.

[35] Ardian, H., Tuyuk, B., Marwanto. (2022). Effect of
planting media with added cow dung fertilizer on the
growth of sampling (Calophyllum inophyllum Linn)
seedling). Jurnal Hutan Lestari, 10(4): 973-981.
https://jurnal.untan.ac.id/index.php/jmfkh/article/view/5
8637.

[36] Priadi, D., Mulyaningsih, E. (2016). Effects of compost
type and rootstock length on fruit and vegetable seedlings
growth in the nursery. Biosaintifika: Journal of Biology
& Biology Education, 8(3): 301-307.
https://doi.org/10.15294/biosaintifika.v8i3.7292

[37] Nwankwo, C.I., Miihlena, J., Biegert, K., Butzer, D.,
Neumann, G., Sy, O., Herrmann, L. (2018). Physical and
chemical optimization of the seed balls technology
addressing pearl millet under Sahelian conditions.
Journal of Agriculture and Rural Development in the
Tropics and Subtropics, 119(2): 67-79.
https://doi.org/10.17170/kobra-2019011596

[38] Liang, X., Yu, S., Ju, Y., Wang, Y., Yin, D. (2025).
Integrated management practices foster soil health,
productivity, and agroecosystem resilience. Agronomy,
15(8): 1816. https://doi.org/10.3390/agronomy 15081816

[39] El-Asmar, J., Jaafar, H., Bashour, I., Farran, M.T.,
Saoud, I.P. (2017). Hydrogel banding improves plant
growth, survival, and water use efficiency in two
calcareous soils. Clean-Soil Air Water, 45(7): 1700251.
https://doi.org/10.1002/CLEN.201700251

[40] Pegoretti, A. (2023). Development of a xanthan gum
based superabsorbent and water retaining composites for
agricultural and forestry applications. Molecules, 28(4):
1952. https://doi.org/10.3390/molecules28041952

[41] Lord, J.M., Paull, J., Pritchard, A.S.E., Butler, A.,

Griffiths, J.W. (2025). Physical properties of seed ball

formulations. New Zealand Journal of Botany, 63(5):

1715-1722.

https://doi.org/10.1080/0028825X.2025.2463505

Arifanti, V.B., Sidik, F., Mulyanto, B., Susilowati, A., et

al. (2022). Challenges and strategies for sustainable

mangrove management in Indonesia: A review. Forests,

13(5): 695. https://doi.org/10.3390/f13050695

[43] Nwankwo, C.I., Herrmann, L. (2021). Optimisation of

[42

[



[44]

[45]

[46]

[47]

(48]

[49]

[50]

the seed ball technology for sorghum production under
nutrient limitations. Journal of Agriculture and Rural
Development in the Tropics and Subtropics, 122(1): 53-
59. https://doi.org/10.17170/kobra-202102113204
Castro, J., Morales - Rueda, F., Alcaraz-Segura, D.,
Tabik, S. (2022). Forest restoration is more than firing
seeds from a drone. Restoration Ecology, 31(1): e13736.
https://doi.org/10.1111/rec.13736

Priadi, D. (2010). Aplikasi teknik enkapsulasi pada benih
sengon (Paraserianthes falcataria). Teknologi Indonesia,
33(2): 92-99.

Chervier, C., Atmadja, S.S., Nofyanza, S., Annisa, C.N.,
Nurfatriani, F., Kristiningrum, R., Umar, S. (2025).
Impact of Indonesia's Forest Management Units on the
reduction of forest loss and forest fires in Sulawesi.
Ecological Economics, 227: 108418.
https://doi.org/10.1016/j.ecolecon.2024.108418
Bustamante, M.M.C., Roitman, I., Aide, T.M., Alencar,
A., et al. (2016). Toward an integrated monitoring
framework to assess the effects of tropical forest
degradation and recovery on carbon stocks and
biodiversity. Global Change Biology, 22(1): 92-109.
https://doi.org/10.1111/GCB.13087

Kumar, R., Kumar, A., Saikia, P. (2022). Deforestation
and forests degradation impacts on the environment. In
Environmental Degradation: Challenges and Strategies
for Mitigation, pp. 19-46. https://doi.org/10.1007/978-3-
030-95542-7 2

Psistaki, K., Tsantopoulos, G., Paschalidou, A.K. (2024).
An overview of the role of forests in climate change
mitigation. Sustainability, 16(14): 6089.
https://doi.org/10.3390/su16146089

Khairunnas, K., Saam, Z., Thamrin, T., Indra, M. (2025).
Ecosystem restoration in Tesso Nilo National Park: A
SWOT analysis of S-T strategies to overcome threats.
International Journal of Environmental Impacts, 8(2):
289-287. https://doi.org/10.18280/ijei.080209

1330

[51]

[52]

[54]

[55]

[56]

[57]

FAO. (2019). Restoring forest landscapes through
assisted natural regeneration (ANR)—A practical manual.
Hazarika, P., Dutta, D., Hazarika, P., Giri, K., Dutta, S.P.
(2023). Seed balls accelerate succession of plant species
in degraded coal mined land restoration: A case study on
Tikak Colliery, Margherita, Assam, India. The Indian
Forester, 149(2): 197-206.
https://doi.org/10.36808/if/2023/v149i12/169719

Ting, R., Naceur, K.B., McDonald, R., Markel, D.,
Harrison, C., Shelton, J., Hall, A., Harrison, H., Harp, L.,
Ardic, H., Wilkinson, C., Roy, I. (2022). From
degradable shaped charge liner to engineered seed-pod
for reforestation: A Journey towards sustainability and
natural resources stewardship through technology
synthesis and cross-pollination. In Proceedings of the
Annual Offshore Technology Conference: OTC-32143-
MS, Houston, Texas, USA, pp. OTC-32143-MS.
https://doi.org/10.4043/32143-MS

Ecke, S., Dempewolf, J., Frey, J., Schwaller, A., Endres,
E., Klemmt, H.J., Tiede, D., Seifert, T. (2022). UAV-
based forest health monitoring: A systematic review.
Remote Sensing, 14(13): 3205.
https://doi.org/10.3390/rs14133205

Griffiths, J.W., Lord, J.M., Paull, J., Pritchard, A.S.E.,
Butler, A., Alderton-Moss, J., Moran, K. (2025).
Viability of seed balls for large-scale restoration of native
plant communities in New Zealand. New Zealand
Journal of Botany, 63(5): 1115-1131.
https://doi.org/10.1080/0028825X.2024.2432314
Lieurance, P.E., Mills, C.H., Tetu, S.G., Gallagher, R.V.
(2023). Putting seed traits into pellets: Using seedmass
data to improve seed encapsulation technology for native
plant revegetation. Journal of Applied Ecology, 61: 847-
858. https://doi.org/10.1111/1365-2664.14611

Murray, L. (2022). Can drones help restore our forests?
Engineering &  Technology, 17(1): 54-55.
https://doi.org/10.1049/¢t.2022.0106


https://doi.org/10.1007/978-3-030-95542-7_2
https://doi.org/10.1007/978-3-030-95542-7_2



