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Abstract. Mfinanga US, Mwakalukwa EE. 2025. Stand structure, diversity, and carbon stock assessment of Lake Duluti Forest Reserve
in Tanzania. Nusantara Bioscience 17: 185-193. For a successful conservation of biodiversity in a particular forest, assessment of its
status and underlying threats is important. Estimation of carbon stocks locked up in the forest is also key in designing the required
climate change mitigation options. However, there is limited information on the biodiversity status and carbon storage potential of many
forest reserves in Tanzania. This study assessed the tree and shrub species diversity, composition, stand structure, and carbon stock
potential of the Lake Duruti Forest Reserve (LDFR). Data were collected from 40 systematically established concentric plots (0.071 ha
each) covering a total forest area of 26.24 ha. A total of 48 tree and shrub species were recorded, comprising both adult individuals
(DBH > 5 cm) and regenerants (DBH < 5 cm), representing 25 plant families. Adult individuals accounted for 42 species from 23
families, while regenerants included 22 species from 15 families. The Shannon-Wiener diversity index (H') was 3.21 for adults and 2.80
for regenerants, indicating high species diversity. The mean stem density of adult trees was 197 + 97 stems ha™', with a basal area of
16.27 £ 7.30 m? ha™'. The estimated above-ground carbon stock was 79.24 + 35.31 Mg C ha™!, while below-ground carbon stock was
30.86 = 12.77 Mg C ha™'. The absence of visible anthropogenic disturbance suggests effective conservation measures are in place. These
findings highlight the ecological stability and carbon sequestration potential of LDFR and highlight the need for strategic planning to

enhance biodiversity conservation and carbon stock management.

Keywords: Catchment forests, climate change, eco-tourism, vegetation composition, volcanic lakes

INTRODUCTION

Tanzania is globally recognized for its exceptional
biodiversity, iconic tourist attractions, and significant role
in global conservation efforts (URT 2021a). The country's
protected areas, under central government jurisdiction, cover
approximately 307,800 km?>—equivalent to 32.5% of the
total land area (NAFORMA 2015; URT 2021a). These
areas include 21 National Parks, 29 Game Reserves, 23
Game Controlled Areas, the Ngorongoro Conservation
Area, 22 Nature Forest Reserves, various other forest
reserves, and marine parks and reserves (URT 2015;
NAFORMA 2015; URT 2021a). Additionally, about 1.4
million hectares of gazetted catchment forests contribute to
the network of protected landscapes (NAFORMA 2015).

These protected areas are crucial not only for biodiversity
conservation and climate change mitigation but also as key
revenue generators through tourism. Tourism contributes
approximately 17% to Tanzania's national GDP and accounts
for 25% of total export earnings, making it a cornerstone of
the national economy (URT 2021a). Serengeti National
Park, for example, generates over 53% of Tanzania National
Parks revenue and is globally known for the Great
Migration. However, the revenue potential of other protected
areas remains underexplored.

In 2022, the Tanzania Forest Services Agency (TFS)
reported increased tourist visits to the country’s nature
forest reserves, collecting approximately USD 550,000 from

242 824 visitors (Ract et al. 2024). This highlights growing
interest in eco-tourism beyond traditional wildlife safaris.
Nevertheless, limited awareness of the biodiversity and
attractions within forest reserves continues to constrain
revenue generation from these sites. The availability of
ecological and biodiversity information is therefore critical
to promoting eco-tourism and attracting a broader spectrum
of visitors (URT 1998; URT 2021b).

Lake Duluti Forest Reserve (LDFR), located in the
Arumeru District of the Arusha Region, is one such
underutilized catchment forest reserve (Iddi 1998; NAFORMA
2015). The reserve, notable for its ecological, hydrological,
and cultural significance, contains a central volcanic lake
that serves as a key tourist attraction. It also supports a
variety of ecologically important flora and fauna (TFS
2022). However, no previous study has documented the
plant species composition or carbon storage potential of
LDFR. The absence of such information may have contributed
to its lower profile among tourist destinations in northern
Tanzania, consequently limiting the revenue potential for
TFS, the agency responsible for its management.

This study was conducted to assess the forest condition
and carbon storage potential of the Lake Duluti Forest
Reserve. The findings aim to fill critical knowledge gaps
and enhance public awareness of the ecological functions
of tropical moist forests, particularly their role in climate
change mitigation. Specifically, the study aimed to: (i)
assess tree and shrub species diversity and composition in



186

LDFR; (ii) determine the stand structure (stem density,
basal area, and diameter distribution) of tree and shrub
species; (iii) evaluate the regeneration status of tree and
shrub species; and (iv) estimate the above- and below-
ground carbon stocks within LDFR.

MATERIALS AND METHODS

Study area

Lake Duluti Forest Reserve (LDFR) is a protected
catchment forest managed by the Tanzania Forest Services
Agency (TFS) under the Ministry of Natural Resources and
Tourism (TFS 2022). The reserve is located in Akheri Ward,
Arumeru District, approximately 14 km from Arusha City,
at coordinates 3°23'S and 36°47'E and an elevation of
1,290 meters above sea level (Lovett and Pocs 1993; TFS
2022) (Figure 1). The site is accessible via a 1.3 km road
from Tengeru Township off the Arusha-Moshi highway.
LDFR was initially gazetted under Government Notice No.
314 on 2 July 1965. Following a resurvey in 2017, the
reserve boundaries were revised and officially updated in
Government Notice No. 694 of 28 August 2020 (Map JB
No. 2774) to incorporate previously excluded forest areas
(TFS 2022). The total area of the reserve, including the
lake, is approximately 86.24 ha. Lake Duluti occupies about
60 ha, while the surrounding forest spans approximately
26.24 ha (Lovett and Pocs 1993). The lake, a volcanic
crater, has an estimated depth of 700 meters. Despite its
volcanic origin, the water is non-saline, suggesting that
rainfall is the primary source of recharge. It remains full
throughout the year, sustained by underground springs,
with no visible surface inflows or outflows.
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The local climate is characterized by oceanic rainfall
and continental temperatures, with an annual average
precipitation of approximately 1,100 mm. Mean monthly
maximum temperatures reach 21°C in March, and minimum
temperatures drop to about 17°C in July (Lovett and Pocs
1993). The forest structure is largely influenced by
groundwater availability. Submontane forest thrives in
areas 5-10 m above the lake level and 20-50 m from the
shore, where groundwater is abundant. On the upper slopes,
where groundwater is limited, dry montane forest dominates.
Additionally, a floating island of Cyperus papyrus L. has
formed along the lake's northern shoreline (Lovett and Pocs
1993). The reserve serves as a vital water source for the
Tengeru settlement, the Agricultural Training Institute, and
adjacent coffee farms through a water plant situated on the
eastern lake edge. LDFR also holds significant recreational
value, attracting eco-tourism activities such as canoeing
and sport fishing. The forest reserve supports a variety of
wildlife, including small mammals like the vervet monkey
(Cercopithecus aethiops subsp. pygerythrus), blue monkey
(Cercopithecus neumanni), black-and-white colobus (Colobus
guereza Riippell, 1835), and marsh mongoose (Ichneumia
albicauda (G.Cuvier, 1829)). LDFR also provides an
important breeding habitat for birds. Common avian
species observed include the white-faced whistling duck
(Dendrocygna viduata (Linnaeus, 1766)), chestnut weaver
(Ploceus rubiginosus Riippell, 1840), bronze mannikin
(Lonchura cucullata (Swainson, 1837)), and little swift
(Apus affinis (J.E.Gray, 1830)).

LDFR is bordered by Patandi Village, which has an
estimated population of 6,070. The local economy primarily
depends on agriculture and livestock keeping, although
some residents are also engaged in cultural eco-tourism and
the sale of forest products such as honey harvested from
homesteads (TFS 2022).

36°47.3E 36°47.6'E

Lake Duluti Forest
Reserve
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Figure 1. Map of Arusha region, Tanzania, showing the location of the Lake Duluti Forest Reserve (RDFR) and the layout of sample

plots in the reserve (filled yellow circles)
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Data collection

A systematic sampling design was employed for
ecological data collection. Forty circular sample plots, each
with a 15 m radius, were established at intervals of 50 m
both within and between transect encircling the lake. In
each plot, vegetation data were collected using concentric
subplots of different radii, based on Diameter at Breast
Height (DBH) classes: Within a 2 m radius: all regenerants
with DBH < 5 cm were identified, counted, and recorded;
within a 5 m radius: all trees and shrubs with DBH > 5 cm
and < 10 cm were measured, identified, and recorded;
within a 10 m radius: all individuals with DBH > 10 cm
and < 20 cm were recorded similarly; within a 15 m radius:
all trees and shrubs with DBH > 20 cm were measured and
recorded. Plot coordinates and elevations were recorded
using a handheld GPS device.

Data analysis

The collected data were analyzed for species richness,
composition, diversity, stem density, basal area, and
estimation of above- and below-ground biomass and carbon
stocks. Species richness was determined by compiling a
comprehensive list of plant species across all sample plots.
Species diversity was calculated using the Shannon-Wiener
diversity index (H' = -Xpi In Pi), where Pi is the proportion
individuals belonging to the i species (Kent 2012). The
species Importance Values Index (IVI) was calculated as
the sum of the relative frequency, relative density, and
relative basal area (Kent and Coker 1992). Stem density
(number of stems per hectare) was calculated using the
formula: N = (n/a;), where n is the number of individuals in
a plot, and a; is the area of plot (ha). Basal area (m? ha!)
was calculated from the DBH measurement using the
formula: G = (Gi/n), where G; is the basal area of a plot (m?
ha™!), and n = number of sample plots.

The allometric models developed by Masota et al. (2016)
for lowland and humid montane forests were employed to
estimate both above-ground and below-ground biomass of
the forest. Subsequently, the biomass values were converted
into carbon stock per hectare by applying a carbon
conversion factor of 0.49, as recommended by Manyanda
et al. (2020). The resulting carbon stocks were expressed in
megagrams of carbon per hectare (Mg C ha™).

The following equations were applied
estimation:

Total tree above-ground biomass (kg) = 0.9635 x
DBH'** (n = 60, RMSE (kg) = 1020.3, R? = 0.80, MPE
(%) =0.0).

Total tree below-ground biomass (kg) = 7.5811 x
DBH!168! (n = 29, RMSE (kg) = 312.7, R?=0.71, MPE (%)
=2.0).

Where DBH refers to the diameter at breast height
(cm), RMSE denotes the root mean square error, R?
indicates the coefficient of determination and MPE
represents the mean percentage error.

for biomass
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RESULTS AND DISCUSSION

Species richness and composition

A total of 48 tree and shrub species of both adults (> 5
cm Dbh) and regenerants (< 5 cm Dbh) belonging to 25
plant families and 41 genera were identified and recorded
in the forest (Tables 1 and 2). Trees contributed the most to
the identified species (83%), while shrubs contributed the
least (17%). Tree species accounted for the majority of
observations (83%), whereas shrubs contributed only 17%.
The most represented plant families were Fabaceae and
Moraceae, each with five species. These were followed by
Euphorbiaceae, Meliaceae, Rubiaceae, and Rutaceae, which
each comprised three species. The remaining families
generally contained one or two species.

For adult individuals (DBH > 5 cm), a total of 290 trees
were measured, with diameters ranging from 5 to 160 cm.
These individuals represented 42 species across 23 families
and 36 genera (Table 1). As with the total count, tree
species dominated (83%), while shrubs remained a
minority (17%). Fabaceae and Moraceae remained the most
prevalent families, each with five species. Additional
common families among adults included Anacardiaceae,
Euphorbiaceae, Meliaceae, and Rutaceae, each represented
by three species (Table 1). The three most ecologically
dominant adult species, based on the Importance Value
Index (IVI), were Bridelia micrantha (Hochst.) Baill.
(42.5%), Ficus sycomorus L. (34.4%), and Sorindeia
madagascariensis (Spreng.) DC. (22.8%) (Table 1). In
contrast, the least represented species in the reserve were
Cedrela odorata L. (0.9%), Garcinia sp. (0.9%), and
Obetia radula (Baker) B.D.Jacks. (0.7%). On average, five
species were recorded per sampling plot, with species
richness per plot ranging from 2 to 8. The species
accumulation curve (Figure 2) reached an asymptote,
suggesting that the sampling effort was adequate to capture
the majority of tree and shrub species present in the forest.

40

Species richness

1

10

0 5 10 15 20 25 30 35 40
Sites

Figure 2. Species accumulation curve of tree species in the Lake
Duluti Forest Reserve, Arumeru District in Tanzania. The curve
depicts the expected number of species as a function of the
sampled area, with the upper and lower bounds representing the
95% confidence intervals



188

Table 1. Checklist of adult tree and shrub species with Dbh > 5 cm sorted by IVI identified in the Lake Duluti Forest Reserve, Arumeru district, Tanzania
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Density
Botanical name Family Habit Freg%“” *H'  Rf(%) 1(‘0]/3;’ I(f,z;’ VI (ilt:.'f;s B(al;?:l:.rf)’a (Mggia.l) (Mng(l:m.l)
Bridelia micrantha (Hochst.) Baill. Phyllanthaceae Tree 65 0.28 12.9 12.8 16.7 425 19+4 1.91+0.42 9.43+2.05 3.95+0.70
Ficus sycomorus L. Moraceae Tree 40 0.20 8.0 6.0 20.5 344 8+2 4.83+1.24 22.85+5.84 5.12+1.19
Sorindeia madagascariensis DC. Anacardiaceae Tree 40 0.21 8.0 8.4 6.4 22.8 167 1.31+0.71 6.44+3.44 2.68+1.11
Newtonia buchananii (Baker) G.C.C.Gilbert & Boutique Fabaceae Tree 27.5 0.13 55 6.8 6.3 18.5 9+3 0.88+0.52 4.21+2.45 1.37+0.50
Drypetes gerrardii Hutch. Putranjivaceae Tree 30 0.18 6.0 74 3.1 16.5 1948 0.42+0.14 2.16+0.71 1.67+0.60
Trichilia emetica (Forssk.) Vahl Meliaceae Tree 30 0.16 6.0 4.8 43 15.0 72 0.78+0.33 3.81£1.61 1.52+0.51
Albizia gummifera (J.F.Gmel.) C.A.Sm. Fabaceae Tree 27.5 0.16 55 3.6 4.0 13.1 72 0.71£0.26 3.43+1.27 1.50+0.53
Turraea robusta Giirke Meliaceae Shrub 20 0.13 4.0 5.0 2.8 11.8 743 0.23£0.10 1.1840.51 0.82+0.32
Deinbollia kilimandscharica Taub. Sapindaceae Shrub 15 0.11 3.0 43 2.2 9.5 11+6 0.21+0.09 1.08+0.48 0.82+0.34
Allophylus africanus P.Beauv. Sapindaceae Shrub 15 0.10 3.0 4.5 1.9 9.3 12+7 0.22+0.11 1.23+0.54 0.94+0.39
Psychotria capensis subsp. riparia (K.Schum. & K.Krause) Verdc. Rubiaceae Shrub 12.5 0.09 2.5 5.5 1.2 9.1 157 0.08+0.04 0.43+0.20 0.66+0.30
Croton megalocarpus Hutch. Euphorbiaceae Tree 15 0.15 3.0 34 2.5 8.9 1045 0.31+0.12 1.58+0.63 1.09+0.45
Ficus sur Forssk. Moraceae Tree 12.5 0.07 2.5 23 3.0 7.7 2+1 0.50+0.29 2.41+1.39 0.73+£0.36
Albizia petersiana (Bolle) Oliv. Fabaceae Tree 7.5 0.12 1.5 2.6 34 7.5 543 0.45+0.30 2.24+1.48 1.05+0.68
Trilepisium madagascariense DC. Moraceae Tree 12.5 0.09 2.5 34 1.6 7.5 9+7 0.14+0.07 0.734+0.35 0.56+0.25
Cordia africana Lam. Boraginaceae Tree 12.5 0.08 2.5 0.9 2.3 5.7 2+1 0.89+0.64 4.19+£2.99 0.98+0.54
Rauvolfia caffra Sond. Apocynaceae Tree 12.5 0.08 2.5 1.2 1.7 5.4 2+1 0.23£0.11 1.17+0.53 0.54+0.23
Cussonia holstii Harms ex Engl. Araliaceae Tree 7.5 0.06 1.5 1.9 1.7 5.0 312 0.09+0.06 0.46+0.32 0.31+0.19
Strychnos sp. Loganiaceae Tree 10 0.10 2.0 2.2 0.5 4.7 8+5 0.07+0.04 0.38+0.20 0.45+0.23
Ficus lutea Vahl Moraceae Tree 7.5 0.05 1.5 0.8 2.1 44 1+1 0.21+0.13 1.05+0.66 0.38+0.23
Spathodea campanulata P.Beauv. Bignonaceae Tree 5 0.05 1.0 0.8 2.0 3.7 11 0.37+0.28 1.80+1.33 0.52+0.36
Dombeya rotundifolia (Hochst.) Planch. Malvaceae Tree 7.5 0.05 1.5 0.9 1.0 34 2+1 0.08+0.05 0.41+0.23 0.25+0.14
Ozoroa insignis Delile Anacardiaceae Tree 5 0.05 1.0 1.1 1.2 33 2+1 0.11+0.10 0.56+0.49 0.28+0.23
Vangueria infausta Burch. Rubiaceae Shrub 7.5 0.05 1.5 1.0 0.8 33 2+1 0.04+0.02 0.21£0.13 0.19+0.11
Tabernaemontana ventricosa Hochst. ex A.DC. Apocynaceae Tree 7.5 0.05 1.5 1.1 0.3 2.9 2+1 0.04+0.02 0.2040.12 0.20+0.11
Sarcomelicope simplicifolia (Endl.) T.G.Hartley Rutaceae Tree 5 0.03 1.0 1.4 0.3 2.7 4+£3 0.04+0.03 0.22+0.15 0.25+0.18
Combretum molle R.Br. ex G.Don Combretaceae Tree 5 0.05 1.0 0.7 0.8 2.6 1+1 0.06+0.04 0.32+0.23 0.19+0.14
Celtis africana Burm.f. Cannabaceae Tree 5 0.03 1.0 0.4 0.9 2.3 1+£0 0.08+0.06 0.38+0.32 0.17£0.13
Albizia chinensis (Osbeck) Merr. Fabaceae Tree 2.5 0.03 0.5 0.6 0.9 2.0 1+1 0.09+0.09 0.45+0.45 0.20+0.20
Manilkara sp. Sapotaceae Tree 2.5 0.02 0.5 0.2 0.8 1.5 0+0 0.08+0.08 0.37+0.37 0.14+0.14
Senna siamea (Lam.) H.S.Irwin & Barneby Fabaceae Tree 2.5 0.03 0.5 0.5 0.4 1.4 242 0.02+0.02 0.11+0.11 0.12+0.12
Commiphora eminii Engl. Burseraceae Tree 2.5 0.02 0.5 0.3 0.5 1.3 0+0 0.08+0.08 0.41+0.41 0.14+0.14
Rhus natalensis Bernh. Anacardiaceae Shrub 2.5 0.02 0.5 0.6 0.2 1.3 343 0.02+0.02 0.13+0.13 0.17+0.17
Ficus thonningii Blume Moraceae Tree 2.5 0.02 0.5 0.1 0.6 1.2 0+0 0.54+0.54 2.53+2.53 0.43+0.43
Calodendrum capense (L.f.) Thunb. Rutaceae Tree 2.5 0.02 0.5 0.5 0.1 1.1 1+1 0.01+0.01 0.04+0.04 0.05+0.05
Clausena anisata (Willd.) Hook.f. Rutaceae Shrub 2.5 0.02 0.5 0.4 0.1 1.0 1+1 0.01+0.01 0.05+0.05 0.05+0.05
Croton sylvaticus Hochst. Euphorbiaceae Tree 2.5 0.02 0.5 0.4 0.1 1.0 0+0 0.03+0.03 0.15+0.15 0.08+0.08
Euphorbia candelabrum Welw. Euphorbiaceae Tree 2.5 0.02 0.5 0.3 0.2 1.0 1+1 0.01+0.01 0.07+0.07 0.07+0.07
Trema orientale (L.) Blume Ulmaceae Tree 2.5 0.02 0.5 0.5 0.0 1.0 1+1 0.01+0.01 0.03+0.03 0.04+0.04
Cedrela odorata Ruiz & Pav. Meliaceae Tree 2.5 0.02 0.5 0.2 0.2 0.9 0+0 0.01+0.01 0.06+0.06 0.04+0.04
Garcinia sp. Clusiaceae Tree 2.5 0.02 0.5 0.1 0.3 0.9 0+0 0.03+0.03 0.15+0.15 0.08+0.08
Obetia radula (Baker) Baker ex B.D.Jacks. Urticaceae Tree 2.5 0.02 0.5 0.2 0.0 0.7 JEI 0.02+0.02 0.11+0.11 0.09+0.09
Total 502.5 3.21 100 100 100 300 197+97 167'2]:& 7917 £35.31  30.86 £12.77

Note: * H' = Shannon-Wiener diversity index, Rf = Relative frequency, RDe= Relative density, RDo= Relative dominance (basal area), [IVI = Importance Value Index, AGC = Above Ground Carbon (mean + SE), BGC
= Below Ground Carbon (mean + SE), Plot size = 15 m radius. SE = Standard error
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The 42 species belonging to 23 plant families recorded
in this study from 40 concentric sample plots represent a
lower species richness than those reported by several
comparable studies. For example, Mwakalukwa et al.
(2023a) recorded 54 species from 29 families using 23
plots of 0.071 hectares in the dry evergreen montane forest
of the Essimingor Nature Forest Reserve in Tanzania.
Similarly, Sitati et al. (2014) reported 75 species from 100
plots of 0.02 hectares in the Gelai Forest Reserve, also in
Tanzania. Daba et al. (2022) documented 68 species across
33 families using 100 plots of 0.04 hectares in the
Afromontane Forest of Southwest Ethiopia. Furthermore,
Noumi (2015) reported 146 species from 41 families using
60 plots of 0.1 hectares in Cameroon. In contrast, the
current study's species richness exceeds that reported by
Teshager et al. (2018), who identified 32 species from 20
families using 40 plots of 0.02 hectares in the Weiramba
Forest, Ethiopia. The relatively lower species count in the
present study may be attributed to differences in sampling
intensity, including total area surveyed, number of plots,
and plot sizes, which were generally higher in the
aforementioned studies.

Species diversity

The Shannon-Wiener diversity index (H') for tree and
shrub species with diameter at breast height equal to or
greater than five centimeters in the LDFR was calculated as
3.21 (Table 1). The species contributing most to this
diversity index were B. micrantha (0.28), S. madagascariensis
(0.21), and F. sycomorus (0.20). This H' value is lower than
those reported by Kacholi et al. (2015) in the moist forest
of Uluguru Nature Forest Reserve, Tanzania (H' = 4.03),
Mwaluseke et al. (2023) from the dry evergreen forest of
Lendikinya Forest Reserve, Tanzania (H' = 3.46), and Noumi
(2015) in Cameroon (H' = 4.96). However, it is higher than
those documented in other studies. For example, Teshager
et al. (2018) reported an H' of 2.3 in a moist forest in
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Figure 3. Distribution of density

Ethiopia, Mwakalukwa et al. (2023a) reported an H' of 2.7
in the Essimingor Nature Forest Reserve, Sitati et al.
(2014) recorded an H' of 2.8 in the Gelai Forest Reserve,
and Mwakalukwa and Masisi (2024) found an H' of 2.91 in
the Rau Catchment Forest Reserve, a lowland groundwater
forest in Tanzania.

According to Magurran (2004) and Noumi (2015),
Shannon-Wiener index values typically range from 1.5 to
4.9 and rarely exceed 5. Ecosystems with values above 2
are generally considered to have moderate to high diversity.
Therefore, the H' value of 3.21 in this study indicates that
the LDFR supports a high level of species diversity among
its tree and shrub populations. This relatively high diversity
may be attributed to the low levels of disturbance observed
in the forest.

Stand structure

The stem density and basal area for adult trees and
shrubs with diameter at breast height equal to or greater
than five centimeters in the LDFR were 197 + 97 stems per
hectare and 16.27 £+ 7.30 square meters per hectare,
respectively (Table 1). The species contributing most to
stem density included Drypetes gerrardii Hutch. (19 + §
stems per hectare), B. micrantha (19 + 4 stems per hectare),
S. madagascariensis (16 + 7 stems per hectare), and
Psychotria riparia (15 £ 7 stems per hectare). Regarding
basal area, F. sycomorus was the most dominant species,
contributing 4.83 £ 1.24 square meters per hectare, followed
by B. micrantha with 1.91 + 0.42 square meters per hectare
and S. madagascariensis with 1.31 = 0.71 square meters
per hectare. The stem density distribution by size class
exhibited a reverse J-shaped pattern (Figure 3), which is
characteristic of healthy regenerating forests. In contrast,
the basal area distribution followed a normal J-shaped
curve, with trees exceeding 70.1 centimeters in diameter
contributing the most to the mean basal area of the forest
(Figure 4).
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Figure 4. Distribution of basal area per hectare for trees and
shrubs with > 5 cm Dbh by diameter classes in Lake Duluti Forest
Reserve, Arumeru District, Tanzania (n = 40)
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The total mean stem density of adult individuals (dbh >
5 cm) recorded in this study was 197 £ 97 stems ha™,
which is considerably lower than values reported from
other forest reserves in East Africa. For instance,
Mwakalukwa et al. (2023a) reported 288 + 173 stems ha™!
in Essimingor Nature Forest Reserve, while Sitati et al.
(2014) and Sitati et al. (2016) recorded 377 stems ha™! and
435 stems ha! in Gelai and Ketumbeine Forest Reserves,
respectively. Similarly, Kacholi et al. (2015) documented
390 stems ha™! in the Uluguru Nature Forest Reserve, and
Gebeyehu et al. (2019) reported stem densities ranging
from 365.6 to 664.1 stems ha™', with a mean of 636.5 stems
ha™' across five Ethiopian forests. In western Cameroon,
Noumi (2015) found a mean stem density of 544 stems
ha™'. Conversely, the stem density in this study exceeded
the values reported by Mwakalukwa et al. (2023b) (190 +
117 stems ha™') from the Lolkisale Village Land Forest
Reserve and by Mwakalukwa and Masisi (2024), who
recorded 185 + 81 stems ha™! in the lowland groundwater
forest of Rau Catchment Forest Reserve. The relatively
lower stem density observed in Lake Duruti Forest Reserve
(LDFR) suggests that it is among the few moist, submontane,
dry evergreen forests in Tanzania with lower stocking
rates. This might be attributed to site-specific factors such
as extensive water cover, which potentially limits the
availability of terrestrial habitat for tree establishment. In
contrast, higher stem densities in other forests could be
linked to microclimatic conditions that enhance species
establishment and survival.

With respect to basal area, the mean value recorded in
LDFR was 16.27 £ 7.30 m? ha! for adult individuals (dbh
> 5 cm). This is higher than the 11.47 + 7.23 m? ha!
reported by Mwakalukwa et al. (2023a) for Essimingor,
7.68 £5.17 m? ha™! reported by Mwakalukwa et al. (2023b)
for Lolkisale, and 11.42 + 5.41 m? ha' reported for
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Lendikinya Forest Reserve (Mwaluseke et al. 2023). However,
it remains lower than the 23.05 + 12.37 m? ha™' observed
by Mwakalukwa and Masisi (2024) in Rau Catchment
Forest Reserve, 24 m? ha™ reported by Kacholi et al.
(2015) for Uluguru Nature Forest Reserve, and 26.87 m?
ha™ reported by Sitati et al. (2014) for Gelai Forest
Reserve. Furthermore, Sitati et al. (2016) reported 30.49 +
2.3 m? ha™' from Ketumbeine, while higher values were
recorded by Teshager et al. (2018) (32.10 m? ha™"), Noumi
(2015) (52.72 m? ha'"), Mialla (2002) (69.3 = 1.6 m* ha™"),
and Tynsong et al. (2022), who documented a mean of
61.72 £ 4.82 m? ha™! in tropical evergreen forests of India.
The relatively low stem density in LDFR likely accounts
for its moderate basal area. In other studies, higher basal
areas may be attributed to greater stem densities and the
presence of more individuals in higher dbh classes, which
substantially contribute to overall basal area values.

Regeneration

Regeneration status of tree and shrub species (dbh < 5
cm) in LDFR is summarized in Table 2. A total of 22
species representing 15 plant families and 20 genera were
recorded. Of these, tree species constituted 77%, while
shrub species accounted for 23%. The most dominant
families were Fabaceae and Rubiaceae, each represented by
three species. Ebenaceae, Loganiaceac, and Rutaceae
followed, each with two species. The remaining families
contributed one species each. The most frequently
encountered regenerants were D. gerrardii (35%), Newtonia
buchananii (Baker) G.C.C.Gilbert & Boutique (20%),
Psychotria capensis subsp. riparia (K.Schum. & K.Krause)
Verdc. (20%), and Celtis africana Burm.fil. (20%), which
also significantly contributed to the Shannon-Wiener diversity
index (H') and stem density values.

Table 2. Checklist of tree and shrub species of regenerants with DBH of < 5 cm sorted by density identified in Lake Duluti Forest

Reserve, Arumeru District, Tanzania

Botanical name Family Habit Freg)l/:)(;ncy *H' (stl:ﬁilss;g_l)
Drypetes gerrardii Hutch. Putranjivaceae  Tree 35 0.29 8554223
Newtonia buchananii (Baker) G.C.C. Gilbert & Boutique Fabaceae Tree 20 0.21 537+269
Albizia gummifera (J.F.Gmel.) C.A.Sm. Fabaceae Tree 17.5 0.19 418+185
Sorindeia madagascariensis (Spreng.) DC. Anacardiaceae  Tree 17.5 0.19 279+132
Sarcomelicope simplicifolia (Endl.) T.G.Hartley Rutaceae Tree 15 0.17 279+123
Psychotria capensis subsp. riparia (K. Schum. & K. Krause) Verdc. Rubiaceae Shrub 20 0.21 259+100
Strychnos mitis S.Moore Loganiaceae Tree 2.5 0.05 199+199
Celtis africana Burm.fil. Cannabaceae Tree 20 0.21 199+68
Clausena anisata (Willd.) Hook.fil. Rutaceae Shrub 10 0.13 159+86
Trichilia emetica (Forssk.) Vahl Meliaceae Tree 12.5 0.15 159471
Albizia petersiana (Bolle) Oliv. Fabaceae Tree 5 0.08 139498
Tabernaemontana ventricosa Hochst. ex A.DC. Apocynaceae Tree 12.5 0.15 139+63
Diospyros abyssinica (Hiern) F.White Ebenaceae Tree 5 0.08 99+82
Strychnos sp. Loganiaceae Tree 7.5 0.11 80+48
Vangueria infausta Burch. Rubiaceae Shrub 7.5 0.11 80+48
Deinbollia kilimandscharica Taub. Sapindacea Shrub 5 0.08 40+28
Euclea divinorum Hiern Ebenaceae Tree 5 0.08 40428
Flacourtia indica (Burm.fil.) Merr. Salicaceae Tree 5 0.08 40428
Trilepisium madagascariense DC. Moraceae Tree 5 0.08 40+28
Antidesma sp. Phyllanthaceae Tree 2.5 0.05 20+20
Commiphora eminii Engl. Burseraceae Tree 2.5 0.05 20420
Rothmannia sp. Rubiaceae Shrub 2.5 0.05 20+£20
Total 235 2.80 4,100 £1,967

Note: * Shannon-Wiener diversity index (H'), plot size = 2 m radius
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The calculated Shannon-Wiener diversity index (H') for
regenerants was 2.80, indicating high species diversity among
young individuals in the reserve. The mean stem density of
regenerants was 4,098 + 1,966 stems ha™!, which is notably
higher than values reported in comparable forest ecosystems.
For instance, Mwakalukwa et al. (2023a) reported 736 +
621 stems ha™' for regenerants (dbh < 5 cm) in Essimingor
Nature Forest Reserve, while Teshager et al. (2018) recorded
1,635 stems ha™' for seedlings and 1,116 stems ha™ for
saplings in Weiramba Forest, Ethiopia. These results suggest
that despite the relatively low adult stem density, LDFR
exhibits a high regeneration potential. The abundance of
regenerants may reflect favorable microsite conditions,
reduced anthropogenic disturbance, or successful reproductive
strategies of dominant species, highlighting the ecological
importance of LDFR as a viable forest system capable of
sustaining long-term regeneration and resilience.

Biomass and carbon storage

The mean above-ground biomass and carbon stock
potential of trees and shrubs with a Diameter at Breast
Height (DBH) > 5 cm in the Lake Duruti Forest Reserve
(LDFR) were estimated at 158.48 £ 70.61 Mg ha' and
79.24 + 35.31 Mg C ha!, respectively. Correspondingly,
the mean below-ground biomass and carbon stock potential
for the same category of individuals were 61.73 + 25.54
Mg ha! and 30.86 + 12.77 Mg C ha™! (Table 1; Figure 5).
Species contributing most significantly to above-ground
carbon stocks were also those with the highest basal area,
namely F. sycomorus (22.85 + 5.84 Mg C ha''), B.
micrantha (9.43 + 2.05 Mg C ha™), and S. madagascariensis
(6.44 + 3.44 Mg C ha'). These same species were also
dominant contributors to below-ground carbon stocks: F.
sycomorus (5.12 = 1.19 Mg C ha™), B. micrantha (3.95 £

40.00 -
35.00
30.00
25.00
20.00
15.00

10.00

Mean Carbon density (MgCha-!)

5.00

0.00

0.70 Mg C ha™), and S. madagascariensis (2.68 = 1.11 Mg
C ha™) (Table 1). Biomass and carbon distribution across
diameter classes revealed that individuals with DBH > 70.1
cm accounted for the largest share of the mean biomass and
carbon stocks within the forest (Figure 5).

The total mean above-ground carbon stock (AGC) for
trees and shrubs with DBH > 5 cm in the Lake Duruti
Forest Reserve (LDFR) was 79.24 + 35.31 Mg C ha™'. This
value exceeds estimates reported from several other tropical
forests. For instance, Swai et al. (2014) documented 48.4 +
8.0 Mg C ha! from the Hanang Mountain Forest, while
Shirima et al. (2015) recorded 54.30 + 5.84 Mg C ha™' from
montane forests and miombo woodlands in Tanzania.
Similarly, Mwakalukwa et al. (2023a) reported 56.93 =+
34.60 Mg C ha™' in the dry evergreen forest of Essimingor
Nature Forest Reserve, and Mwakalukwa et al. (2023b)
found a much lower value of 19.55 = 13.38 Mg C ha™! in
the Lolkisale Village Land Forest Reserve, North-East
Tanzania. Mwaluseke et al. (2023) reported the lowest
among these, with 16.04 £ 7.7 Mg C ha' from the
Lendikinya Forest Reserve. In contrast, the AGC stock
reported in this study is lower than some of the highest
values recorded in other regions. Mwakalukwa and Masisi
(2024) reported 107.48 + 61.28 Mg C ha' from the
lowland groundwater forest of Rau Catchment Forest
Reserve in Tanzania. Even higher values have been
reported from Ethiopia, including 180.18 + 17.19 Mg C
ha! and 106.71 + 7.64 Mg C ha' in dry evergreen
Afromontane forests (Asrat et al. 2022), and 191.6 + 19.7
Mg C ha! across five Afromontane forests (Gebeyehu et
al. 2019). Daba et al. (2022) reported 203.80 + 12.38 Mg C
ha™' from a tropical forest in Southwest Ethiopia while, in
India, Naveenkumar et al. (2017) recorded a range of 99-
216 Mg C ha! from a tropical dry forest.

37.72

1-10cm 10.1-20cm 20.1-30cm 30.1-40cm 40.1-50cm 50.1-60cm 60.1-70cm >70.1cm

Diameter classes

H ABC (MgC/ha)

BGC (MgC/ha)

Figure 5. Distribution of both above and below-ground means carbon density for trees and shrubs with > 5 cm DBH by diameter classes
in the Lake Duluti Forest Reserve, Arumeru District, Tanzania (n = 40)
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Regarding Below-Ground Carbon (BGC) density, the
mean value of 30.86 + 12.77 Mg C ha™ reported in this
study falls within the range observed in comparable
ecosystems. It is slightly lower than the 34.71 £ 19.72 Mg
C ha™ reported by Mwakalukwa et al. (2023a) for the
Essimingor Nature Forest Reserve. However, it is higher
than values reported by Mwakalukwa and Masisi (2024),
who documented 21.50 £ 12.26 Mg C ha™ for the Rau
Catchment Forest Reserve, and significantly exceeds the
391 + 2.68 Mg C ha recorded by Mwakalukwa et al.
(2023b) for the Lolkisale Village Land Forest Reserve.

The variation in carbon stock values between studies
can largely be attributed to differences in forest structure,
particularly the size distribution of trees. Forests with many
large trees generally exhibit higher biomass and carbon
density. In contrast, a dominance of small trees tends to
lower overall carbon stocks (Mauya and Madundo 2021).
Other contributing factors include differences in terrain,
climate, and methodological approaches—particularly the
choice of allometric models used for biomass estimation.

Despite the relatively low stem density of adult trees (>
5 cm DBH), the LDFR stores considerable amounts of
carbon in both above- and below-ground pools. The
diameter of trees recorded ranged from 5 to 160 cm, with a
notable proportion of large trees: 67% of the 290 trees
measured had a DBH > 20 c¢m, while 33% were < 20 cm.
These findings highlight the ecological importance of
large-diameter trees in carbon sequestration. To obtain a
comprehensive estimate of total carbon storage, further
quantification of additional carbon pools—such as soil,
litter, deadwood, grasses, and herbs—is strongly
recommended.

In conclusion, this study highlights the exceptional
biodiversity and carbon storage potential of the Lake
Duruti Forest Reserve. A total of 42 woody species were
identified, and the species diversity index (H' = 3.21)
suggests a floristically rich and heterogeneous ecosystem.
Compared to other tropical forests, both in Tanzania and
beyond, LDFR demonstrates relatively high above- and
below-ground carbon stock values, largely driven by the
presence of large trees. The high number of regenerants
also reflects a healthy forest regeneration dynamic, indicative
of long-term ecological stability. Together, the forest’s
structural composition, species richness, and significant
carbon sequestration capacity highlight its conservation
value.

To ensure the continued protection of this important
ecosystem, the development and implementation of a
comprehensive forest management plan is essential. Such a
strategy would not only promote biodiversity conservation
but also maintain and potentially enhance existing carbon
stocks. This calls for immediate and coordinated conservation
efforts involving local communities, stakeholders, and
policymakers, to secure the long-term ecological and climate-
regulating functions of LDFR.
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Abstract. Salsabila LN, Fitri A, Sitanggang FEM, Permana IG, Farida WR, Anzhany D, Ridwan R. 2025. Effect of tannin and amino acid
supplementation on growth, digestibility, and blood parameters in heifer calves. Nusantara Bioscience 17: 194-201. Nutritional
management during the growth phase of heifer calves is crucial for optimal performance and health. Tannins and amino acids have
shown potential benefits in ruminant nutrition through improved protein utilization and antimicrobial properties. This study aimed to
evaluate the effect of tannins (1% DM), amino acids (0.3% DL-methionine + 0.7% L-lysine), and their mixture on heifer calves'
performance and metabolic indicators. To achieve the objective, a 4 x 4 Latin square design was used with 4 calves (109.00 = 18.17 kg
of body weight), each receiving 4 treatments in 4 periods. The treatment period lasted 14 days, including 10 days for diet adaptation and
4 days for sample collection. The basal diet was a Total Mixed Ration (TMR) consisting of 20 kg/d of forage and 2 kg/d of concentrate.
Treatments included: P1 (control, TMR only), P2 (TMR + 1% dry matter intake (DMI) tannin), P3 (TMR + 1% DMI amino acids), and
P4 (TMR + 1% DMI tannin and 1% DMI amino acids). The results showed that individual supplementation in P2 (0.66 kg/h/d) and P3
(0.73 kg/h/d) had higher Average Daily Gain (ADG) compared to P1 (0.54 kg/h/d) and P4 (0.41 kg/h/d) (p < 0.05). Feed efficiency in
P2 (2.65%) and P3 (3.02%) is higher than in P1 (2.49%) and P4 (1.74%) (p < 0.05). Although nutrient intake did not differ, Crude
Protein (CP) intake in the P1 (0.32 kg/day) was lower than in the P2 (0.44 kg/day), P3 (0.39 kg/day), and P4 (0.40 kg/day) (p < 0.05).
Plasma protein and cholesterol levels were lower in the P1 (7.07 g/dL; 94.14 mg/dL) than those (7.46-7.62 g/dL; 125.98-149.85 mg/dL,
respectively) (p < 0.05). Overall, supplementation of 1% DMI tannin or amino acids alone improved the performance without
compromising hematological profiles and blood metabolites.

Keywords: Amino acids, blood protein, calves, performance, tannin

INTRODUCTION

Efficiently managing dairy calves, especially in milk
production, is crucial for the long-term success of dairy farming
(van Niekerk et al. 2020). The importance of managing
replacement heifers is often overlooked, especially in high
mortality and morbidity rates. Mortality rates of calves can
be substantially high, particularly in developing areas, with
approximately 35% (Li et al. 2011). High morbidity and
mortality rates cause substantial economic losses, contradicting
animal welfare and food safety. Growth and mortality rates
in calves have proven to be suitable indicators for health
assessment. High growth rates also show proper nutrition
and feeding, as insufficient nutrition will inhibit immunity,
leading to disease and mortality (Tautenhahn et al. 2020).
In Indonesia, the yearly rate of calf births ranges from 52-
67%, while calf mortality rates range from 8 to 48%, deemed
very high (Talib et al. 2003). Common health issues in calves
include respiratory diseases, gastrointestinal disorders, and
nutritional deficiencies, which can lead to stunted growth
and increased mortality rates (McGuirk and Peek 2014).

Nutritional management is one of the primary concerns
in the growth phase of the heifer calves. This is because
insufficient nutrition can inhibit the growth rate, disrupt
reproductive growth, and hinder the immunity of the calves

(Tautenhahn et al. 2020; van Niekerk et al. 2020). The
transition to solid feed has been proven effective through
significant metabolic changes. For instance, calves must
adapt from a carbohydrate-rich diet to one that includes more
complex nutrients, which affects their blood biochemical
profiles and overall health (Nagy et al. 2014; Khan et al.
2016). Around 4 to 6 weeks, ruminal fermentation and
absorption will develop in calves (Mirzaei-Alamouti et al.
2025). Moreover, calves weaned early without adequate solid
feed intake tend to reduce growth rates, increase
susceptibility to illness, and impact overall digestive health
(Bhatti et al. 2012; Benetton et al. 2019; Hao et al. 2021).
The stress associated with weaning and dietary changes is
inevitable. Therefore, effective management of nutrition
strategies is essential to mitigate risks and promote better
health outcomes for calves.

Feed supplements can enhance performance and increase
livestock growth (Abitante et al. 2024). Tannins and amino
acids have beneficial effects on calves' health and
performance. Tannins are a heterogeneous group of
polyphenols, serving as secondary metabolites in plants that
are synthesized in response to biotic and abiotic stressors.
These compounds also have properties such as antioxidant,
antimicrobial, anthelmintic, anti-inflammatory, and
antimethanogen (Fraga-Corral et al. 2021; Fitri et al. 2022;
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Boukrouh et al. 2024). Previous studies explained that
supplementing tannin in ruminant diets with moderate
levels (0.2-0.6% dry matter (DM) in steers and 10 g/day in
calves) has been associated with improved performance
and reductions in both gastrointestinal parasitism and nitrogen
pollution (Dell'Anno et al. 2024). Moreover, the addition
1% chestnut-tannin extract in piglets' diets and 6 g/day of
tannin extract in preweaning calves' diet improved gut health
through antibacterial properties and reduced incidence of
diarrhea, whereas feed intake and the average daily gain
were unaffected (Girard et al. 2018; Dell'Anno et al. 2024).
Tannin supplementation has also been reported to improve
growth rates in post-weaning calves by enhancing the
colonization of beneficial microbiota that play a key role in
the development and function of the gastrointestinal tract,
which is subsequently associated with increased body weight
and improved feed efficiency in growing ruminants (Hassan
et al. 2020; Al Rharad et al. 2025). Feed processing techniques
have been developed to minimize undegradable protein and
increase the direct delivery of amino acids to the small
intestine (Mirzaei-Alamouti et al. 2025), particularly using
tannin to protect amino acids.

Essential amino acids, such as lysine and methionine,
are crucial for protein synthesis and overall growth
(Montout et al. 2021). Supplementing diets with lysine and
methionine enhanced growth performance and immune
function, reducing the incidence of illness in livestock
(Montout et al. 2021). However, Silva et al. (2021) found
that lysine and methionine (17 and 5.3 g/d) supplemented
in the solid concentrate calves' diet detrimentally affect the
animals' performance and metabolism. This might be because
the amino acids are quickly degraded in the rumen, causing
inefficient absorption (Schwab and Broderick 2017).

Although the potential benefits of tannin and amino acids
supplementation have been investigated, a limited number
of studies have investigated the combination of tannin and
amino acids in post-weaned calves. Tannins can bind
proteins and form tannin-amino acid complexes, reducing
excessive protein degradation in the rumen and improving
protein utilization. Under the acidic conditions of the
abomasum, these complexes dissociate, increasing the
amount of bypass protein that reaches the small intestine
(Lorenz et al. 2014).

Based on the background above, this study aimed to
address the knowledge gap by assessing the influence of
tannin, amino acids, and their combination on performance,
nutrient intake, digestibility, and blood metabolites in heifer
calves. It was hypothesized that the supplementation of
tannin, amino acids, and their mixture would increase
average daily gain, protein digestibility, and immune profile,
as shown by the blood metabolites.

MATERIALS AND METHODS

Experimental design and animals

Four Friesian Holstein post-weaned heifer calves (109.00
+ 18.17 kg of live weight, aged 6 to 7 months) were used
for the experiment conducted at PT Sumber Citarasa Alam,
Ciawi, Bogor, Indonesia. The animal used in this experiment
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was approved by the Animal Care and Use Committee of
the Ethical Clearance, BRIN (Number:
004/KE.02/SK/01/2024). A Latin square design with 4
treatments and 4 replications was used. Each experimental
period consisted of 10 days for diet adaptation and 4 days
for data and sample collection. The sample size was
determined based on data from the previous period of
calves.

Treatment and feeding management

Calves were given a Total Mixed Ration (TMR) consisting
of 20 kg/day of fresh forage and 2 kg/day of commercial
concentrate (as fed basis). Diets were offered twice daily at
0900 and 1700, with ad libitum access to drinking water.
The diets were supplemented with tannin, amino acids, and
a mixture of tannin and amino acids. The experimental
treatments were: P1: Control ration (TMR only), P2: TMR
+ 1% tannin (DM of diet), P3: TMR + 1% amino acids
(0.3% DL-methionine and 0.7% L-lysine, DM of diet), P4:
TMR + 1% tannin + 1% amino acids.

Tannin, amino acids, and a mixture of tannin and amino
acids were added on top and then mixed into the TMR. The
tannin used was a commercial extract from the Chestnut
tree (Hydrolyzable tannin, Saviolife, Italy), while the
amino acids were DL-methionine and L-lysine (PT Cheil
Jedang, Indonesia).

Feed analysis

Representative samples of the TMR for each treatment
were collected daily and composited by treatment and period.
Samples were dried at 60°C for 48 hours and analyzed for
dry matter (DM), organic matter (OM), ash, crude protein
(CP), ether extract (EE), and crude fiber (CF) according to
AOAC (1995) procedures. The nutrient composition of rations
is presented in Table 1.

Growth performance

Growth performance in this study was evaluated based
on average daily gain (ADG) and feed efficiency. The
calves were weighed on 1 and 14 of each period (14-day
intervals), before their morning feeding using a digital
livestock scale. Average daily gain (ADG) was calculated
using the following formula:

ADG (kg/head/day) = [final weight (kg) - initial weight
(kg)]/ 14 days

Table 1. Composition of the nutrient composition of the ration

Nutrient composition P1 P2 P3 P4

Dry matter (DM, %) 21.25  20.18 24.65 2253
Organic matter (% DM) 8640 86.43 8332  86.88
Ash (% DM) 13.60 1357 16.68 13.12
Crude protein (% DM) 10.02 1254 1258 1299
Ether extract (% DM) 1.13 0.83 0.84 0.87
Crude fiber (% DM) 26.12 2891 29.05  29.04

Note: P1: control (TMR only), P2: TMR + 1% tannin (DM of
diet), P3: TMR + 1% amino acids (0.3% DL-methionine and
0.7% L-lysine, DM of diet), P4: TMR + 1% tannin + 1% amino
acid supplementation
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While feed efficiency was calculated using the following
formula:

Feed efficiency (%) = ADG (kg/head/day) / dry matter
intake (kg/day)

Nutrient intake and digestibility

Offered feed and feces of individual calves were weighed
and sampled every day from day 10 to 14 on each
experimental period (5-day collection at the end of each
period). Fecal samples were collected daily (24-hour collection)
and 10% composited by treatment and period. All samples
were dried in the oven at 60°C for 48 hours, ground finely,
and kept until analyzed. The samples were analyzed for dry
matter (DM), organic matter (OM), crude protein (CP),
ether extract (EE), and crude fiber (CF) content using the in
vitro method (AOAC 1985). Subsequently, nutrient intake
was calculated based on the feed intake and nutrient
composition, following the formula below:

Nutrient intake (kg/head/day) = [%onutrient in feed x feed
offered (kg/day)] - [%nutrient in refusal x feed refused
(kg/day)]

While the following formula calculates
digestibility:

nutrient

Nutrient digestibility (%) = [(nutrient intake - nutrient
in fecal) / nutrient intake] x 100%

The nutrients intake and digestibility measured included
the DM, OM, CP, EE, and CF.

Blood metabolites and haematological

Blood samples were collected on day 14 in an EDTA
vacuum blood collection tube, which was stored in a cooler
box container for a while and brought to the laboratory for
analysis. Haematological analysis measured were
erythrocytes, hemoglobin, hematocrit, and leukocytes. Initially,
blood tests were performed using the automated hematology
analyzer (NIHON KOHDEN CelltacEs Automated

Table 2. Performance in female Friesian Holstein dairy calves

Hematology Analyzer, Japan), which took approximately
18 to 27 pL. Blood metabolites analysis measured in this
experiment were glucose, triglyceride, blood urea nitrogen
(BUN), cholesterol, and protein. The analysis was calculated
based on the general procedure of KIT reagents. Samples
were analyzed using a colorimetric enzymatic method with
KIT reagents brand GLORY DIAGNOSTICS (Spain).
After obtaining the absorbance, the blood metabolite value
was calculated by dividing the sample absorbance value by
the standard absorbance value.

Statistical analysis

The study used a Latin square design with 4 treatments
and 4 replications. Data were analyzed using the Analysis
of Variance (ANOVA) method with SAS software, followed
by Duncan's Further Test. Significance was declared at p <
0.05 and trends toward a significant difference at 0.05 < p
<0.10.

RESULTS AND DISCUSSION

Performance of the calves

Table 2 shows a significant difference in average daily
gain (ADQG) and feed efficiency (p < 0.05). Based on the
results, supplementation of tannin (P2) and amino acid (P3)
had a higher ADG and feed efficiency than the control,
with the highest values found in the P3 treatment.
Meanwhile, the P4 treatment had the lowest ADG and feed
efficiency compared to other treatments. Tannin and amino
acid supplementation did not affect the fresh daily intake,
which ranged between 13.65 and 17.14 kg/head/day, and
there was no significant difference between treatments.

Nutrient intake

As shown in Table 3, the treatments did not affect intake
of DM, OM, EE, and CF (p > 0.05). However, CP intake was
significantly higher in P2 (0.44 kg/d), P3 (0.39 kg/d), and P4
(0.40 kg/d) compared to the control (P1: 0.32 kg/d, p < 0.05).

Treatment
Parameters P1 ) 3 P4 SEM p-value
Average daily gain (kg/head/day) 0.54¢2b 0.66 0.73¢ 0.412 0.04 0.015
Fresh daily intake (kg/head/day) 14.86 17.14 13.65 14.68 0.49 0.086
Feed efficiency (%) 2.49%® 2.65° 3.02b 1.742 0.17 0.036

Note: Means in the same row with different superscripts differ significantly (p < 0.05); Note: P1: control (TMR only), P2: TMR + 1%
tannin (DM of diet), P3: TMR + 1% amino acids (0.3% DL-methionine and 0.7% L-lysine, DM of diet), P4: TMR + 1% tannin + 1%

amino acid supplementation, SEM: Standard Error Mean

Table 3. Nutrient intake in female Friesian Holstein dairy calves

Parameters (kg/head/day) P1 P2 P3 P4 SEM p-value
Dry matter intake 3.16 3.51 3.37 3.31 0.09 0.584
Organic matter intake 2.73 3.04 2.80 2.87 0.08 0.559
Crude protein intake 0.322 0.44° 0.39% 0.40° 0.01 0.021
Ether extract intake 0.04 0.03 0.03 0.03 0.00 0.079
Crude fiber intake 0.82 1.02 0.98 0.96 0.03 0.118

Note: Means in the same row with different superscripts differ significantly (p < 0.05); Note: P1: control (TMR only), P2: TMR + 1%
tannin (DM of diet), P3: TMR + 1% amino acids (0.3% DL-methionine and 0.7% L-lysine, DM of diet), P4: TMR + 1% tannin + 1%

amino acid supplementation, SEM: Standard Error Mean
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Table 4. Digestibility nutrient in female Friesian Holstein dairy calves

Parameters (%) P1 P2 P3 P4 SEM p-value
Dry matter digestibility 68.91 64.90 68.55 60.25 1.86 0.262
Organic matter digestibility 72.88 70.17 72.78 64.40 1.66 0.164
Crude protein digestibility 58.79 66.70 68.76 67.06 2.13 0.216
Ether extract digestibility 66.40 66.04 72.10 58.08 2.44 0.308
Crude fiber digestibility 74.56 68.62 69.14 61.62 1.88 0.081

Note: Means in the same row with different superscripts differ significantly (p < 0.05); Note: P1: control (TMR only), P2: TMR + 1%
tannin (DM of diet), P3: TMR + 1% amino acids (0.3% DL-methionine and 0.7% L-lysine, DM of diet), P4: TMR + 1% tannin + 1%
amino acid supplementation, SEM: Standard Error Mean

Table 5. Hematology in female Friesian Holstein dairy calves

Parameters P1 P2 P3 P4 SEM p-value Normal range*
Erythrocytes (10%/uL) 9.74 9.32 9.72 10.65 0.40 0.521 5.0-10.0
Leukocytes (103/uL) 12.81 22.75 22.71 31.91 2.79 0.068 4.0-12.0
Haemoglobin (g%) 9.28 9.91 9.54 10.53 0.35 0.487 8.0-15.0
Haematocrit (%) 34.48 33.09 35.64 38.91 1.12 0.391 24.0-46.0

Note: Means in the same row with different superscripts differ significantly (p < 0.05); *) Normal ranges according to Latimer et al.
(2011), P1: control (TMR only), P2: TMR + 1% tannin (DM of diet), P3: TMR + 1% amino acids (0.3% DL-methionine and 0.7% L-
lysine, DM of diet), P4: TMR + 1% tannin + 1% amino acid supplementation, SEM: Standard Error Mean

Table 6. Blood metabolites in female Friesian Holstein dairy calves

Parameters P1 P2 P3 P4 SEM p-value Normal range*
Glucose (mg dL™) 86.10 85.40 88.51 84.70 1.34 0.749 40.0-100.0
Triglyceride (mg dL") 29.41 27.39 27.02 29.04 1.04 0.889 17.0-30.0
BUN (mg dL) 29.44 20.97 29.38 32.74 2.03 0.388 10.0-25.0
Protein (g dL™") 7.07* 7.58b 7.46° 7.62° 0.07 0.012 6.0-8.0
Cholesterol (mg dL") 94.14* 125.98° 138.59%¢ 149.85¢ 5.98 0.001 80.0-170.0

Note: Means in the same row with different superscripts differ significantly (p < 0.05); *) Normal ranges according to Latimer et al.
(2011) and Mitruka et al. (1977); BUN: blood urea nitrogen; P1: control (TMR only), P2: TMR + 1% tannin (DM of diet), P3: TMR +
1% amino acids (0.3% DL-methionine and 0.7% L-lysine, DM of diet), P4: TMR + 1% tannin + 1% amino acid supplementation; SEM:

Standard Error Mean

Nutrient digestibility

Table 4 shows no significant differences in nutrient
digestibility in all treatments (p > 0.05). However, CF
digestibility was lower in P4 (61.62%) compared to other
treatments (p = 0.081).

Hematological and blood metabolites

The treatment effect on blood hematology, including
erythrocytes, leukocytes, hemoglobin, and hematocrit, is
presented in Table 5. The results show no significant
differences in the hematological blood (p > 0.05).

The effect of treatment on blood metabolites, including
glucose, triglyceride, blood urea nitrogen (BUN), protein,
and cholesterol, is presented in Table 6. All treatments had
no significant differences in glucose, triglyceride, and BUN
in all treatments (p > 0.05). However, blood protein levels
were significantly higher in supplemented treatments (P2:
7.58 g/dL, P3: 7.46 g/dL, P4: 7.62 g/dL) compared to the
control (P1: 7.07 g/dL, p < 0.05). Cholesterol levels were
significantly elevated in all supplemented groups compared
to the control (p < 0.01), with the highest levels observed in
P4 (149.85 mg/dL), followed by P3 (138.59 mg/dL) and P2
(125.98 mg/dL), compared to P1 (94.14 mg/dL).

Discussion
Performance of the calves

Average daily gain (ADG) in this study ranged from
0.41 kg/head/day to 0.73 kg/head/day. The normal range of
ADG of 6-to-7-month-old calves varied from 0.4 kg/head/day
to 0.9 kg/head/day, reported by Gitau et al. (1994). The
supplementation of amino acid (P3: 0.73 kg/head/day) had
the highest ADG. Amino acids, particularly methionine, are
crucial for the growth of all animals and basic life functions
(Vazquez-Afion et al. 2006) and can increase ADG (Zhou
et al. 2016). Adding amino acids lysine and methionine
increased the availability of methionine and lysine in the
intestine, post-ruminal segment, and the entire gastrointestinal
tract (Mazinani et al. 2020), thereby contributing to increased
feed efficiency and average daily gain (Zhou et al. 2016).
In this study, tannin supplementation (P2: 0.66
kg/head/day) in the ration increased ADG due to improved
feed efficiency. Adding tannins in ruminant feed can
improve feed efficiency by increasing the amount of rumen
undegradable protein (Ma et al. 2024). Tannin-protein
complexes formed at near-neutral pH (3.5-7.5) help more
protein avoid breaking down in the rumen and release
protein at a pH less than 3.5 (Jones and Mangan 1977).
Furthermore, the protein is released and digested in the
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small intestine (Ma et al. 2024). In previous studies, tannin
supplementation in calves increased average daily gain
(Soleiman and Kheiri 2018). However, supplementation
with tannin-amino acids (P4) exhibited low. Supplementing
tannin-amino acids in monogastrics it could decrease the
absorption of essential amino acids (especially methionine)
and reduce the animals' growth (Reed 1995). Moreover,
tannins interfere with protein digestion by inhibiting the
activity of proteases (Bhat et al. 2013; Jing et al. 2021),
pectinases, amylases, cellulases, and lipases (Bhat et al.
2013), thereby decreasing nutritional digestibility in the
rumen (Zhang et al. 2019a). This suggests that the rumen in
young calves is still developing during the transition phase,
which could make nutrient digestion less efficient than in
adult ruminants (Hassan et al. 2020; Schwarzkopf et al.
2022). This could explain part of the lower ADG and feed
efficiency observed in the P4.

The highest feed efficiency was found in amino acids
supplementation (P3: 3.02%) and tannin supplementation
(P2: 2.65%), although daily fresh intake remained relatively
the same in all treatments. Based on the calculation, lower
feed intake balanced with high average daily gain would
lead to more feed efficiency (Krueger et al. 2010).
Additionally, the presence of amino acids in the diet
effectively promoted significant body weight gain, showing
good feed efficiency (Niroumand et al. 2020). The increase
in feed efficiency in tannin supplementation ration caused
by lower protein degradation and CH4 emissions (Orzuna-
Orzuna et al. 2021). This indirectly increased the utilization
of protein and energy in the calves. However, supplementation
of tannin-amino acid (P4: 1.74%) reduced feed efficiency.
Lower feed efficiency is indirectly caused by the formation
of excessive tannins and proteins, which interfere with
absorption and digestion. Incorrect levels of tannins and
proteins can lead to growth suppression in livestock (Ojo
2022). Based on meta-analysis, hydrolyzable tannin (HT)
has an adverse effect, causing inactivation of ruminal
microorganisms, inhibiting the action of a microbial deaminase
only at doses between 101 and 200 g/kg DM (Brutti et al.
2023). Still, the HT doses in this study, 0.91 g/kg, were
lower and did not produce a lethal effect.

Nutrient intake

The CP intake in this study was significantly higher in
the added supplementation compared to the control treatment.
CP intake was linked to higher protein levels in the feed.
According to Negesse et al. (2001), Katangole and Yan
(2020), feeding with more protein could lead to more CP
intake, and if animals eat enough, it might help with digestion,
which can improve average daily gain (Etman et al. 2020).
Sharma et al. (2020) also mentioned feeding more protein
could help calves grow faster.

On the other hand, in P4, CP intake was higher, and
ADG was lower. This was probably because of the
complex formation of tannins and amino acids, which is
difficult to break down. Tannins can react with many nitrogen-
based compounds, including amino acids (Adamcyzk et al.
2017), and are more reactive when the amino acids have
bigger molecular sizes and more amine groups (Adamcyzk
et al. 2011). Lysine has two amine groups and methionine

has one (Adamcyzk et al. 2017). As phenolic compounds,
tannins showed the ability to bind and the high bond
strength between tannin and protein (Besharati et al. 2022).
In this study, different results for ADG were caused by the
changes in how the supplements acted chemically. Moreover,
the various levels of bond strength will modify the enzyme
activity (Adamcyzk et al. 2017). Therefore, it is suggested
that tannin-amino acid chemistry is crucial and requires
further consideration.

Nutrient digestibility

The DM, OM, CP, EE, and CF digestibility in this
study were within the normal range (Coutinho et al. 2014;
Sarker et al. 2019; Geberemariyam et al. 2020; Suryani et
al. 2020). Tannins can influence proteins and starch
degradation (Besharati et al. 2022). Hydrolyzable tannins
have more potentially adverse effects compared to
condensed (Zhang et al. 2019b). However, small doses
used in this study did not significantly affect the nutrient
digestibility. Previous studies suggested that concentrations
higher than 5% would limit nutrient digestibility (Atiku et
al. 2016). Adding hydrolyzable tannin from chestnuts up to
2% did not really affect DM and OM breakdown in the
rumen based on an in vitro study (Sadarman et al. 2019).
Also, giving amino acids (2.0 mL/100 kg BW) might help
improve how well nutrients are digested (Abdel-Raheem et
al. 2022). However, in this study, adding 1% amino acids
did not significantly affect how nutrients were digested,
although it showed a significant effect compared to the control
treatment.

There was a bit of a trend toward higher CP digestibility
and lower CF digestibility when tannins, amino acids, or
both were added. Tannins added to the feed have been
shown to decrease rumen undegradable protein, thereby
increasing nitrogen and protein to be used more (Orzuna-
Orzuna et al. 2021). The lower CF digestibility was caused
by the tannin-protein complex, which affected fiber digestion
in the P4 group (Besharati et al. 2022). Amino acids like
lysine and methionine have also been said to lower fiber
digestion in calves compared to the control (Mudgal et al.
2018). However, young calves don't have a fully developed
rumen, so fiber digestion is lower (Metiya et al. 2023).
Since there were no significant differences in nutrient
digestibility between the treatments, adding tannins, amino
acids, or both did not change overall digestibility much.

Hematological and blood metabolites

Erythrocytes, hemoglobin, and hematocrit levels were
within the normal range, indicating that the animals were in
good health, according to Latimer et al. (2011), and the
treatments in the diets did not affect the hematological
profiles in this study. This response might be due to the
relatively short period (14 days), which may not have been
sufficient to express treatment effects fully. The added
supplementation contributed to an increase in leukocytes and
the adaptation process of the calves. Similarly, Ma et al.
(2024) reported that adding 0.5 and 1% tannin increased
leukocytes, serving as a protective mechanism and
enhancing the organism's defense against potential threats
(Naidenko and Mikhail 2020).
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In this study, glucose levels were still in the normal range,
according to Latimer et al. (2011), and blood triglyceride
levels also fell within the normal range, according to Brito
et al. (2021). However, BUN levels were a bit high, which
is above the normal range, according to Latimer et al.
(2011). This suggested the nitrogen in the feed was not
being used efficiently. BUN levels are often used to check
how well animals use nitrogen; nevertheless, calves with
higher BUN levels could keep their body condition during
cold weather (Tshuma et al. 2014). When animals fed with
a lot of protein, especially the kind that breaks down in the
rumen, BUN levels can increase because of the extra
nitrogen in the blood (Xia et al. 2018). Adding tannins to
the feed might help protect protein, allowing it to break
down later in the gut, where the animal can better use it.

Protein levels in this study were within the normal
range, as reported by Latimer et al. (2011). Blood protein
levels are directly proportional to the amount of protein the
livestock consumes. This is consistent with the findings of
Schwab and Broderickt (2017), protein is converted into
amino acids and will be transported through the blood.
Mitruka et al. (1977) reported cholesterol levels in the
normal range. Cholesterol levels increased with the added
supplementation.

Furthermore, a high-protein diet can reduce total
cholesterol in the blood of growing calves (Croccodrilli et
al. 1970). This finding was not in line with the current
study. Water-insoluble fats must bind to proteins, allowing
the formation of low-density lipoproteins, which transport
cholesterol from the liver to tissues (Laka et al. 2022).
However, as a health marker in calves, there is a need to
monitor blood cholesterol levels. Cholesterol deficiency in
calves can cause diarrhea, leading to mortality (Otter and
Hateley 2017).

In conclusion, the addition of individual tannins and
amino acids at 1% DMI of calves' diets showed a significant
effect compared to the control treatment, reduced fresh daily
intake, resulting in higher average daily gain, improved
feed efficiency, and increased CP utilization, without
impairing calves' health. Adding the tannin-amino acids
mixture produced intermediate effects, suggesting an
antagonistic interaction. However, this combination shows
potential for improving nutrient digestibility and protein
utilization in young calves. Further studies should focus on
the tannin-amino acids ratio to maximize these benefits and
avoid negative interactions.
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Abstract. Ha NT, Bao TQ, Tuan NT, Rodriguez-Herndndez DI, Dung NT, Ngoan TT. 2025. Destructive sampling-based allometric
equations for biomass and carbon estimation in Acacia hybrid plantations in Southeastern Vietnam. Nusantara Bioscience 16: 203-217.
This study developed accurate allometric equations for estimating aboveground and belowground biomass, as well as carbon stocks, for
Acacia hybrid (Acacia mangium % Acacia auriculiformis) plantations in Southeastern, Vietnam. A dataset of 45 destructively sampled
trees with varying ages and diameter classes was used to validate the models. The fresh biomass of the four tree components (stem,
branches, leaves, and roots) was measured for a total of 180 samples. Samples were oven-dried at 105°C for stems and branches, and
80°C for leaves, to determine their biomass. Linear and non-linear equations were employed to model both individual tree and stand-
level dry biomass (AGB: aboveground biomass, BGB: belowground biomass, TGBG: total biomass), and carbon stocks (AGC:
aboveground carbon, BGC: belowground carbon, TGC: total carbon). Diameter at breast height (DBH), tree height (H), stand density
(SD), and stand age (A) were included as predictor variables. The best-fitting models were selected based on coefficients of determination
(R?), sum of squared errors (SEE), mean absolute error (MAE), sum of squared residuals (SSR), correction factors (CF), mean absolute
percentage error (MAPE), and root mean square error (RMSE), with R? values greater than 0.895 and RMSE values less than 0.363. The
results revealed strong relationships between aboveground and belowground biomass, and logarithmic functions of DBH and tree height
were found to be good predictors for all biomass components. The key equations are: In(AGB) = -3.03805 + 0.586847*In(DBH*H) +
1.58329*In(DBH); In(BGB) = -0.597955 + 0.485409*In(DBH)?; In(TGB) = -2.65453 + 2.11674*In(DBH) + 0.57522*In(H). Among the
variables, DBH was found to be particularly effective in estimating BGB. At the stand level, total biomass (TSB) has a significant
correlation with stand density, mean diameter, and stand height, as shown in the following equation: Ln(TSB) = -9.85561 +
1.09128*In(SD) + 1.96789*In(Ds) + 0.608831*In(Hs). These models provide foresters with valuable tools for estimating biomass and
carbon accumulation in Acacia hybrid plantations. The total carbon stock of the Acacia hybrid population in the study area ranged from
29.0 tons/ha to 313.3 tons/ha. This information can support carbon accounting efforts and contribute to Vietnam's initiatives for carbon
reduction and climate change mitigation.

Keywords: Acacia mangium x auriculiformis, allometric modeling, carbon stock, destructive sampling, Southeast Asia reforestation

INTRODUCTION

Forest ecosystem plays a large part in mitigating
climate change through the sequestration of atmospheric
carbon dioxide (CO) and acting as immense carbon sinks
under initiatives such as REDD+ (Reducing Emissions
from Deforestation and Forest Degradation) (Rizvi et al.
2015; Pham et al. 2019). Tropical rainforests are vital,
containing about 25% of the carbon in terrestrial biomass
and soils and generating about 34% of the global terrestrial
primary production (Dixon et al. 1994). Carbon storage
capacity varies tremendously with forest type, site quality,
and species (Siraj and Teshome 2017; Tuan et al. 2022).
Accurate estimation of aboveground biomass (AGB),
belowground biomass (BGB), and overall carbon stocks is
therefore essential to comprehending and managing forest
carbon cycles (Magerl et al. 2019; Anderson-Teixeira et al.
2021).

Since the 1970s, endeavors like the International
Biological Program (IBP) and national forest inventories
have encouraged biomass and carbon quantification (Brown
and FAO 1997). The first studies by Brown and Lugo
(1982) estimated that tropical forests hold 46% of the
terrestrial ecosystem carbon, 11% of which is stored in
soils. Subsequent studies have estimated biomass in the
United States (Jenkins et al. 2003), Australia (NFI 2003),
China (Liu et al. 2016; Luo et al. 2020), and other forests
(Huy et al. 2016; Salunkhe et al. 2018). Plantation forests
are also under the limelight for their relatively high
biomass accretion rates, and studies have been carried out
on the likes of Eucalyptus (Prabha et al. 2023), Hevea
brasiliensis (Dabi et al. 2021), and Rhizophora in Vietnam
(Phan et al. 2019; Vinh et al. 2019). Forests around the
world hold an estimated 296.2 billion tons of carbon, with
the most being stored in South America, followed by
Africa, then Europe and Asia (FAO 2015).
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Estimation methods of biomass are generally destructive
or non-destructive. Destructive methods, involving felling
and weighing the trees, are accurate but costly, time-
consuming, and disturbance-causing for the environment.
Non-destructive methods like allometric models and
remote sensing are cost-saving and convenient for large-
scale applications (Salunkhe et al. 2018; Schettini et al.
2022). Allometric models relating the diameter, height, and
wood density of the tree to biomass are particularly helpful
in carbon storage estimation at various scales (Chave et al.
2014).

Studies on Acacia mangium and Acacia auriculiformis
in Bangladesh, Malaysia, Japan, and China have given
valuable biomass information (Adam and Jusoh 2018;
Zhang et al. 2018). Nevertheless, studies on Acacia hybrids
(Acacia mangium x Acacia auriculiformis) in Vietnamese
conditions are few. Models tend to use DBH or DBH and
height only and ignore variables such as stand density, age,
and wood density, which can significantly improve accuracy
(Chave et al. 2014; Paul et al. 2016).

Vietnam has about 14 million hectares of forest cover,
accounting for 42% of its land area. Plantation forests
occupy 4.7 million hectares, with 2.35 million hectares of
Acacia hybrids dominating more than half of the plantation
forest (MARD, 2020). These Acacia hybrid plantations are
highly valued for rapid growth, short rotation cycles, high
productivity, and high carbon sequestration potential (Dinh
Kha and Huy Thinh 2017; Adam and Jusoh 2018). They
also play an essential role in Vietnam's climate change
response, notably achieving the net-zero emission target by
2050 (MONRE 2022). Participation in UN-REDD and the
establishment of Measurement, Reporting, and Verification
(MRV) systems require region- and species-specific biomass
models. However, most apply Tier 1 default values or
generic simplified equations that may not be site-specific
(IPCC 2006; Pham et al. 2019).

NUSANTARA BIOSCIENCE 17 (2): 203-217, November 2025

There are over 2,000 hectares of Acacia hybrid plantation
owned by La Nga Forestry Company in Southeastern
Vietnam, yet no localized allometric models exist. Current
models (e.g., Bao and Phuc 2018) fail to include site-
specific variables, reducing accuracy and practicability.

The research addresses these gaps by developing site-
specific allometric models to predict AGB, BGB, and total
carbon stores of Acacia hybrids in Southeastern Vietnam.
Models are developed at the tree and stand levels,
incorporating key structural and ecological characteristics.
The outcome is expected to enhance forest carbon accounting,
aid climate-related forestry policy, and improve global
schemes such as REDD+ that promote sustainable forest
management and carbon offset schemes.

MATERIALS AND METHODS

Study site and species

The research was conducted at La Nga Forestry Company,
Dinh Quan District, Dong Nai Province, Southeastern
Vietnam (Figure 1). The area covers about 14,658.55 ha of
planted forest, with the geographical coordinates ranging
from 11° to 11° 23" latitude and 107° to 107° 22' longitude.
The area experiences a subequatorial tropical monsoon
climate, with an average annual temperature of 25°C,
average rainfall of 3,293 mm, and average annual humidity
of 83%. It is located in the transitional zone from the South
Central Highlands to the plains. It consists of undulating
hills with a maximum elevation of 272 m and a minimum
of 60 m. The soil types at the company are grey basalt
(16%), red basalt (13%), reddish-yellow ferralitic developed
on schist (62%), and alluvial (9%). In 2020, the planted
forest in the study site was 14,658.55 hectares, and
approximately 2,071 hectares with plantations of Acacia
hybrid, ranging in age from 1 to 10 years old (MARD 2020).

107°12'0"E

107°24'0"E

¢

11°240"N

107°12'0"E 107°24'0"E

Figure 1. Geographic location of the study area and the sample plots (black stars) where trees of Acacia hybrid were harvested
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Tree sampling

Tree sampling for Acacia hybrid individuals was
carried out in forest plantations between 2 and 10 years old,
respectively. In this study, we employed the destructive
method by felling down trees of different diameters and
stand age classes. Specifically, 45 healthy individuals, with
diameters at breast height (DBH) ranging from 4 to 22 cm
(ages 2 to 10 years), were destructively sampled. The
number of sampled trees was stratified by age, with a
minimum of three trees per age class. Consequently, the

number of trees sampled at each age ranged from three
trees (age 8) to six trees (ages 3, 4, 5, and 10) (Table S1).
The DBH of each tree was calculated from the measured
stem circumference using a diameter tape, with an accuracy
of £1.0 cm. Tree height was measured using a Criterion RD
1000 hypsometer, with a precision of £0.1 m. These trees
were weighed and measured to calculate their fresh biomass
for four components: leaves, branches, stems, and roots
(Figure 2).

Figure 2. Tree harvesting and destructive sampling showing the separation of each tree component: A. Leaves, B. Branches, C. Stems,

and D. Roots with stumps
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In total, 180 samples were collected from the 45 trees,
with each tree providing four samples (leaves, branches,
stems, and roots). Belowground biomass (BGB) was
assessed by excavating and weighing coarse roots (>2 mm
in diameter). Fine roots (<2 mm) were excluded from
sampling due to difficulties in separation and measurement,
particularly under field conditions. Root, stem, and branch
samples weighed approximately 0.5 to 1.0 kg, while leaf
samples weighed between 0.2 and 0.5 kg. The samples
were then transported to the laboratory and oven-dried for
at least 72 hours at 105°C for stems, branches, and roots,
and at 80°C for leaves (Brown and FAO 1997; Chave et al.
2014). After drying, the samples were reweighed to determine
the dry to fresh biomass ratio, which was used to calculate
the dry biomass for each plant part. Carbon content was
analyzed using a TOC/TN analyzer (HT 1300) on a total of
36 dry biomass samples, with 4 samples from each age
group at the laboratory of the Southern Academy of Forest
Sciences.

Above- and belowground biomass and carbon estimation

In this study, we utilized 20 candidate models to estimate
the biomass or carbon content of individual trees and stands
(Table S2). The dependent variable (Y) is the biomass or
carbon of individual trees or stands, while the independent
variables (X) include two key tree dimensions: diameter at
breast height (DBH, cm) and tree height (H, m), and two
stand characteristics: stand density (SD) and stand age (A).
Including tree dimensions (DBH, H) together with stand-
level factors (SD, A) provides a comprehensive approach
for estimating biomass and carbon stocks, enhancing the
accuracy and reliability of forest carbon quantification. In
order to evaluate the performance of developed H-DBH
models, the data were randomly divided into a training
dataset (80%) and a validation dataset (20%). The analysis
process was performed using R software (version 4.2.2)
with the support of library packages such as Metrics, dplyr,
ggplot2, and readxl.

To address potential multicollinearity, we have included
a correlation matrix and calculated the variance inflation
factor (VIF) for all predictor variables. Variables with VIF
values greater than 10 were excluded to reduce
multicollinearity and enhance model robustness. Finally,
we used several criteria to select the most appropriate
models for estimating individual tree and stand biomass, as
outlined below:

Coefficient of determination (R?): In general, the function
is considered optimal when R? is higher for at least 50%.
However, there are cases where the highest R? does not
correspond to the most suitable model, so it is necessary to
rely on other statistical criteria described below.

Verification of model and model parameters: It is required
that both the model and its parameters are statistically
significant (p < 0.05).

Sum of Squares Error (SEE), Mean Absolute Error (MAE),
and Sum of Squared Residuals (SSR): The equation is
considered best when these three indices are minimized.

Correction Factors (CF): Referencing works by Cao and
Li (2019).

CF=exp (RSE?/2) (1)
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Where: RSE denotes the residual standard error. The
model is considered optimal when the Correction Factor
(CF) approaches 1.

Mean Absolute Percentage Error (MAPE): This metric
is used to test the applicability of the equations and
evaluate the level of deviation and average fluctuation of
the estimated values produced by the model compared to
actual observations.

n

100
MAPE =—
n ,Z::‘ Yo

[Yo-Y¢ @)

Where: Y.: predicted observations, Y,: actual observations;
n: the number of observations.

AIC (Akaike information criteria) and BIC (Bayesian
Information Criterion):

AIC=—n-In(RMSE2)+2p 3)
BIC =—n:In(RMSE?)+p*In(n) (4)

Where: n: the number of observations, p: number of
model parameters to be estimated, RMSE: Root mean square
error.

Models with a higher coefficient of determination (R?),
and lower values for SSR, SEE, MAE, MAPE, RMSE, and
CF, along with statistically significant parameters (p<0.05),
were selected as the best-fitting biomass allometric equations,
fit statistics of non-linear regression analysis also including
AIC (Akaike information criteria), and BIC (Bayesian
Information Criterion). Information criteria are important
measures for selecting non-linear models because they
provide a quantitative measure of how well a particular
model fts the data. These criteria allow for the selection of
the most appropriate non-linear model. Therefore, this
study deployed these criteria for further validation of the
selected model. The lower ft statistic values indicate a
better-ft model.

Additionally, to assess the influence of individual
observations on model performance, we calculated Cook’s
distance and leverage values for all regression models.
Observations with a Cook’s distance greater than 1.0 were
considered potentially influential, and high-leverage points
were identified based on the standard leverage threshold
2p/n, where p is the number of predictors and n is the
number of observations (Baba et al. 2021).

RESULTS AND DISCUSSION

Allometric equations for estimating the biomass and
carbon stocks of individual tree
Biomass equations for individual tree

Based on 20 candidate models, we developed 12 of the
most effective allometric equations for estimating aboveground
biomass (AGB), belowground biomass (BGB), and total
ground biomass (TGB). All these equations were modeled
as a function of diameter at breast height (DBH), tree
height (H), age (A), and stand densities (SD). Models with
a higher coefficient of determination (R?), and lower values
for SSR, SEE, MAE, MAPE, RMSE, AIC, BIC and CF,
along with statistically significant parameters (p<0.05), were
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selected as the best-fitting biomass allometric equations. The
selected models are highlighted in bold (Table 1, Table S3).

The results of the correlation analysis and statistical
indices indicate that the equations are all statistically
significant and have high coefficients of determination
(R?>0.96), with uniform coefficients of determination
within allowable limits. This demonstrates a very close
relationship between the factors considered. For the AGB
estimation model, Model (4), which is a two-dimensional
logarithmic model with two factors, has the highest R?
(0.99). It also has a relatively small estimated standard
error, mean absolute error, and correction factor (CF). The
RMSE, AIC, BIC for Model (4) is the smallest (Figure 3),
and all equation parameters are significant (p<0.001).
Therefore, Model (4) is suitable for estimating aboveground
biomass for individual trees of Acacia hybrid.

For the BGB estimation model, the results in Table 1,
Figure 3, and Table S3 indicate that all four models exhibit
high R? coefficients, ranging from 0.886 to 0.901. In
addition, the SEE, MAE, AIC, BIC and SSR errors are all

0.8

06
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minimal. Notably, Model (6) demonstrates the smallest
AIC, BIC for test dataset. Consequently, Model (6) was
selected for the estimation of BGB for individual Acacia
hybrids.

Similarly, the results in Table 1, Figure 3, and Table S3
show that the relationship between the total biomass of
Acacia hybrid individuals and the investigated factors is
very close, with a high coefficient of determination (ranging
from 0.780 to 0.988). The SSR, SEE, and MAE errors were
also all very small, indicating an adequate model fit.
Among the models, Model (12) has the highest level of R?
(0.988 for train dataset and 0.974 for test dataset) and the
lowest of AIC and BIC.

Figure 4 shows the correlation and residual error
between the observed values and estimated values from the
model. The residual error measures how much each
observed value deviates from the model built using all
observed data. In the error case shown in Figure 4, most of
the residuals are less than 0.5, with only a few estimated
residuals larger than 0.5 but not exceeding 1.

RMSE

tH
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Figure 3. Goodness-of-fit statistics of the most effective models for estimating biomass at the individual tree level. The statistic values

are shown for both training and testing datasets



208

NUSANTARA BIOSCIENCE 17 (2): 203-217, November 2025

Table 1. The most effective models for estimating individual tree biomass

Z
ke

Component Allometric equations

Model parameters

a b c

AGB 1 AGB= exp(a + b*In(DBH)) -2.42702%* 2.56912%*

2 In(AGB) = (a + b*In(In(DBH)))? 0.540346%* 1.59586**

3 In(AGB) = a +b*In(DBH?**H) -3.37784%* 0.952494%%*

4 In(AGB) = a + b*In(DBH*H) + c*In(DBH) -3.03805***  (0.586847*** ],58329%**
BGB 5 BGB = (a + b*DBH?)? 1.44278%* 0.0126791**

6 In(BGB) = a + b*In(DBH)? -0.597955%%*  (.485409%**

7 log(BGB) = a+ b*log(DBH?**H) -4.15561** 0.862991%*%*

8 log(BGB) = a + b*log(DBH*H) + c*log(DBH) 23.70196%*  0.37481%*  1.70517%*
TGB 9 TGB = exp(a+ b*In(DBH)) -2.0556* 2.50782%*

10 In(TGB) =exp(a + b*In(DBH)) -0.0188452*  1.57559*

11 In(TGB) = a + b*In(DBH?*H) -2.98404** 0.929806%**

12 In(TGB) = a+ b*In(DBH) + c*In(H) 22.65453% % D 11674%**  (.57522%%*

Note: Regression models are more suitable for biomass prediction and are printed in bold, AGB: Aboveground dry biomass, BGB:
Belowground dry biomass, DBH: Diameter at breast height, H: Tree height, TGB: Total dry biomass. *significant at P<0.05;

**significant at P<0.005 level; ***significant at P<0.001 level

Carbon equations for individual tree

Developing a carbon estimation model contributes to
catbon storage monitoring and quantifying the
environmental value of forests. Carbon estimation models
with high coefficient of determination and small errors are
summarized and presented in Table 2 and Table S4.

The analysis of the correlation and model error of
terrestrial carbon estimates reveals a strong connection
between terrestrial carbon stocks and the investigated
factors. The coefficient of determination is notably high
(ranging from 97.5% to 99.0%), and the model parameters
are statistically significant, with coefficients of variation
and errors within acceptable limits. Model (15) shows the
smallest error compared to MAPE (MAPE=9.62%), while
model (14) has the largest MAPE (15.38%). Consequently,
model (15) is deemed suitable for estimating aboveground
carbon for Acacia hybrid (refer to Table 2, Figure 5 and
Table S4).

Similarly, testing various functions with statistical
criteria to select optimal variables and functions for
estimating underground carbon shows that underground
biomass carbon has a strong relationship with diameter at
breast height. As shown in Table 2, Figure 5 and Table S4,
the coefficients of determination of the four models are all
relatively high (>86.6%). Models (17) and (18) exhibit the
highest MAPE, at 36.13% and 28.09%, respectively.
However, Model (20) has the highest coefficient of
determination (0.901) and the lowest value of RMSE, AIC
and BIC, at 0.352, 32.94, and 37.69, respectively. Therefore,
Model (20) is suitable for estimating belowground carbon
for Acacia hybrid trees.

Since the components of a tree (stem, branches, bark,
leaves, roots) are closely related, biomass and carbon for
components that are difficult to measure directly below
ground can be estimated from models with different
predictor variables (Kenzo et al. 2020; Handavu et al.
2021; Annighdfer et al. 2022), or from the relationship
between aboveground and belowground biomass carbon
(Bieluczyk et al. 2023). Therefore, equation (20) enables
the rapid estimation of belowground carbon based on tree
growth variables, such as diameter at breast height.

Carbon sequestration is now a recognized forest
management mechanism, supported by economic mechanisms
at the macro level, primarily due to the "Carbon Credits"
initiative. Developing a forest tree carbon estimation model
is thus valuable for forest management planning and
calculating energy reserves in forest biomass. The error and
correlation analysis of the models (Table 2, Figure 5 and
Table S4) indicates that the coefficients of determination
are very high (97.36% to 98.71%), demonstrating a strong
relationship between total tree carbon and the investigation
factors D and H. Additionally, the errors are small and
within permissible limits. Model (23) records the highest
coefficient of determination (98.8%) and the smallest error
compared to MAPE (9.77%). Model (22) has the highest
MAPE value (15.04%) and the lowest coefficient of
determination (96.50%). Hence, model (23) is suitable for
estimating the carbon of Acacia hybrid.

Figure 6 illustrates the correlation and residual error
between observed values and estimated carbon values from
the model. Similar to the biomass estimation model, the
residual error is assessed to compare each observed value
against the model built using all observed data. Most residuals
are less than 2, with only a few estimated residuals
exceeding 2 but not surpassing 5.

Allometric equations for estimating the biomass
plantations

By testing various types of functions that relate biomass
to investigation factors and basic growth of the forest stand,
we explored single-variable functions, multi-variable
functions, and combinations of variables to select the most
optimal model for estimating biomass in a population. The
variables tested in these functions included: Stand diameter
(Ds), stand height (Hs), stand age (A) and stand density
(SD).

The results of constructing a biomass estimation model
for an Acacia hybrid forest stand are summarized in Table
3. The results of error analysis and the correlation between
biomass and investigated factors in an Acacia hybrid forest
stand show that the coefficients of determination of the
models are very high, ranging from 94.12% to 99.31%
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(Table 3). This demonstrates a close relationship between  highest coefficient of determination (>99%) and the
forest biomass and the investigated factors such as DBH, smallest error compared to MAPE (4.99%) (refer to Table
H, N, and A. The models and their parameters are all 3, and Figure 7). Hence, model (28) is the most suitable for
significant at a 99% confidence level. Additionally, the estimating the total biomass of Acacia hybrid forests.
errors (SSR, SEE, MAE) are small. Model (28) has the

o
64 @2
° o’
0.2 1 a ° 7/
o @ &
0.11 (6] S b g i .‘.
X RPN ~
% (] -} ® g 8 4 ’.
o < 4 ]
3 TN ® ® ) = 4 Ug
80_0. _____ .._.5...-..........__.. = 3
o 00 o ° % g P
° e @ 31 )
0.1 & Qa 20
0, e o )
e ® o ° 9)6
[
° 21 7
-0.2 1 70
(o] 0,
2 3 4 5 6 2 3 4 5 6 A
Predicted In(AGB) (kg) Predicted In(AGB) (kg)
1.0' -
(<] LY
o 44 % 23
o ° -
0.5 1 8. . 2 _
. o e = o oof
2 o 3 9 o7 @
© @ o o
S (=Y (53} ® 0
° o_ © PP
R e J_~_o_ ¥ _0"._0_ = r—‘; o’
['4 & o 29 ¢ 21 ° 7’
°
o L o L § [¢] 7 /oo o
® @ (o) ’
-0.5 4 7
- o L 11 o Y
7 o] o
° 2% &
1 2 3 4 1 2 3 4 B
Predicted In(BGB) (kg) Predicted In(BGB) (kg)
044 o °
64 @ 7%
»
o
= ‘-,s‘
024 © X o o ® 254 g
o &
2 °® E 4 9@39
4] °0® o ®e o 3
mOO""""""'"‘;“""‘".“ c o
o
o ° 8 { 3PS ﬁ 3] s §
e @ ) o® o )
° ° o L ] o ,o({c
-0.24 s
o ) 21 o 7°
; ; ; : ; ; ; ; : ;i C
Predicted In(TGB) (kg) Predicted In(TGB) (kg)
]
DB+ ] 10 15 20

Figure 4. Scatter plots illustrating the comparison between individual tree biomass of Acacia hybrid obtained from field measurements
and our estimation method. A. Aboveground dry biomass, B. Belowground dry biomass, C. Total dry biomass



210 NUSANTARA BIOSCIENCE 17 (2): 203-217, November 2025

Table 2. The most effective models for estimating carbon stocks of Acacia hybrid individual tree

Model parameters

Component No Allometric equations

a b c
AGC 13 AGC = exp(a + b*In(DBH)) --3.14061%* 2.56921%*
14 AGC = exp(at+ b*sqrt(DBH)) -2.0804%* 1.50233*
15 In(AGC) = a+b *In(DBH) + ¢*In(H) -3.75174%** 2.17016%*%** 0.586943%%*
16  In(AGC) = a+ b*In(DBH?*H) -4.09147 0.952527
BGC 17 BGC = (a + b* DBH?) 1.00944 %% 0.00887663*%**
18 BGC = (at+ b* DBH)? -0.504757** 0.250682*
19  In(BGC) = a+ b*In(DBH) +c*In(H) -4.42019%* 2.08145%* 0.375082*
20  In(BGC) = a+ b*In(DBH?*H) -4.87416* 0.863603%**
TGC 21 TGC = exp(a+ b*In(DBH)) -2.76832%* 2.50757**
22 TGC= (a+ b* DBH)? -1.55574* 0.614246*
23 In(TGC) = a+ b*In(DBH) + ¢*In(H) -3.36645%* 2.11701%%* 0.574454%%**
24 In(TGC) = a+ b*In(DBH?*H) -3.69657** 0.929702%%*

Note: regression models are more suitable for biomass prediction, are printed in bold, AGC: Aboveground carbon, BGC: Belowground
carbon, DBH: Diameter at breast height, H: Tree height, TGC: Total carbon, *significant at P<0.05; **significant at P<0.005 level;
***gignificant at P<0.001 level
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Figure 5. Goodness-of-fit statistics of the most effective models for estimating carbon at the individual tree level. The statistic values
are shown for both training and testing datasets
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Table 3. Models for estimating total stand BGB of Acacia hybrid plantations

Model evaluation statistics

No. Allometric equations R SSR SEE MAE MAPE _ CF

25 Ln(TSB) = -10.8046 + 1.21052*In(SD) + 2.65308*In(Ds) 98.89 022 0.08 0.06 6.01 1.00

26 Ln(TSB) =-11.3581 + 1.48312*In(SD* Ds) + 0.836347*In(A) 9412 1.15 0.18 0.14 12.72 1.02

27 Ln(TSB) =-9.94382 + 0.22143*In(A) + 2.33323*In(Ds) + 99.29  0.14 0.06 0.05 5.05 1.00
1.14724*In(SD)

28 Ln(TSB) =-9.85561 + 1.09128*In(SD) + 1.96789*In(Ds) + 99.31  0.14 0.06 0.05 4.99 1.00

0.60883 1 *In(Hs)
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Discussion

First, using allometric equations to estimate forest biomass
and carbon stocks is a highly accurate and reliable method,
and it has been repeatedly applied worldwide (Chave et al.
2014; Paul et al. 2016; Doan et al. 2025). Second, this
study employs a combination of exponential and log-linear
functions to estimate biomass and carbon. Many domestic
and international studies have found that these, along with
linear functions, are common functional forms for biomass
estimation (Anitha et al. 2015; Bao and Phuc 2018; Brahma
et al. 2021; Cabrera-Ariza et al. 2021).

The criteria for selecting the best-fit model for each
biomass component included R?, Mean Absolute Error
(MAE), Correction Factor (CF), Sum of Squared Residuals
(SSR), and mean absolute percentage error (MAPE). While
most studies rely on the R? coefficient for function
selection, some incorporate MAE and SRR criteria as well
(Anitha et al. 2015; Huy et al. 2016; Paul et al. 2016;
Nguyenthi 2017; Bao and Phuc 2018). Additionally, some
studies consider Correction Factor (CF) and Sum of
Squared Errors (SEE) (Bao and Phuc 2018; Altanzagas et
al. 2019; Levan et al. 2020) and Mean Absolute Percentage
Error (MAPE) (Nguyenthi 2017; Tashi et al. 2017; Pothong
et al. 2022). These criteria are widely used for selecting
suitable functions to estimate forest biomass and carbon
accumulation.

Regarding the variables used to estimate biomass and
carbon, the biomass and carbon equation refers to the
relationship between the biomass and carbon of a tree (or
its parts such as trunk, branches, leaves, roots) with one or
more investigation variables (such as diameter, height,
wood weight, density) (Luo et al. 2020; Aneseyee et al.
2021; Cabrera-Ariza et al. 2021). This study estimates the
biomass and carbon of individual Acacia hybrid trees using
an equation that includes either diameter or height, or both
D and H. For estimating biomass and carbon of Acacia
hybrid plantations, many variables such as D, H, N, A, and
combinations of D and H, D, H, and N were used. The
results show that models estimating total biomass and
carbon can use variables such as diameter, height, density,
and age. Specifically, Acacia hybrid biomass and carbon
have a closer relationship with the two factors D and H
than with just D. Additionally, the research indicates that
using more variables such as density, diameter, and height
yields, more accurate results than using a single variable.

A synthesis of 5,924 forest biomass estimation equations
in China shows that 43.5% of the equations are based on a
single predictor (diameter or height), while 56.5% are based
on two predictors (diameter and height) or a combination
of both. Among these, diameter at breast height is the most
commonly used variable in biomass equations (96.8%) (Luo
et al. 2020). The use of the diameter variable in biomass
equations is also common in Europe, India, Indonesia, and
Africa, with 46%, 48%, 55%, and 63%, respectively (Anitha
et al. 2015; Brahma et al. 2021). This preference is due to
the ease of measuring diameter in practice and its
suitability for estimating forest biomass and carbon (Anitha
etal. 2015).

In general, many research projects on biomass and
carbon have been conducted using various methods, with
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the commonly used method based on the correlation
equation between biomass and investigated criteria of
standard trees or plantations. Some authors confirm that
tree biomass and carbon depend closely on tree trunk
diameter, thus building a correlation function with diameter
at breast height (Solomon et al. 2017; Adam and Jusoh
2018; Aneseyee et al. 2021). However, other authors assert
that biomass and carbon also depend on tree height, thereby
using both diameter and height for better estimation results
(Huy et al. 2016; Abich et al. 2019).

According to Altanzagas et al. (2019), tree biomass and
carbon can be estimated from predictor variables such as
diameter, height, and wood density. The above results
show that forest tree biomass and carbon have a close
relationship with the investigated factors D, H, N, and A.
Therefore, biomass and carbon can be estimated from the
variables D, or a combination of D and H, or a combination
of D, H, and N. This approach is consistent with the
scientific and practical basis of many national and
international studies conducted on woody plants, trees, and
shrubs in plantations (Huy et al. 2016; Nguyenthi 2017;
Abich et al. 2019; Altanzagas et al. 2019; Handavu et al.
2021; Bieluczyk et al. 2023).

This study will be used to inform the development and
deployment of climate mitigation programs, including
REDD+, the Clean Development Mechanism (CDM), and
voluntary offset markets. Acacia hybrid stands and other
forest plantations have become more trusted components of
national greenhouse gas (GHG) inventories and carbon
sequestration activities in Vietnam (Pham et al. 2019). The
allometric models developed here provide convenient
methods for predicting aboveground and belowground
biomass with more precision, which is required to calculate
carbon credits and monitor changes over time. The result of
this study also supports Tier 2 methods under IPCC
guidelines by being regionally calibrated models, reducing
uncertainty less than default emission factors (IPCC 2006).
Besides, these models can also be integrated into project-
level Monitoring, Reporting, and Verification (MRV) systems,
satisfying Vietnam's updated Nationally Determined
Contributions (NDCs) and forest-based climate solution
commitment (MONRE 2022). With the growth of the
voluntary carbon market in Southeast Asia, especially with
interest in nature-based solutions, solid biomass equations
such as here will be essential for enabling scientifically
valid and financially viable forest carbon projects (Hamrick
and Gallant 2017).

In conclusion, we developed 10 suitable allometric
equations to accurately estimate the biomass and carbon
stocks of individual trees and plantations of Acacia hybrid
in Southeastern Vietnam. Among these, the linear logarithmic
function with two factors DBH and tree height was the
most appropriate for estimating the total biomass and total
carbon stocks of Acacia hybrids. Additionally, a single-
factor linear function with independent DBH as predictor
variable was suitable for estimating total biomass and BGB
of Acacia hybrid. The study also demonstrated the
relationship between AGB and BGB using a correlation
function, with the predictor variable being biomass or
AGC. Whereas the biomass and carbon for the Acacia hybrid
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at stand-level were estimated using a linear logarithmic
model with three predictor variables: DBH, H, and stem
density, in the form: Ln(TSB) = -9.85561 + 1.09128*In(SD)
+ 1.96789*In(Ds) + 0.60883 1*In(Hs). With these findings,
foresters charged with managing this forest type can now
implement these models to more accurately estimate the
biomass and carbon accumulation over time of Acacia
hybrid in a more accurate way. To apply these models in
practice, users need to measure one or more of the following
variables in the field such as DBH, H. Once these
parameters are recorded, users can substitute the measured
values into the corresponding biomass or carbon equation
(e.g., for aboveground biomass, belowground biomass, or
total biomass) provided in this study. The output will yield
an estimate of dry biomass (kg) or carbon stock (kg/tree)
for each individual tree. This study emerges as the
foundation for accurately calculating the total fresh biomass
and carbon stocks of Acacia hybrid forests in Southeastern
Vietnam and benefits the country to meet its carbon
reduction goals. However, this study also has limitations.
Although the allometric models demonstrated high predictive
power within the sample plantations managed by La Nga
Forestry Company in Southeastern Vietnam, caution should
be exercised when applying them to other regions.
Additionally, moisture content may vary across seasons and
tree ages, especially in leaf tissues, potentially affecting the
accuracy of dry biomass estimation despite the use of oven-
drying protocols. Variability in Acacia clone types, soil
characteristics, climate, and silvicultural practices may
affect tree allometry and model accuracy. Therefore, we
recommend local model calibration and/or the inclusion of
site-specific random effects before broader application.
Further studies should validate and refine these models
across diverse ecological zones to enhance their applicability.
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Table S1. Number of destructively sampled trees
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No. Age (years) DBH (cm) H (m)
1 2 4.77 6.2
2 2 5.25 9.5
3 2 6.53 10.7
4 2 6.68 8.1
5 2 7.8 9.2
6 3 6.05 10
7 3 7.96 11
8 3 9.24 12.5
9 3 9.87 13.5
10 3 12.42 14.5
11 3 10.19 12.5
12 4 7.32 12.8
13 4 9.87 15.5
14 4 10.51 15.7
15 4 15.92 16.7
16 4 11.3 12
17 4 12.1 13
18 5 5.41 9
19 5 10.51 16.5
20 5 11.15 16.6
21 5 17.2 20.4
22 5 13.1 13
23 5 16.07 15.8
24 6 11.46 15
25 6 21.66 19
26 6 14.8 16.5
27 6 15.44 16.8
28 7 7.96 15
29 7 13.38 21
30 7 17.83 21
31 7 17.83 20
32 7 18.78 18.4
33 8 9.87 17
34 8 14.01 20.6
35 8 19.42 19
36 9 10.83 17
37 9 16.24 24.5
38 9 22.61 27
39 9 21.33 20.7
40 10 11.78 17.6
41 10 17.2 22
42 10 18.47 24
43 10 19.11 27
44 10 26.43 29
45 10 22.28 20.7

Table S2. Models are used to estimate the biomass and carbon of
individual trees or plantations

No. Equations

1 Y = (a+ b.x)?

2 Y = 1/(a +b/x)

3 Y =a+b.logx

4 Y=a+bx?

5 Y=a+bx+cx?

6 Y=a+bxz

7 Y =a+bx.z

8 Y=a+bx’z

9 Y=a+bx+cx’z
10 Y=a+bz+cx’z
11 Y = (a + b.sqrt(x))?
12 Y = sqrt(a + b.x?)

13 Y =exp(a + b.x)

14 Y =axb

15 Y = a.exp(-b.x®)

16 logY =a + b.logx + c.logz
17 logY =a + b.log(x.z)
18 logY =a + b.log(x2.z)
19 logY =a + b.log(x.z%)
20 logY =a + b.logx + c.log(x.2)
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Table S3. Goodness-of-fit statistics of the most effective models for estimating biomass at the individual tree level
Train dataset
Model R2 SSR SEE MAE MAPE CF RMSE AIC BIC
Model 1 0.984 0.822 0.155 0.125 12.191 1.011 0.151 -29.800 -25.050
Model 2 0.983 0.857 0.159 0.125 12.152 1.012 0.154 -28.670 -23.920
Model 3 0.988 0.600 0.133 0.108 10911 1.008 0.129 -39.220 -34.470
Model 4 0.990 0.504 0.122 0.099 9.860 1.007 0.118 -43.480 -37.140
Model 5 0.866 6.061 0.422 0.308 36.149 1.088 0.410 39.830 44.580
Model 6 0.895 4.745 0.374 0.269 27.896 1.068 0.363 35.110 39.860
Model 7 0.901 4.459 0.362 0.259 26.914 1.064 0.352 32.940 37.690
Model 8 0.899 4.557 0.366 0.255 26.424 1.065 0.356 34.860 41.200
Model 9 0.980 0.945 0.167 0.131 12.846 1.013 0.162 -24.220 -19.470
Model 10 0.780 10.507 0.556 0.457 38.076 1.157 0.540 -24.220 -19.470
Model 11 0.987 0.645 0.138 0.104 10.282 1.009 0.134 -36.710 -31.960
Model 12 0.988 0.597 0.132 0.100 9.761 1.008 0.129 -38.190 -31.850
Test dataset
R2 SSR SEE MAE MAPE CF RMSE AIC BIC
Model 1 0.962 0.138 0.141 0.103 10.534 1.008 0.124 -7.860 -7.270
Model 2 0.964 0.130 0.136 0.096 9.833 1.007 0.120 -7.850 -7.260
Model 3 0.982 0.065 0.096 0.064 6.690 1.004 0.085 -16.090 -15.500
Model 4 0.983 0.061 0.093 0.067 6.984 1.003 0.082 -16.550 -15.760
Model 5 0.854 0.880 0.355 0.226 24.633 1.050 0.313 9.430 10.020
Model 6 0.857 0.859 0.350 0.230 25.429 1.049 0.309 8.800 9.390
Model 7 0.756 1.467 0.458 0.298 35.401 1.085 0.404 12.000 12.590
Model 8 0.806 1.170 0.409 0.260 30.774 1.067 0.361 9.890 10.680
Model 9 0.966 0.131 0.137 0.108 11.157 1.007 0.121 -8.060 -7.460
Model 10 0.387 2.371 0.582 0.440 33.259 1.141 0.513 -8.060 -7.460
Model 11 0.961 0.151 0.147 0.102 10.670 1.008 0.130 -8.720 -8.130
Model 12 0.974 0.101 0.120 0.082 8.550 1.006 0.106 -10.540 -9.750
Table S4. Goodness-of-fit statistics of the most effective models for estimating carbon at the individual tree level
Train dataset
Model R2 SSR SSE MAE MAPE CF RMSE AIC BIC
Model 13 0.984 0.821 0.155 0.125 12.184 1.011 0.151 -29.820 -25.070
Model 14 0.975 1.261 0.193 0.147 14.323 1.018 0.187 -13.830 -9.080
Model 15 0.990 0.516 0.123 0.098 9.623 1.007 0.120 -45.490 -40.740
Model 16 0.988 0.603 0.133 0.110 11.031 1.008 0.129 -39.230 -34.480
Model 17 0.866 6.057 0.422 0.308 36.130 1.088 0.410 39.830 44.580
Model 18 0.877 5.548 0.404 0.277 28.086 1.080 0.393 39.710 44.460
Model 19 0.899 4.557 0.366 0.255 26.389 1.065 0.356 33.720 38.470
Model 20 0.901 4.459 0.362 0.259 26.885 1.064 0.352 32.940 37.690
Model 21 0.980 0.945 0.167 0.131 12.847 1.013 0.162 -24.220 -19.470
Model 22 0.965 1.688 0.223 0.160 15.038 1.024 0.217 -7.920 -3.170
Model 23 0.988 0.597 0.133 0.100 9.767 1.008 0.129 -39.920 -35.170
Model 24 0.987 0.645 0.138 0.104 10.286 1.009 0.134 -36.710 -31.960
Test dataset
Model R2 SSR SSE MAE MAPE CF RMSE AIC BIC
Model 13 0.962 0.138 0.141 0.103 10.539 1.008 0.124 -7.860 -7.270
Model 14 0.925 0.271 0.197 0.151 15.380 1.015 0.174 -6.750 -6.160
Model 15 0.987 0.047 0.082 0.059 6.116 1.003 0.072 -17.810 -17.220
Model 16 0.983 0.060 0.093 0.062 6.399 1.003 0.082 -16.090 -15.500
Model 17 0.854 0.879 0.354 0.226 24.624 1.050 0.313 9.430 10.020
Model 18 0.812 1.129 0.402 0.253 31.087 1.065 0.354 8.020 8.610
Model 19 0.806 1.169 0.409 0.260 30.746 1.067 0.360 9.360 9.950
Model 20 0.757 1.465 0.458 0.298 35.366 1.085 0.404 12.000 12.590
Model 21 0.966 0.131 0.137 0.108 11.154 1.007 0.121 -8.060 -7.460
Model 22 0.956 0.171 0.157 0.115 12.351 1.010 0.138 -8.150 -7.560
Model 23 0.974 0.101 0.120 0.082 8.551 1.006 0.106 -12.450 -11.860
Model 24 0.961 0.151 0.147 0.102 10.672 1.008 0.130 -8.720 -8.130
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Abstract. Ekasari I, Sahromi, Wardhani PK. 2025. Morphological characterization and correlation of seed, fruit, and seedling of
Horsfieldia iryaghedhi. Nusantara Bioscience 17: 218-225. Horsfieldia iryaghedhi is a critically endangered species from the
Mpyristicaceae family. Examining seed, fruit, and seedling morphology of the species is crucial, as generative propagation remains the
only known conservation method. Therefore, this study aimed to determine the morphological characterization of the seed, fruit, and
seedling of H. iryaghedhi and to analyse the correlation between seed, fruit, and seedling traits. This study was conducted at the Bogor
Botanical Garden, utilizing five plant collections. The examined morphological traits included length, width, and weight of the seed, as
well as fruit height, root collar diameter, and the number of leaves for the seedling. The results showed that the length, width, and
weight of the fruit were 39.64+2.48 mm, 30.04+1.98 mm, and 20.33+3.60 g, respectively. Overall, the correlation between seed and fruit
parameters indicates that one trait influences the other. The low variability in fruit and seed traits, despite being obtained from mother
trees of different origins, has implications for the species' genetic diversity. The mean for seedling height is 106.74+32.78 cm, and the
mean of collar diameter is 1.27+0.64 mm. Height and root collar diameter seedling traits were found to be closely related in 24-month-
old seedlings. Understanding the ecology of seedling growth is essential for developing developmental strategies to conserve
biodiversity and restore natural habitats. In conclusion, the variability in fruit and seed traits is exhibited by plants obtained from mother
trees of different origins. The trees in the Bogor Botanical Gardens study site are mother trees, and this is extremely important for the
future sustainable population of this species.

Keywords: Endangered species, Indonesia, Myristicaceae, plant traits, species conservation

INTRODUCTION

Horsfieldia iryaghedhi (Gaertn.) Warb. belongs to the
Myristicaceae family and is frequently used for its
medicinal properties in its native regions (Arrijani 2005;
Waman et al. 2021). It is a woody tree species with a trunk
ranging from 5 to 25 meters in height and up to 50 cm in
diameter at breast height. The leaves are arranged
alternately in two vertical rows, chartaceous, with petioles
measuring between 1.5 and 3 cm in length; the blade shape
ranges from ovate-elliptical to oblong-lanceolate, base
rounded to attenuate, and apex acute to acuminate. The
fruit is a one-seeded follicle, ellipsoid in shape, yellow-
brown in color, and covered with dense, brown-yellow,
stellate hairs; the pericarp thickness ranges from 1.5 to 3
mm. H. iryaghedhi flowers and bears fruit throughout the
year, thriving in lowland rainforests, humid soils—
sometimes with silt roots—wet evergreen forests, and
disturbed forest ecosystems, from sea level up to an altitude
of 500 meters (Wulijarni-Soetjipto 2001). This species is
native to Sri Lanka (POWO 2024) and is widely distributed
across South-east Asia, including Malaysia, Singapore, and
Java.

The seed fat of H. irvaghedhi is used as an ingredient in
candle production (van der Vossen 2001), while its flowers
have been recognized as medicinal materials in Sri Lankan

tradition since ancient times (Kankanamalage et al. 2014).
Although several studies have investigated changes in species
composition, stand structure, and geographical distribution,
as well as phenotypic diversity and chemical composition
across different habitats, only a few have explored the
physiological responses of seeds, fruits, and seedlings.
Given that H. iryaghedhi is either extinct in the wild or
critically endangered (IUCN 2025), conservation efforts
must prioritize protection within its native habitat, alongside
ex-situ conservation measures such as botanical gardens.
Ex situ conservation involves relocating living plants or
seeds from their native habitats to controlled environments
to protect them from natural or human-induced threats
(Zhao et al. 2022; Junaedi et al. 2023). Bogor Botanical
Garden (BBG) is an ex-situ conservation area in Indonesia,
maintaining over 12,370 accessions that encompass 3,555
species, 1,202 genera, and 191 families (Ariati et al. 2019).
These collections are planted on an 87-hectare land area in
the center of Bogor City, West Java Province, Indonesia.
This Botanical Garden focuses on collections originating
from Indonesia and abroad, and it conserves lowland
humid and wet plant species (Wanda et al. 2022). Given the
limited space available for expanding the BBG species
collection, a planting strategy was implemented that
allowed only a few trees of each species to be planted in
the garden. These trees were chosen from the best growing
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seedlings, after which the origin of the seedlings or seeds
was recorded, and their growth (including phenology) was
frequently observed. This phenology helps restoration
practitioners and endangered plant conservationists determine
when to collect H. iryaghedhi fruits or seeds.

Many studies utilize morphological descriptors to
differentiate among plant genetic resources (Poljak et al.
2021, 2024, 2025; Vidakovi¢ et al. 2024, 2025). Leaf
morphometry is frequently employed to describe phenotypic
diversity (Wanda et al. 2022; Puntieri and Gonzalez 2023).
However, in the context of this study, seeds and fruits hold
even greater significance due to their essential role in plant
conservation. Seed traits provide valuable insights for both
taxonomic and functional differentiation. Beyond
classification, seeds serve as the foundation of plant
production (Drvodeli¢ et al. 2025), food security (Yadav et
al. 2024), ecological restoration (Leger et al. 2024), and the
long-term persistence of sexually propagated species
(Tumpa et al. 2021), as they directly influence germination
success and seedling vigor. Seedling establishment,
however, depends on a complex interplay of intrinsic seed
attributes and environmental conditions (Sari et al. 2021;
Nantongo et al. 2022). Among those attributes, seed mass
is a reliable indicator of stored reserves available for early
growth. Heavier seeds from the same mother tree and same
species typically exhibit higher germination rates and
produce more robust seedlings than lighter seeds, allowing
them to withstand resource-limited environments and
ultimately accelerate early growth (Nantongo et al. 2022).
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Seedlings are a crucial component of plant populations,
representing a vital stage in the life cycle of plants. The
successful dispersal and maintenance of plant populations
rely on seedling regeneration (Liu et al. 2019). Additionally,
height-collar diameter correlations have been analyzed for
gymnosperm and angiosperm trees and seedlings in China
(Tumpa et al. 2021). Compared to mature trees, seedlings
tend to exhibit greater height growth relative to stem
diameter and possess higher height—diameter allometric
exponents (Zhang et al. 2020).

This study aimed to characterize the morphological
features of H. iryaghedhi's seeds, fruits, and seedlings, as
well as to analyze the correlations between seed, fruit, and
seedling traits.

MATERIALS AND METHODS

Study area

This study was conducted between August and October
2023 at BBG in Indonesia (Figure 1). BBG is situated on
87 ha of land in the center of Bogor City, West Java,
Indonesia (6°35'51.46"S, 106°47'58.45"E), at an altitude of
230-270 m above sea level. Bogor has a tropical climate,
with an average temperature ranging from 25-27.4°C, an
average humidity of 80%, and an annual rainfall of 3.658
mm/year (Safarinanugraha et al. 2018; Wanda et al. 2022),
and the soil type is primary Latosol (a type of soil formed
from weathered volcanic rock).

106°48'0"E
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Figure 1. Study site of Horsfieldia iryaghedhi in Bogor Botanical Garden, Bogor City, West Java, Indonesia
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Plant materials

The BBG conserved nine Horsfieldia iryaghedhi trees,
eight from Sri Lanka and one from Papua (Ariati et al.
2019). Of these, only five trees were mature and fruiting
during the study, all of which originated from Sri Lanka.
Tree height (m), diameter at breast height (DBH, cm), and
botanical location of each numbered tree were recorded and
used in the selection process. Height, DBH, and crown
diameter were measured using a hypsometer and diameter
tape, respectively (Table 1). Ultimately, five trees were
sampled for fruit collection at the site. The selected trees
showed no signs of pests or disease, had straight, circular
stems with large diameters, fine horizontal branches, and
produced an abundance of fruit.

According to phenology data from the BBG registration
department, in previous years, H. iryaghedhi flowered from
January to July, producing mature fruit. By August, when
this study was conducted, the availability of mature fruit
had declined, leaving only 27 viable samples for testing. In
comparison to other Horsfieldia species, the ripened seeds
of H. kingii in north-east India are available from February
to April (Datta and Rane 2013). In contrast, those of
Horsfieldia hainanensis in Yunnan Province, China, are
available from April to May (Liu et al. 2024). These fruit
samples were carefully selected and randomly collected. To
prevent heat exposure and maintain freshness, the collected
fruit was stored in cloth bags. The seeds were then
transported to the laboratory on the same day for further
processing. After selecting mature fruit from the twigs, a
cutting test was performed to assess freshness, with
selected fruit characterized by yellow-brownish peels.

Data collection

A total of 27 fruits of H. iryaghedhi were measured for
three major morphological traits, including weight, length,
and width (diameter). Seeds were collected from the peeled
fruits, and then their length and width were measured using
a digital caliper, while their weight was determined with a
digital scale. The single-seed weight was measured using a
precision balance with an accuracy of 0.01 g.

In addition to observing the physical properties of fruits
and seeds, this study also observed 24-month-old H.
irvaghedhi seedlings grown under uniform nursery
conditions with no shade. These seedlings were planted in
similar soil environments, maintaining consistent growth
vigor and canopy structure. A total of 52 seedlings were
evaluated for height, basal diameter, and leaf count.
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Seedling height was measured to the nearest millimeter
using a ruler, basal diameter was recorded with digital
calipers, and collar diameter was measured to the nearest
0.1 mm using a digital caliper.

Data analysis

Descriptive, correlation, and regression analyses were
performed using MS Excel for Windows 11. Regression
analyses were performed to observe the correlation between

all treatments concerning seed, fruit, and seedling
performance parameters.
RESULTS AND DISCUSSION

A total of five Horsfieldia iryaghedhi trees, each over
40 years old, were measured for this study. The height of
these trees ranged from 8 to 23.9 m, while their diameter at
breast height varied from 52.23 to 184.08 m. The crown
diameter spanned from 5.2 to 8.9 m (Table 1). The mean
wind velocity and air temperature recorded were 1.68+0.27
m/s and 34+1.34°C, respectively. These trees were planted
along the edge of the lake in the BBG, mirroring their
natural habitat within the wet tropical biome (POWO 2024).

Variability of seeds, fruits, and seedlings of Horsfieldia
iryaghedhi

All morphological traits of seeds (length, width, and
weight), fruits (length, width, and weight), and seedlings
(height, root collar diameter, and number of leaves) were
examined to ensure standard parametric test assumptions
were met before analysis. Detecting seed size can impact
production, breeding, storage, and transportation, while
also enhancing quality (Yin et al. 2023). Seed weight in
this study ranged from 2.90 g to 8.80 g, with a mean of
5.57+£1.27 g (Table 2). The mean seed length and diameter
were 28.17+2.08 mm and 19.37£2.23 mm, respectively. In
general, larger seeds result in heavier seedlings with more
resources being dedicated to seedling development
(Nantongo et al. 2022). Therefore, this study recommends
that heavier seeds will have a better germination rate and
produce more vigorous seedlings than lighter ones. This
also improves seedling survival up to the period of leaf
growth, reducing reliance on seed stores (Naruangsri et al.
2023; Barczyk et al. 2024) for photosynthesis.

Table 1. Characteristics of Horsfieldia iryaghedhi trees sampled for fruit and seed collection in Bogor Botanical Garden, Indonesia

Location in Height Diameter breast height Crown Wind velocity Temp Air humidity
the garden (m) (cm) diameter (m) (m/s) °O) (%)
IV.G. 155 23.9 26.11 7.7 1.2 32.8 42
XIII. F. 6 8.0 24.84 52 1.8 337 46
XIII. 9 (o) 15.9 92.04 8.9 1.8 34.5 45

XIII. 11 11.5 48.73 7.9 1.8 33 43
XIIL 11 a 11.5 35.67 6.6 1.8 36 41
Mean 14.16 45.47 7.26 1.68 34 434

SD 6.12 27.72 1.41 0.27 1.30 2.07

CV 0.43 0.61 0.19 0.16 0.04 0.05

Note: SD: Standard deviation; CV: Coefficient of variation
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Under optimal conditions, resources are primarily
allocated to plant growth and the production of large seeds
to store more nutrients, thereby enhancing the seedling's
ability to respond to adverse conditions. Seed size, a
functional trait, has implications for seedling germination,
survival, and recruitment. According to reports, seedlings
developed from large seeds tend to exhibit a higher growth
capacity (Martinez-Gonzalez et al. 2021).

The length, diameter, and weight of mature fruit ranged
from 32.80 to 43.60 mm, 24.60 to 33.90 mm, and 10.90 to
26.10 g, respectively, with mean values of 39.64+2.48 mm,
30.04+1.98 mm, and 20.33+3.60 g. According to Martinez-
Gonzalez et al. (2021), seeds serve as the fundamental
propagation unit for the majority of trees. Variability in
seed and fruit size can be primarily attributed to genetic
diversity within the sample population. Morphological
variability in plants is a crucial mechanism that enables
species to adapt to their immediate environment. Plant
populations often occupy large areas, continuous or
disjoint, in which the pressures on individuals can differ
significantly. Under such conditions, different populations
and individuals can exhibit considerable variation in
phenotypic and genetic diversity (Vidakovi¢ et al. 2024).
However, the location of fruit on the tree, as well as
differing microclimatic conditions within the canopy and
soil, can also contribute to variability in fruit development
within the same tree. Seeds, as a generative propagation
material, are essential to understanding their variability in
conservation strategy for H. iryaghedhi. This study found
low variability in fruits and seeds collected from five
mother trees of H. iryaghedhi in the BBG, despite the
mother trees originating from different locations (Papua
and Sri Lanka). H. iryaghedhi planted in the BBG did not
exhibit any differences in terms of height, breast-height
diameter, or crown diameter due to any environmental
conditions. The low CV (CV<1) suggested that there was
essentially no difference in growth across the five mother
trees (Table 1).

The lowest seedling height recorded was 82.60 cm,
while the highest reached 143.70 cm. The overall mean values
for seedling height, collar diameter, and number of leaves
were 106.74+32.78 cm, 1.27+0.64 mm, and 17.54+12.23,
respectively. Certain seedling traits, particularly those
related to conservation (e.g., biomass) and resource acquisition
(e.g., foliar area), play a crucial role in life-cycle strategies.
These traits may exhibit similarities across both tropical
rainforests and tropical dry forests. Limited information on
the percentage of H. iryaghedhi seed germination
necessitates conservation issues for this genus. However,
seedling management in the nursery until the appropriate
planting period is critical. According to a previous study,
Horsfieldia hainanensis has a successful regeneration rate
of 0.4-5.6% in its natural habitat between the ages of 0 and
4 years, due to pathogen and herbivore attacks (Liu et al.
2019). This implies that seedling maintenance in the
nursery is necessary to preserve this species. Seedlings
taller than 200 cm have reasonably good survival prospects
because they escape ungulate browsing at this height
(Waller et al. 2020).

This study found that all seeds and fruits used in the
experiment exhibited a proportionate oval form. A shorter
diameter and a longer length characterized the overall
shape of the seeds and fruits. Seed and fruit weight
correlated with the weight of ripe fruit, including the seed,
peel, and flesh. Shape is an essential factor in many
respects (Drvodeli¢ et al. 2025), and when H. iryaghedhi
fruit can be domesticated, it will be more appealing to
customers. According to previous research, seeds of the
Mpyristicaceae family, including H. iryaghedhi, are
relatively large (Arrijani 2005). The mean seeds found in
this study were comparatively bigger when compared to
those of H. glabra (Waman et al. 2021), with a seed length
of 27.4 cm, a seed width of 16.2 cm, and a seed weight of
3.7 g, and H. hainanensis (Liu et al. 2024) with a seed
weight of 5-6 g. Seedling growth may be hindered if seeds
are uniform in size and shape. Moreover, seed size has a
significant impact on growth traits, with seedlings from
larger seeds generally exhibiting superior performance in
terms of height, biomass, leaf number, and foliar area
(Martinez-Gonzélez et al. 2021). For ecological purposes,
the fruit and seed of H. iryaghedhi are relatively large and
heavy, meaning their natural distribution tends to be close
to the parent tree. Consequently, when the species is
introduced to the natural environment, human intervention
may be required to facilitate dispersal (Ekasari et al. 2025).

Correlation between seed and fruit parameters (length,
width, and weight)

The correlation between seed length, width, and weight
is presented in Table 3. A positive correlation was observed
among these parameters, with the lowest significant positive
correlation found for the seed length parameter, which is
the correlation between seed width and seed length (r=0.52,
p<0.001) within the medium category. In addition, the
highest positive correlation for the seed length parameter
was observed between seed length and fruit weight (r=0.83,
p<0.001), which falls within the very strong category. It is
suggested that the seed length increases with the fruit
weight. This study demonstrates that seed length parameters
are linearly correlated with other seed and fruit parameters.
The strong correlation indicates that commonly measured
seed traits—length, width, and weight—have a genetic
basis (Dicko et al. 2019).

Among all parameter associations, fruit weight and length
exhibited the strongest correlation (r=0.88, p<0.001). The
analysis of 27 seeds revealed correlations ranging from
medium to very strong, except the low correlation between
fruit width and seed width (r=0.27, p<0.001). The findings
of this study suggest that the width of H. iryaghedhi seeds
is not linearly related to fruit width, but is linearly related
to the other parameters in the seeds and fruit. Furthermore,
this study suggests that the morphological traits of the
analyzed seeds can be used to predict one parameter based
on another, opening up new possibilities for predictive
plant morphology. Fruit and seed morphological traits are
highly correlated, suggesting that factors affecting fruit also
influence seed proportionally. A previous study demonstrated
a positive and significant correlation between the fruit
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weight, length, and width of Entandrophragma bussei in
Tanzania (Andrew et al. 2021).

Correlation between seedling parameters (height, collar
diameter, and number of leaves)

The seedling parameters showed a medium correlation
with height (1=0.42, p<0.001) and root collar diameter
parameters (r=0.51, p<0.001). Only the correlation for root
collar diameter and height parameters was strong (r=0.76, p
0.001). This study suggests that the two parameters (seedling
height and root collar diameter) have a strong correlation
for 24-month-old seedlings of H. iryaghedhi at the BBG
nursery (Table 7). Many countries apply morphological
attributes to evaluate seedling quality, including height and
root collar diameter. Seedling age is one of the primary
quantitative morphological attributes (Mataruga et al. 2023;
Naruangsri et al. 2023). The height tends to increase faster
than the root collar diameter at the seedling stage, with
growth standards varying depending on the container size
in the nursery (Zhang et al. 2020; Mataruga et al. 2023).

The number of leaves parameter has a medium correlation
with seedling height and root collar diameter. This result
implies that the condition of 24-month-old H. iryaghedhi
seedlings was defined by seedling height and root collar
diameter, having a medium correlation with the number of
leaves surviving and growing in the nursery. Tree species
may optimize growth strategies in response to environmental
conditions by reducing the risk of bending or falling while
also maximizing efficiency in using the most limited
resources (Zhang et al. 2020), such as limited root growth
space due to polybags or containers, or competition for
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sunlight. Furthermore, plants allocate a higher proportion
of biomass to leaves and a larger root collar diameter in
nutrient-rich environments where above-ground competition
for light is intense. In nutrient-poor environments, where
below-ground competition prevails, plants allocate a higher
proportion of their resources to roots (Nantongo et al.
2022).

Root collar diameter parameter is influential for the
survival of H. iryaghedhi species groups and has proven to
be more indicative than the height parameter. This trait
may serve as a better indicator of energy reserves for the
seedling during its next growth phase. It is also typically
more closely correlated to both total and below-ground
seedling biomass. Aside from seedling height, root collar
diameter is another good predictor of future plantation
success (Bayala et al. 2009; Jones et al. 2023).

Survival often varies among sites and seedlings of
different sizes, as growth is notoriously responsive to local
conditions. It frequently takes time to progress through
vulnerable-size classes, which can be either short-term or
long-term (Waller et al. 2024). The strong correlation
between height and root collar diameter parameters
(r=0.76, p<0.001) in 24-month-old H. iryaghedhi seedlings
highlights differences in seedling development and
survival. Meanwhile, a previous study found that the
growth of seedling height was directly related to the
number of leaves but inversely proportional to the increase
in root collar diameter (Nantongo et al. 2022). Examining
differences in seedling development and survival will help
determine the trait with limited regeneration parameters.

Table 2. Distribution of seed, fruit, and seedling of Horsfieldia iryaghedhi collection of Bogor Botanical Garden, Indonesia

Parameters Minimum Maximum Mean SD CV (%)
Seed length (mm) 23.10 31.10 28.17 2.08 0.07
Seed diameter (mm) 16.40 29.10 19.37 2.23 0.11
Seed weight (g) 2.90 8.80 5.57 1.27 0.23
Fruit length (mm) 32.80 43.60 39.54 2.48 0.06
Fruit diameter (mm) 24.60 33.90 30.04 1.98 0.06
Fruit weight (g) 10.90 26.10 20.33 3.60 0.18
Seedling height (cm) 82.60 143.70 106.74 32.78 0.31
Root collar diameter (mm) 0.73 1.88 1.27 0.64 0.51
Number of leaves 7.00 36.00 17.54 12.23 0.71

Note: SD: Standard deviation; CV: Coefficient of variation

Table 3. The correlation coefficient between the length, width, and weight of fruit and seed parameters of Horsfieldia iryaghedhi

Parameters Seed length Seed width Seed weight Fruit length Fruit width Fruit weight
Seed length 1 otk *okk otk ok ok oo
Seed width 0.52 1 ok ok ns ok
Seed weight 0.74 0.59 1 ok oAk oAk
Fruit length 0.81 0.56 0.55 1 HHE HHE
Fruit width 0.65 0.27 0.40 0.67 1 HHE
Fruit weight 0.83 0.50 0.53 0.88 0.83 1

Note: 0.000-0.199: Very low, 0.200-0.399: Low, 0.40-0.599: Medium, 0.600-0.799: Strong, 0.800-1.000: Very strong. Source:

(Sugiyono 2010). ***: p>0.001, ns: non-significant
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Table 4. Correlation between height, root collar diameter, and
number of leaves on seedling parameters of Horsfieldia

irvaghedhi
Seedling Height .Collar Number of
parameters diameter leaves
Root collar diameter 0.76 1 oAk
Number of leaves 0.42 0.51 1

Note: 0.000-0.199: Very low, 0.200-0.399: Low, 0.40-0.599:
Medium, 0.600-0.799: Strong, 0.800-1.000: Very strong. Source:
(Sugiyono 2010). ***: p>0.001, ns: non-significant

Understanding the ecology of seedling growth is
essential not only for gaining knowledge about plant
community processes and succession, but also for
developing strategies to conserve biodiversity and restore
natural habitats (Susanto et al. 2016). Therefore, seedlings
need to be monitored in the field, as environmental traits
that are suitable for seed germination may not be ideal for
seedling or adult plant development, which generates a
conflict between seed and seedling development (Nantongo
et al. 2022).

Conservation efforts and their implications in this study

The species H. iryaghedhi remains largely unknown,
particularly in Indonesia, and is currently classified as a
garden collection at the BBG in West Java and the
Purwodadi Botanical Garden (PBG) in East Java (Junaedi
et al. 2023). Its utilization has received minimal attention.
Given that this species is critically endangered and
possesses medicinal properties, it is essential to implement
appropriate conservation strategies, such as planting it as a
collection plant in botanical gardens. Currently, generative
propagation via seed is the only known method for
conserving the Myristicaceae family, with limited research
on vegetative propagation. Since this species is classed as
severely endangered, effective genetic conservation measures
must be considered in the future, such as seed conservation
starting from determining the seed collection protocol, seed
sorting, seed testing, seed germination, intensive care in the
nursery, and the reintroduction protocol if this species is
replanted into its natural habitat.

This study found a strong correlation between the fruit
and seed traits of H. iryaghedhi; therefore, seed
conservation should begin with selecting healthy and
normal-sized fruits to obtain seeds of similar size (normal
size). Twenty-four-month-old seedlings in the BBG nursery
are not yet ready to be planted in their natural habitat, as
they have a mean height of 106+£32.74 cm, which is less
than 2 m. Seedlings with above 2 m are thought to be more
resistant to the underpressure of sunlight, have bigger roots
to get nutrients, and are pathogen-resistant. Another case
for H. kingii is that low tree densities, sporadic and supra-
annual fruiting, skewed sex ratios, and possible pollination
limitations may result in low fruit and seed availability for
this species, as well as the effects of anthropogenic
disturbances, deforestation, and climate change, placing
them at greater risk in their natural habitat (Datta and Rane
2013).

This study was limited to one fruiting year, and there is
no previous literature on the morphology of H. iryaghedhi
fruits collected from BBG and PBG. Future studies could
investigate whether changes in seed morphology occur
from year to year, influenced by environmental conditions
and fruit position on the tree, allowing for additional
multivariate analysis, such as principal component analysis
(PCA) or other cluster analysis. In addition to being a
collection plant at BBG, the H. iryaghedhi collection
planted in PBG in East Java can be explored further if used
as genetic material, given that the two sites present
different conditions. This highlights the need for a
comprehensive conservation approach, including intensive
phenological studies from the flowering stage to the fruit
maturation. Selecting fruit and seeds with proportional
shape and larger size from the same population will
enhance quality and promote future growth (Martinez-
Gonzélez et al. 2021). Although this study was constrained
by the limited number of seeds and trees analyzed, it
provides valuable insights into the morphology and
characteristics of seeds, fruits, and seedlings, which can be
easily altered for future research or practical field
applications. Collaboration between nursery practitioners
and field managers is essential to identify plant traits that
support the survival of H. iryaghedhi seedlings. Practitioners
should also provide nursery workers with additional
insights on habitat conditions and contribute observations
regarding reforestation efforts and the success of different
seedling varieties. This is crucial for producers to enhance
seed quality, taking into account the findings and
recommendations (Mataruga et al. 2023).

In conclusion, H. iryaghedhi's seed and fruit traits were
predicted using length, width, and weight parameters,
revealing a positive correlation among all tested traits. All
traits examined at BBG showed low variability despite
being obtained from mother trees from different origins.
Additionally, height and root collar diameter traits were
found to be closely related in 24-month-old seedlings, with
the root collar diameter increasing with seedling height.
However, only a minimal correlation was found between
the number of leaves and either seedling height or root
collar diameter. Given that H. iryvaghedhi is critically
endangered, further efforts are necessary to enhance both in
situ and ex-situ conservation strategies. The BBG is an
important site that serves as a source of propagation
material for growing new seedlings and transplanting them
to similar sites within the BBG. It is essential to understand
that the trees in BBG are mother trees, and this is extremely
important for the future population of this species, as they
would be one of the primary sources of seeds for H.
iryaghedhi.
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Abstract. Susanty D, Safitri LN, Hutagaol RP, Oksari A4, Nurlela. 2025. Fatty acid profile of Chlorella sorokiniana InaCC M38 grown in
tofu wastewater for biofuel potential. Nusantara Bioscience 17: 226-234. Chlorella sorokiniana Shihira & Krauss, 1965 is a microalgae
that can grow in tofu liquid waste medium by utilizing the nutrients in the waste in the form of carbon (C), nitrogen (N), phosphorus (P),
and potassium (K). This research aims to determine the lipid content and fatty acid compounds contained in C. sorokiniana cultured in
25, 30, and 35% Tofu Liquid Waste (TLW) medium using two extraction methods. In this study, the growth of C. sorokiniana on TLW
medium was determined by calculating the cell density of C. sorokiniana using a hemocytometer, and the biomass was collected by
centrifuging. Chlorella sorokiniana was cultivated for seven days. Lipid extraction was performed using maceration and a combined
ultrasonic-assisted extraction (UAE)-maceration method. Biomass and lipid yields, as well as fatty acid methyl esters (FAME) profiles,
were analyzed using GC-MS. Chlorella sorokiniana grows well on 30% TLW medium with a dry biomass weight of 0.45 g/L on day 7,
extraction using the combined method extracted more fatty acid compounds than the maceration method. Lipid yield using the
extraction by combined extraction method had more excellent results (4.61%) than the maceration method (3.82%). The fatty acid
composition of C. sorokiniana extracted by combination extraction consists of 11 types of Saturated Fatty Acids (SFA), two types of
Monounsaturated Fatty Acids (MUFA), and two types of Polyunsaturated Fatty Acids (PUFA). The Saturated fatty acid most commonly
contained in C. sorokiniana was palmitic acid, which could be applied as biodiesel. Chlorella sorokiniana cultured in 30% TLW has a

higher percentage of SFA (56.58%) with less PUFA, making it more potential for biodiesel.

Keywords: Chlorella sorokiniana, fatty acid, maceration, medium, ultrasound-assisted extraction

INTRODUCTION

Lipids from microalgae are commercial compounds in
various industries, such as nutritional products,
pharmaceuticals, and biodiesel (Sun et al. 2018). The
utilization of lipids from microalgae is related to their fatty
acid composition. Several studies state that omega-3 and
omega-6 fatty acids are essential for pharmaceutical and
nutritional needs (Perdana et al. 2021), while palmitic and
oleic acids are the primary fatty acids for biodiesel (Sun et
al. 2018). The development of microalgae as a lipid source
must consider culture costs. Waste medium is a solution to
reduce costs for microalgae production.

The use of municipal wastewater for the cultivation of
Acutodesmus obliguus CNO1 and Desmodesmus maximus
CNO06 showed high lipid productivity in D. maximus CN06
(3.43 mg/L.day), which mainly consisted of hexadecanoic
acid (C16:0) and oleic acid (C18:1), making it suitable for
biodiesel (Purba et al. 2022). Scenedesmus obliquus
cultured in Chinese city wastewater yielded a lipid yield of
0.367 gL', indicating its feasibility for biodiesel
production (Han et al. 2021). Chlorella vulgaris Beij.
grown in wastewater with higher light intensity show
nitrogen and phosphorus consumption of 75%, with oleic
acid as the highest fatty acid, so it has the potential to be a

source of Dbiodiesel (Nzayisenga et al. 2020).
Monoraphidium braunii was cultured in the waste medium,
produced high lipid productivity of 5.26 mg L™! day™' (El-
Sheekh et al. 2023).

One of the microalgae that is known to be able to grow
in waste medium is Chlorella sorokiniana Shihira &
Krauss, 1965. The growth of C. sorokiniana has been
studied in real wastewater (RWW) (Rani and Ojha 2021),
unsterilized domestic wastewater (Bulynina et al. 2023),
cassava wastewater (Padri et al. 2025), cooking cocoon
wastewater (Xue et al. 2021), wastewater from the
industrial processing of instant coffee (WIC) (Melo et al.
2022), chicken broiler waste medium (Susanty and Oksari
2020), and tofu liquid waste (Mursandi et al. 2022). Tofu
liquid waste (TLW) contains carbon, nitrogen, and
phosphorus, so that it can be used as a source of nutrition
for the microalgae C. sorokiniana. The growth of C.
sorokiniana at TLW medium concentrations of 15, 20, 25,
and 30% shows that 30% TLW medium provides the best
growth (Mursandi et al. 2022) but has yet to show optimal
results. Further research needs to be conducted to determine
the optimum medium concentration by testing the growth of
C. sorokiniana on 25, 30, and 35% TLW medium.

Growth medium can influence fatty acids in
microalgae. Chlorella sorokiniana cultured on PE-001
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medium showed the presence of palmitic acid, palmitoleic
acid, stearic acid, oleic acid, and linoleic acid (Qiu et al.
2017). Chlorella sorokiniana cultured in Tris-acetate-
phosphate medium (TAP) with ascorbic acid and Iron III
Chloride (FeCl3) showed the C16 and C18 fatty acids, but
in different amounts (Ammar et al. 2021). Chlorella
sorokiniana cultured mixotrophically using DWW medium
yielded a total lipid of 0.433+0.060 g/g DW (Hamidian and
Zamani 2022). The use of TLWas a culture medium for C.
sorokiniana has been studied. However, the fatty acids
have not been studied based on the concentration of the
medium used.

The extraction method used also influences the fatty
acids extracted from microalgae biomass. This research
was carried out in two ways: by maceration and a
combination of ultrasound-assisted extraction (UAE) and
maceration. Chlorella sorokiniana has strong cell walls
with a complex matrix composed of carbohydrates,
polypeptides, and glycoproteins (Kim et al. 2024), so the
process of destroying microalgae cell walls is necessary.
The UAE method provides a cavitation wave effect that
helps the process of destroying the microalgae matrix,
making the extraction process more effective
(Shevelyuhina et al. 2022). Combining UAE and
maceration extraction needs to be compared with
maceration to determine the difference in the yield of
extracted lipids and fatty acids profile. Research regarding
the identification of fatty acid compounds of C.
sorokiniana cultured from TLW medium needs to be
carried out to determine the fatty acid composition of C.
sorokiniana  cultured at different TLW medium
concentrations and different extraction methods. The fatty
acid profile of C. sorokiniana cultured in various
concentrations of TLW medium and extraction using a
combination of UAE and maceration is a novelty of this
research. This study aims to examine lipid productivity and
fatty acid profiles at TLW concentrations and extraction.

MATERIALS AND METHODS

Study area

Chlorella sorokiniana inaCC M38 is an isolate
purchased from the inaCC BRIN collection. Tofu liquid
waste used as culture medium was obtained from tofu
factories in the Ciriung area, Bogor District, West Java,
Indonesia. In this study, the cultivation of C. sorokiniana
was carried out on tofu liquid waste medium with three
concentration variations, namely 25, 30, and 25%.
Chlorella sorokiniana biomass was extracted using two
extraction methods, namely maceration and combined
maceration with UAE, to compare lipids and fatty acids.

Nutrient analysis of tofu liquid waste

In this study, the tofu liquid waste was used as a culture
medium for C. sorokiniana. Macronutrients in the form of
carbon (C), nitrogen (N), phosphorus (P), and potassium
(K) contained in tofu liquid waste are tested first based on
SNI 19-7030-2004.
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Preparation of tofu liquid waste medium

The material used as a medium for C. sorokiniana is
tofu liquid waste that is taken from tofu pressing. Tofu
liquid waste was taken by homogenizing the waste and
measuring the pH before being used as a culture medium.
Variations in TLW medium concentration were 25, 30 and
35%. The medium was added to NaOH 2N solution until it
reached a neutral pH of 7 (Mursandi et al. 2022).

Cultivation of the microalgae Chlorella sorokiniana

Cultivation of the microalgae C. sorokiniana was
carried out in TLW medium with concentrations of 25, 30,
and 35%, and sterilization was carried out using an
autoclave at a temperature of 121°C, pressure of 1 atm for
15 minutes. Chlorella sorokiniana was cultured in sterile
LCT medium with an initial density of £10° cells/mL.
Cultivation was carried out at 30°C and light intensity from
two TL lamps (2,300 lux) (Mursandi et al. 2022). The
remaining waste after cultivation is disposed of in a
collection of organic waste for which the laboratory has
prepared a collection tank.

Calculation of Chlorella sorokiniana cell abundance

Chlorella sorokiniana cells were taken with a pipette
and then observed under a microscope with a magnification
of 40x10. The abundance of C. sorokiniana cells was
counted with three repetitions. The abundance of C.
sorokiniana cells was calculated using an improved
Neubauer hemocytometer. Cell abundance was determined
by counting microalgae cells in 5 small boxes (Mursandi et
al. 2022).

Cell density (cells/mL) N = Total number of cells x 10*

Chlorella sorokiniana biomass collection

Harvesting or collection of C. sorokiniana microalgae
biomass was carried out on day 7 (during optimum
growth). Chlorella sorokiniana biomass was harvested by
separating the medium from the microalgae using a
centrifuge at a speed of 3,600 rpm for 3 minutes. The
biomass was dried at room temperature for 24 hours until
dry biomass was obtained (Mursandi et al. 2022).

Lipid extraction of Chlorella sorokiniana

Chlorella sorokiniana biomass was extracted using a
combined method of Ultrasonic-Assisted Extraction (UAE)
and maceration. The sample was added with n-hexane
solvent (Sivaramakrishnan and Incharoensakdi 2019) in a
ratio of 1:10 (w/v). The sample was put into an ultrasonic
device for an extraction process for 90 minutes at a
frequency of 42 KHz at room temperature. After the
sample was sonicated, it was continued with maceration for
24 hours and stirred using a shaker. After the extraction
process was complete, filtering was carried out using filter
paper to separate the extraction results from the resulting
dregs. The solvent was removed using a rotary evaporator
until no more solvent drips. The remaining solvent is
evaporated using a water bath.

Lipid content (%) = (lipid weight)/(sample weight)
100%
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Esterification process of Chlorella sorokiniana

The esterification process begins by placing the sample
into a boiling flask and mixing it with 5 mL of 1% sulfuric
acid dissolved in methanol. The mixture was then heated
using a reflux condenser for 1 hour. After the mixture had
cooled, 20 mL of distilled water and 5 mL of n-hexane
were added to the solution. The methyl ester is then taken
by evaporating the hexane fraction of the mixture.

Identification of fatty acid methyl ester (FAME) of
Chlorella sorokiniana

The fatty acid compounds in C. sorokiniana extract
were identified wusing Gas Chromatography-Mass
Spectrometry (GC-MS), carried out on the optimal yield of
C. sorokiniana microalgae oil extract by injecting one pL
of sample solution into the GC-MS. The mobile phase used
is ultra high purity (UHP) helium, while the stationary
phase used is an RTX 5 column, which is non-polar,
containing 5% diphenyl and 95% dimethylpolysiloxane.

Data analysis

Cell growth analysis was done by making a growth
curve between cultivation time and cell density. The dry
biomass of C. sorokiniana was compared among three LCT
medium concentration treatments. Data analysis of the
influence of TLW concentration on biomass by one-way
ANOVA statistical test and Duncan Multiple Range Test
(DMRT) test using IBM SPSS version 23. The fatty acids
identified from the GC-MS results were compared using

the extraction method and the culture medium
concentration.
RESULTS AND DISCUSSION

Tofu liquid waste nutrition

Tofu liquid waste is a by-product of tofu production,
which is still rich in organic substances. The use of this
waste has been researched as plant fertilizer because of the
presence of elements N, P, and K. The right amount of N,
P, and K will promote growth, but if it is excessive, it will
have a negative impact, so appropriate concentrations are
needed (Kurniawan et al. 2024). Tofu Liquid Waste (TLW)
can be used as a culture medium because it contains good
nutrients for the growth of C. sorokiniana (Mursandi
2022). Table 1 shows that the availability of nutrients
(carbon, nitrogen, phosphorus, and potassium) in TLW is
relatively high. C. sorokiniana can reduce 78.82% nitrate
and 88.17% phosphate in dairy wastewater (DWW)
(Hamidian and Zamani 2022).

Tofu liquid waste is a by-product of tofu production,
which is still nutrient-rich. The availability of nutrients in
the medium influences the rate of microalgae productivity
because microalgae utilize nutrients as a source for their
body's metabolism (Ziganshina et al. 2022). Nitrogen plays
a role in the formation of amino acid compounds, lipids,
and chlorophyll (Negi et al. 2015; Toumi and Politacva
2021). Potassium plays a role in the process of
photosynthesis and affects cell density (He et al. 2020).
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The growth and biomass of Chlorella sorokiniana

TLW contains carbon and nitrogen in high
concentrations (Table 1). TLW dilution was conducted to
see the limits of C. sorokiniana's growth ability. At the
three TLW dilution concentrations (25, 30, and 35%), C.
sorokiniana could adapt and grow well immediately. This
condition is indicated by the cell density, which directly
increases on the first day of cultivation. However, at 25%
TLW, the cell division ability of C. sorokiniana began to
decrease on the fourth day, caused by the amount of
nutrients being more limited than in the other two
concentrations. The 30% TLW provides good growth with
more cell density than 25 and 35% TLW (Figure 1).
Nutrient availability at 30% TLW provides more
appropriate growth with the highest cell density on day 7
(4.89%105 cells/mL) with a dry biomass of 0.45 g/L.

TLW generally contains nitrogen as ammonium (Nuryoto
et al. 2025). The growth of C. sorokiniana at 35% TLW was
lower than at 30% TLW. The presence of high levels of
ammonium can be toxic to cells. Free ammonium can
induce reactive oxygen species (ROS formation) in cells,
inhibiting cell growth (Shen et al. 2020). Cell density
correlates with the biomass produced. The high cell density
of C. sorokiniana at 30% TLW provides a high biomass
(Table 2).

Lipid yield and fatty acid profile of Chlorella
sorokiniana

The highest lipid yield was obtained from C.
sorokiniana, cultured at 30% TLW, and extracted using a
combined extraction method (Figure 2). Extraction by
sonication utilizes ultrasonic waves so that the solvent
exposed to these waves experiences an increase in density;
the molecules approach each other and become denser.
Increasingly larger cavitation bubbles often accompany this
process. The collision between the microalgae cell wall and
the solvent medium caused by ultrasonic vibrations opens
the pores in the cell wall. As a result, the components
contained in microalgae can more easily dissolve into the
solvent through a diffusion process (Shevelyuhina et al.
2022). Microalgae cells have thick and rigid cell walls, so
the combination of UAE and maceration gives optimal
results for lipids. There are also more types of fatty acid
compounds extracted using the combined UAE and
maceration extraction method compared to only the
maceration method (Figure 3). The process of breaking
down microalgae cell walls with the help of sonication
produces a more diverse fatty acid composition (twelve
types of saturated fatty acids and four types of unsaturated
fatty acids) than the maceration method (5 types of
saturated fatty acids and two types of unsaturated fatty
acids). These results are almost the same as previous
research, which identified 19 different types of fatty acids
(Djamaludin and Chamidah 2021).

The extract obtained from the combined extraction
method contains higher lipid yield percentages than the
maceration method. Microalgae cells have thick and rigid
cell walls. Hence, the combination of UAE and maceration
gives a higher lipid yield percentage than the maceration
method. The research results showed that extraction,
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starting with breaking down the cell walls using ultrasound,
produced an extract with higher amounts of fatty acids.
Chlorella has the characteristics of a strong cell wall
(Widyaningrum and Prianto 2021), so special treatment is
required to break down the cell wall, enhancing the
diffusion of molecules inside the cell with an extraction
solvent.

Extraction using the combined method yielded a greater
variety of extracted fatty acids compared to maceration
(Figure 3). Monounsaturated fatty acids were extracted
using the combined extraction method. The percentage of
saturated fatty acids was higher in the combined extraction
method compared to the maceration method (Figure 4).
The extraction method can affect the profile of the
extracted fatty acids (Pérez-Barradas et al. 2023). The
percentage of saturated fatty acids was higher in the
combined extraction method with myristic acid. The
palmitic acid extracted using the maceration method was
higher than that extracted using the combined method.
Maceration extraction showed a higher content of
unsaturated fatty acids, potentially resulting in a lower
cetane number for biodiesel use.

Identification of fatty acid compounds in C. sorokiniana
cultured at different TLW medium concentrations was chosen
based on the optimal results of the extraction method, namely,
using a combination of UAE extraction and maceration.
Chlorella sorokiniana cultured at 30% TLW produces
more diverse types of saturated fatty acids than those
cultured at 25 and 35% TLW (Figure 5). The dominant
fatty acids in C. sorokiniana cultured at all variations in TLW
concentrations were C16:0 and C18:2. These results are

Table 3. Comparison of the major fatty acids in Chlorella
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comparable to other studies on fatty acids in Chlorella
(Table 3).

The 9,12-octadecadienoic acid (C18:2) is identified in
C. sorokiniana that was cultured in TLW 25 and 35%.
Another form of C18:2 identified in C. sorokiniana is
10,13-octadecadienoic acid, which is also found in C.
vulgaris (Morowvat and Ghasemi 2016). Chlorella
sorokiniana cultured at 25 and 35% TLW showed the
presence of 7,10-Hexadecadienoic acid. This fatty acid was
identified in Chlorella (Fernandes and Cordeiro 2020). The
stearic acid (C18:0) and palmitoleic acid (C16:1) were only
identified in C. sorokiniana cultured in 30% TLW medium.

Table 1. Nutrition contained in tofu liquid waste

Component Content (mg/L)
Organic Carbon (C) 1,136
Nitrogen (N) 5,879
Phosphorus (P) 74.4
Potassium (K) 437.1

Table 2. Biomass (dry weight) of C. sorokiniana at various
concentrations of TLW medium

Concentration of TLW medium Biomass of C. sorokiniana

(g/L)
25% 0.36°+0.07
30% 0.45"+0.05
35% 0.432+0.07

Note: There is no statistical difference between numbers separated
by the same letter at p<0.05 using DMRT

Species Medium

Major Fatty Acid Reference

BGl11

wastewater of the dairy industry
with 25% dilution

Bold Bassal Medium with MnCl
BG11 with secondary treated
effluents

BGl11 (35°C)

Chlorella vulgaris
Chlorella vulgaris

Chlorella vulgaris
Chlorella sorokiniana

Chlorella sorokiniana
KNUA114
Chlorella sorokiniana
inaCC M38

TLW (30%)

Palmitic, oleic, and linoleic acids
Palmitic acid

Palmitic acid (53.59%)

a-linolenic acid (17.652%) and
Palmitic acid (8.321%)

Palmitic Acid (43.25%), C18:2 w6
(17.87%)

10,13-octadecadienoic acid (C18:2),
Palmitic Acid

(Moradi-Kheibari et al. 2022)
(Khalaji 2022)

(Saber et al. 2024)
(Asadi et al. 2020)

(Yun et al. 2020)

This study (Figure 5)

Call Dansity (calls/mL)

2 4 6 8 10 12 14 16

CultivationTime (day)

Figure 1. Cell density of C. sorokiniana in TLW medium

Lipid Yield (%)
o = N w ES
C kL N Ww e 0

TLW Concentration (%)

UAE combined with Maceration ~ [0Maceration

Figure 2. Lipid yield of Chlorella sorokiniana at different
extraction methods and variation of TLW concentration
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Behenic acid (C22:0)
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Figure 3. Fatty acids of C. sorokiniana based on extraction methods

m Saturated Fatty Acids (SFA)

= Mono Unsaturated Fatty
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5 = Poly Unsaturated Fatty Acids
(PUFA)

Combined Extraction
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Figure 4. Comparison of SFA/MUFA/PUFA in Chlorella sorokiniana extract based on the extraction method
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Butyric acid (C4:0)
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Figure 5. C. sorokiniana fatty acids cultured at variations in TLW medium concentration by UAE combination extraction method with maceration
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Cyclopropaneoctanoic acid (C11:0) is found in C.
sorokiniana cultured in all three TLW medium
concentrations. This fatty acid is one of the minor fatty
acids in microalgae under specific cultivation conditions.
Previous studies examining several microalgae species
detected cyclopropaneoctanoic acid in Micractinium
thermotolerans VKM Al-332 (Krivina et al. 2024).
Cyclopropaneoctanoic acid is a fatty acid with a cyclic
chain. Reactions during extraction and esterification may
cause the presence of cyclic fatty acids. In this study, both
maceration methods showed the presence of these fatty
acids (Figure 3).

Heptadecanoic acid (C17:0), oleic acid (C18:1), and
10,13-octadecadienoic acid (C18:2) were also identified in
C. sorokiniana cultured at all three variations of TLW
medium concentrations extracted by the combination
method. Heptadecanoic acid (C17:0) is a saturated fatty
acid with odd chains. These odd fatty acids in algae oil do
not show any adverse effects. Heptadecanoic acid (C17:0)
was found in considerable amounts (29.1%) in
mixotrophically cultured Messastrum gracile SVMIICT7
(Kuravi and Mohan 2021).

Oleic acid (C18:1) is a monounsaturated fatty acid
(MUFA) abundant in microalgae, including C. sorokiniana.
Other studies on C. sorokiniana have shown a varied oleic
acid content based on nitrogen availability and light
intensity (Papapanagiotou et al. 2024). Oleic acid studies
on C. sorokiniana immobilized in calcium-alginate beads
showed a higher oleic acid content compared to free cell
cultures (Alfaro-Sayes et al. 2023). Nitrogen-deficient
medium encourages C. sorokiniana to increase the
synthesis of monounsaturated fatty acids (MUFA), one of
which is oleic acid (Papapanagiotou et al. 2024). According
to this study's results, C. sorokiniana cultured on 25%

120,00
S 100,00
he.
S 80,00 40,56
> 53,13
ks 60,00
L 60, 2,86
o
£ 40,00 9,69
£ 40,
Q
o 56,58
a 20,00 37,19

0,00

25 30
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TLW medium has oleic acid with a higher percentage area
than TLW 30 and 35%. Stress conditions with lower
amounts of nitrogen indicate higher amounts of oleic acid
in microalgae; research on Scenedesmus sp. SVMIICT1
showed high levels of oleic acid in dual stress (nitrate
depletion and salinity stress) and mixotropic conditions
(Kona et al. 2022).

The fatty acids that were only identified in C.
sorokiniana extracts cultured in 30% TLW medium were
butyric acid (C4:0), 14-methyl pentadecanoic acid (C16:0),
stearic acid (C18:0), and nonadecanoic acid (C19:0).
Stearic acid (C18:0) and hexadecadienoic acid (C16:1)
have a reasonably high %area and are only identified in C.
sorokiniana extracts cultured on a 30% TLW medium.
Stearic acid is one of the fatty acids that has the potential to
be biodiesel (Chen and Chang 2016). Other studies on the
fatty acids in Chlorella show that the species of C.
sorokiniana generally has higher saturated fatty acids than
C. vulgaris (Yun et al. 2020).

Polyunsaturated Fatty Acids (PUFA) are more
commonly identified in C. sorokiniana extracts cultured on
25 and 35% TLW medium (Figure 5), namely in the form
of 7,10-hexadecadienoic acid (C16:2), 9,12-
octadecadienoic acid (C18:2), and 10,13-octadecadienoic
acid (C18:2). In general, microalgae contain 9,12-
octadecadienoic  acid  (C18:2); however, 10,13-
octadecadienoic acid is also found in Chlorella vulgaris
and Nostoc muscorum (Morowvat and Ghasemi 2016).
Chlorella sorokiniana inaCC M38 cultured on TLW
medium has the highest fatty acid composition of C16:0
and C18:2. This is in line with other studies of C.
sorokiniana that were cultured on a lab scale in phototropic
and mixotropic conditions (Barouh et al. 2024).

53,90 Poly Unsaturated Fatty Acids
Mono Unsaturated Fatty
10,30 Acids
@ Saturated Fatty Acids
35,80
35

Variation of TLW concentration

Figure 6. Comparison of SFA/MUFA/PUFA in Chlorella sorokiniana extract based on variation of TLW concentration using combined

extraction method
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Several biodiesel quality parameters, such as flash
point, oxidation stability, and cetane number, are
influenced by fatty acid composition. A higher PUFA
composition with shorter carbon chains can lower the
cetane number (Mujtaba et al. 2021; Omwoyo and Mengo
2023). Saturated fatty acids provide better biodiesel quality
with a higher cetane number (Mekonnen et al. 2024).
Higher oleic and linoleic acids provide a lower cetane
number than oils with higher palmitic content (Sumatri et
al. 2023). Chlorella vulgaris KP2, with a composition of
49.26% SFA, 38.73% MUFA, and 10.12% PUFA of the
total fatty acids, has higher oxidation stability and cetane
number (58.73) (Andeden et al. 2021). Research on
Nannochloropsis oculata by giving stress to the growth
medium produces C16-C20 fatty acids with SFA and
MUFA composition reaching 88% so that it has the
potential as a raw material for biodiesel (El-Sayed et al.
2022). The high quality of biodiesel from Chlorella
muelleri is due to the high composition of C14-C18 fatty
acids (81%) and oleic acid (28%) (Andrew et al. 2022).
The results are comparable to the species Coelastrella sp.
and Verrucodesmus verrucosus, which contain 80-90%
C16-C18 fatty acids (Rodriguez-Palacio et al. 2022).

The nutrients in the culture medium affect the
metabolism and fatty acids produced by microalgae. This
study showed that 30% TLW medium provided a higher
SFA composition percentage than 25 and 35% TLW media
(Figure 6). The 50% F/2 medium used to culture Chlorella
vulgaris, Qocystis submarina, and Monoraphidium showed
a higher saturated fatty acid profile and better biodiesel
quality (Hawrot-Paw et al. 2021). Nutrients in the medium
that are limited to a certain amount have a better effect on
the properties of biodiesel produced from microalgae
because they tend to produce higher saturated fatty acids.
In this study, C. sorokiniana cultured in 30% TLW media
showed better potential as a biodiesel feedstock based on
its fatty acid profile.

The lipid productivity of C. sorokiniana InaCC M38
cultured in TLW medium at various concentrations of 25,
30, and 35% demonstrates the strain's specific response to
the availability of organic nutrients in the TLW medium.
While these findings provide valuable information
regarding the potential of tofu wastewater as a low-cost
microalgae growth medium, they may not be fully
generalizable to all C. sorokiniana strains. Further research
involving multiple strains is recommended to validate the
universality of the lipid accumulation mechanism under
similar environmental stressors.

The utilization of tofu wastewater in this study focused
on providing nutrients for Chlorella sorokiniana InaCC
M38. This wastewater utilization positively contributes to
environmental sustainability by reducing the risk of water
pollution. Reusing tofu wastewater reduces reliance on
synthetic media, minimizes nutrient input costs, and
minimizes environmental burdens. Future studies are
needed, including a life cycle assessment (LCA), to
evaluate the overall energy balance and carbon footprint of
cultivating C. sorokiniana InaCC M38 in tofu wastewater,
ensuring the process is both environmentally and
economically sustainable.
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Based on this study, it can be concluded that Chlorella
sorokiniana inaCC M38 grows better on a TLW medium of
30%. Biomass production on the 7% day was 0.45 g/L.
Extraction by the combination method, with cell wall
breaking first using UAE, further increases the yield of
extracted lipids. The extract has more fatty acids (4.61%
DW) compared to single extraction by maceration (3.82%
DW). This study provides the basis for better extraction
methods in extracting compounds in C. sorokiniana. The
presence of fatty acids in C. sorokiniana cultured on TLW
30% medium indicates more Saturated Fatty acids
(56.58%) with palmitic acid as a major SFA that can show
its potential as a biodiesel material. However, further
experimental optimization is needed to improve lipid
production of C. sorokiniana, to scale up testing, life-cycle
assessment, and field cultivation validation. Overall, C.
sorokiniana grown in tofu wastewater represents a
promising, low-cost strategy for integrating biofuel
production with waste management systems.
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Abstract. Rubayet MT, Prodhan F, Mamun MAA, Kader MA, Hossain MM, Masum MMI, Hoque MZ, Rahman MM, Biswas JC. 2025.
Effect of temperature on rice (Oryza sativa) seedling disease incidence and severity in Bangladesh. Nusantara Bioscience 17: 235-242.
Seedling diseases are strongly influenced by temperature and cultivation environment, posing serious challenges to rice production
under changing climates. To investigate these effects, two simultaneous experiments were conducted in Bangladesh, at Rangpur
(25.6962°N, 89.2676°E) and Gazipur (24.0361°N, 90.3963°E) using BRRI dhan28 and BRRI dhan29 under open-field and polythene-
covered conditions. Seedling emergence was consistently higher in polythene-covered plots, suggesting improved establishment in
warmer microclimates. Three major diseases were detected across sites: bakanae (Fusarium moniliforme), blast (Pyricularia oryzae),
and brown spot (Bipolaris oryzae). Varietal and environmental interactions were evident, with BRRI dhan29 showing greater
susceptibility to bakanae in open-field conditions, while BRRI dhan28 was more prone to blast. Brown spot severity showed no
significant differences between locations, indicating a lesser influence of variety and microclimate. Physiological observations revealed
that healthy seedlings exhibited higher chlorophyll content (Soil Plant Analysis Development/SPAD values), whereas bakanae-infected
seedlings displayed abnormal elongation relative to healthy plants. These results demonstrate that temperature and cultivation
environment exert significant effects on rice seedling health, and that varietal responses differ according to disease type. Findings
underscore the need for integrating varietal resistance and environment-specific management strategies to mitigate seedling disease risks
in the context of climate change.

Keywords: Bakanae, blast, brown spot disease, climate change

INTRODUCTION Intergovernmental Panel on Climate Change, global mean

temperature may increase by 0.9-3.5°C by 2100 if current

Rice cultivation is presently and will continue to play a
vital role in feeding the world’s population. It is the primary
dietary energy source in 17 Asian and Pacific nations, 9
North and South American countries, and 8 African countries
(Priya et al. 2019). However, rice production, like other
agricultural outputs, has been significantly influenced by
climate change and may face even greater threats soon
(Gornall et al. 2010). As the global demand for rice continues
to grow, its resilience to environmental changes becomes even
more crucial. Climate change is considered the greatest
menace to humanity, as agriculture is highly sensitive to
shifts in climatic factors. During the last century, the average
global temperature has risen by 0.74°C (Gautam et al.
2013). This warming trend is expected to accelerate,
causing shifts in agricultural production patterns (Wachira
et al. 2021). The increase is largely attributed to
greenhouse gases such as carbon dioxide, methane, nitrous
oxide, and chlorofluorocarbons, with CO- being the major
driver of global warming (Nunes 2023). According to the

emission trends continue (Haq et al. 2010). These changes
profoundly affect crop development and yield, as well as the
reproduction, spread, and severity of many plant diseases
(Gautam et al. 2013). For instance, sheath blight
(Rhizoctonia solani J.G.Kiihn), once a minor disease in the
early 1970s, has now become a major rice disease. This
change in disease patterns has led to significant yield losses
in several rice-producing regions. Similar shifts in the
occurrence and severity of numerous other diseases and
insect pests have also been reported (Haq et al. 2010).
Moreover, elevated temperature and CO: concentrations
pose heightened risks of late blight (Phytophthora infestans
(Mont.) de Bary) in potato, and serious rice diseases such
as blast (Pyricularia oryzae Cavara) and sheath blight (R.
solani) (Kobayashi et al. 2006; Gautam et al. 2013; Rubayet
and Hossain 2024).

Despite this growing concern, limited studies have
investigated how changing temperature regimes influence
rice seedling diseases in Bangladesh, where rice is not only
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the staple food but also central to food security and
livelihoods (Lahlali et al. 2024). Secedling diseases are
particularly critical because they can substantially reduce
crop establishment, leading to downstream effects on yield.
In Bangladesh, where rice farming is vital for the economy,
understanding these early-stage diseases could help
mitigate their impact on food production. With an
increasing risk of unpredictable weather patterns,
understanding how environmental temperature fluctuations
affect disease dynamics at the early stages of crop growth
is essential. Understanding how ambient temperature
fluctuations affect the incidence and severity of diseases
such as bakanae, blast, and brown spot at the seedling stage
is therefore essential (Hue et al. 2025). This insight could
lead to the development of predictive models, helping
farmers make informed decisions on disease management.
This knowledge will sharpen our ability to predict disease
outbreaks under field conditions and to develop timely,
location-specific management strategies. It will also provide
the foundation for building more resilient rice varieties that
can withstand the pressures of climate change, ultimately
contributing to food security in the long term. Keeping this
view, the present study was undertaken to assess the impact
of ambient temperature on rice seedling disease incidence,
severity under open and polythene-covered environments
in two major rice-growing regions of Bangladesh.

MATERIALS AND METHODS

Two experiments were conducted at Rangpur and Gazipur
(Figure 1), Bangladesh during 2021-2022 for assessment of
the temperature impact on disease incidence and severity
on rice seedlings. Two popular varieties of rice such as
BRRI dhan28 and 29 were collected from the Bangladesh
Rice Research Institute. After that land was prepared
according to the agronomic practices and made 1 square
meter size 12 plots. Whereas 3 plots open (P0) and 3 plots
sealed with transparent white polythene sheet (P1) for
BRRI dhan28 (V1). The rest of the plots were prepared in
the same way for V2 (BRRI dhan29). A small hole was
kept in both varieties for gas exchange purposes (Figure 2).
The intercultural operations were done whenever it was
necessary. These varieties were selected because BRRI
dhan28 and BRRI dhan29 are among the most widely
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cultivated rice types in Bangladesh and differ in their
responses to climatic stressors. The polythene-covered
treatment simulates microclimate modification practices
increasingly used to mitigate temperature extremes.

Treatments

The experiment consisted of four treatments: BRRI
dhan28 grown under open field conditions (V1P0), BRRI
dhan28 covered with a white transparent polythene sheet
(V1P1), BRRI dhan29 grown under open field conditions
(V2P0), and BRRI dhan29 covered with a white transparent
polythene sheet (V2P1). Each treatment was replicated
three times and laid out in a Randomized Complete Block
Design (RCBD) to minimize the effects of environmental
variability. The seedbed was monitored for seedling
emergence, disease incidence, and severity over a period of
40 days after sowing.

Data recording

The data were collected on disease symptoms, incidence,
and severity in both locations. In the meantime, the weather
data were also recorded by using digital thermometer
during the whole period. The natural disease infestation
was confirmed by symptom study according to the standard
procedure (Barnett and Hunter 1972; Mian 1995). After
that, 10 seedlings from each plot were uprooted randomly
for assessment of every individual disease incidence and
severity. The bakanae disecase was graded 0-4 scale (Ooi
2002; Zainudin et al. 2008). On the other hand, brown spot
and blast were scored on a 0-9 scale (IRRI 2002, 2013)
(Table 1).

Figure 2. A. Open filed, B. Polythene sheet covered plot
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Figure 1. Location of the experimental sites in Rangpur and Gazipur, Rangpur and Dhaka Division, Bangladesh
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Table 1. Bakanae, blast and brown spot disease scoring of rice seedling
Disease Brown spot
Bakanae disease symptom Blast disease symptom infection
scale
rate (%)
0 No infection No infection No infection
1 Normal growth but leaves beginning to show Small brown specks of pinpoint size or larger <1
yellowish—green brown specks without sporulating
2 Abnormal growth, elongated, thin and yellowish- Small roundish to slightly elongated, necrotic gray 1-3
green leaves; seedlings also shorter or taller than spots, about 1-2 mm in diameter, with a distinct
normal brown margin
3 Abnormal growth, elongated; chlorotic, thin and Lesions type is same as in scale 2, but a significant 4-5
brownish leaves; seedlings also shorter or taller than number of lesions on upper leaf area
normal
4 Seedlings with fungal mass on the surface of infected ~ Eye-shaped lesions, >3 mm infecting <4 % of leaf 6-10
plants or died area
5 Leaf area infecting 4-10% 11-15
6 Leaf area infecting 11-25% 16-25
7 Leaf area infecting 26-50% 26-50
8 Leaf area infecting 51-75% and many leaves are 51-75
dead
9 > 75% leaf area affected 76-100

Finally, the Disease Incidence (DI), and Percent
Disease Index (PDI) were calculated by the following
formulas (Rahman et al. 2013).

DI = (No. of infected plants/ Total No. of plants assessed)
x 100

PDI = [Summation of all ratings/ {Total No. of rating x
Max. disease grade (4)}] x 100

Data analysis

The recorded data were summarised using mean values
and standard errors across replications. Disease incidence
and severity were calculated as percentages based on the
number of affected seedlings relative to the total seedlings
observed. The results were compared descriptively across
treatments and locations to highlight varietal and environmental
differences.

RESULTS AND DISCUSSION

The digital thermometer was used for taking maximum
and minimum temperatures in the open field and closed
environments separately. The average maximum and
minimum temperatures were higher in the polythene
wrapped plots in both locations. But the temperature was
significantly different between two selected locations
(Figure 3). The present study showed that temperature
strongly influenced the incidence and severity of bakanae,
blast, and brown spot diseases at the seedling stage (Lahlali
et al. 2024; Hue et al. 2025). Higher temperatures in
polythene-covered plots favored seedling emergence but
also created conditions that altered disease pressure. Bakanae
was more severe in BRRI dhan29 under open conditions,
which is consistent with reports from Bangladesh where
warmer, drier seedbeds enhance Fusarium infection. By
contrast, BRRI dhan28 was more susceptible to blast,
aligning with previous studies in Asian rice systems where
elevated temperatures and humidity favored Pyricularia
outbreaks (Goria et al. 2013; Nazifa et al. 2021). Brown

spot severity did not differ significantly between locations,
indicating that this disease may be less sensitive to short-
term temperature fluctuations. The use of polythene sheets,
while beneficial for seedling emergence, may unintentionally
modify microclimate conditions that influence disease
dynamics, which has important implications for farmer
practices under changing climate scenarios.

Effect of temperature on seed emergence of rice

Percent of seed emergence was slightly higher in Gazipur
compared to Rangpur considering open and closed conditions.
The maximum 96% emergence was found in BRRI dhan29
at Gazipur and 95.33% at Rangpur under polythene-wrapped
plot (Table 2).

An intriguing element of plant growth is the impact of
ambient temperature on seed germination and seedling
emergence. These crucial phases of a plant's life cycle are
greatly influenced by the temperature of the surrounding
environment. The process through which a dormant seed
develops into a seedling that is actively developing is
known as seed germination. An important aspect of starting
and controlling this process is ambient temperature. For
proper germination, several plant species have different
temperature needs. While some seedlings prefer lower
temperatures, others need warmth. These temperature
preferences are frequently linked to the variety’s native
environment and adaptations. The right temperature
promotes enzymatic activity, metabolic functions, and
water uptake all of which are necessary to start and
maintain germination. Extreme temperatures, either too hot
or too low, can, nevertheless, impair seedling vigor and
germination rates. Seedlings emerge from the earth once
the germination process has started and start their path to
becoming adult plants. This fragile growing stage is still
impacted by ambient temperature. To sustain cellular
respiration and metabolic processes, which help seedlings
acclimate to their surroundings, sufficient temperature is
required. While extreme heat can cause stress and harm,
cooler temperatures can decrease the rate of development.
Additionally, environmental temperature affects how quickly
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seedlings grow and emerge. Warmer conditions often
encourage quicker development, but cooler conditions might
impede or delay the emerging process (Yang et al. 2022;
Liu et al. 2025; Mishra et al. 2025)

Effect of temperature on bakanae disease of rice

Bakanae is caused by Fusarium moniliforme J.Sheld.
(Sexual stage: Gibberella fujikuroi (Sawada) Wollenw.,
1931). The diseased seedlings were much taller, slender
compared to healthy seedlings and detected easily by their
tall pale green leaves (Figure 4). Additionally, the infected
seedlings became chlorotic and crown rot. Older leaves
exhibited abnormal elongation and produced adventitious
root from the first nodes above the ground level. BRRI
dhan28 was infected by 39.67% bakanae disease and BRRI
dhan29 by 55.56% in Rangpur under open field
environment. There was around 10-15% disease that
appeared in Gazipur under the same condition. Despite
there being no disease found in sealed plot at Gazipur but
14-40% prevailed at Rangpur (Table 3).
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Table 2. Effect of temperature on rice seed emergence at Rangpur
and Gazipur in Bangladesh

% emergence

Treatments

Rangpur Gazipur
V1P0 77.33 81.67
V1P1 94.33 96.00
V2P0 76.33 76.67
V2P1 95.33 96.00

Table 3. Bakanae disease incidence and severity at Rangpur and
Gazipur in Bangladesh

% disease incidence

Treatments Rangpur Gazipur
VIPO 36.67 1111
VIP1 14.44 0.00
V2P0 55.56 15.56
V2P1 40.00 0.00

0 Temp. °C

Open field: Gazipur

Polythene sheet: Gazipur Open field: Rangpur Polythene sheet: Rangpur

Figure 3. Temperature records at Rangpur and Gazipur in Bangladesh, under open field and polythene-covered conditions. Values

represent the mean =+ standard error of three replications

Figure 4. Bakanae disease symptom of rice: A. Healthy and B. Diseased seedlings
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The Soil Plant Analysis Development (SPAD) value
between healthy and bakanae infected plants at Rangpur
and Gazipur were statistically significant difference. Infected
seedling chlorophyll content was drastically dwindled as
opposed to healthy seedling (Figure 5). In the meantime,
the height of the seedling was shown fully reverse figure in
both locations and conditions (Figure 6). The are many
predisposing factors such as high temperature (around
35°C) and excess nitrogenous fertilizer for bakanae disease
incidence and severity in seedbed and main field. The
optimum temperature for symptom development of bakanae
disease is affected by 35°C and asymptom >20°C (Hino and
Furuta 1968; Takeuchi 1972). But application of excess
nitrogen fertilizer and 30-35°C is optimum environmental
condition for bakanae disease severity in Bangladesh
(Asmaul et al. 2020).

Effect of temperature on blast disease of rice

Blast rice is one of the most devastating diseases across
the globe, which is caused by P. oryzae (Sexual stage:
Magnaporthe oryzae). The prominent symptom of the
seedling appears on the leaf. During the experiment in both
locations and conditions, typically reddish brown with grey
or whitish center eye-shaped lesion was found in all
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treatment expect closed conditions at Rangpur. Numerous
spots were coalesced and caused death of the leaf (Figure
7). The highest disease incidences 53.33 and 20% were
recorded in V1P0O and V2P0, respectively Rangpur. Under
the same condition below 30% disease infestation was found
at Gazipur (Table 4). There was no positive interaction
between host and pathogen in case of VIP1 and V2P1 at
Gazipur. The SPAD value in healthy seedling was more
than 3 folds higher at Rangpur and above 20 times at
Gazipur (Figure 8). The effect of temperature could play a
substantial role in rice blast incidence. According to the
Rajput et al. (2017) the range of blast disease infection is
22-32°C and optimum temperature is 27°C.

Table 4. Blast disease incidence and severity at Rangpur and
Gazipur in Bangladesh

% disease incidence

Rangpur
25.00 -
19.98 20.55
20.00 A P FF)
£ 15.00
5 4320 12.41
Q
8 10.00
500 1 2.97 3.33 2.93
U 1
T
[ i m
0.00 .
V1P1 V2P0 V2P1

@ Healthy Plant (SPAD)

m Diseased Plant (SPAD)

Treatments Rangpur Gazipur
V1P0 53.33 30.00
VI1P1 46.67 0.00
V2P0 33.33 13.33
V2P1 16.67 0.00
Gazipur
30.00
25.00 24.60 24.13
227 230 FF]
20.00 ]
§15.00
“ 10,00 1
5.00 ]
0.00 0.00
0.00
V1PO V1P1 V2P0 V2P1
D Healthy Plant (SPAD) @ Diseased Plant (SPAD)

Figure 5. Correlation of Soil Plant Analysis Development (SPAD) value between healthy and bakanae infected seedlings at Rangpur
and Gazipur in Bangladesh
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Figure 6. Difference between heathy and bakanae infected seedling height at Rangpur and Gazipur in Bangladesh
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Figure 7. Blast disease symptom of rice
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Figure 8. Correlation of Soil Plant Analysis Development (SPAD) value between healthy and blast infected seedlings at Rangpur and

Gazipur in Bangladesh

Effect of temperature on brown spot disease of rice
Brown spot is Bipolaris oryzae (Breda de Haan) Shoemaker
(Sexual stage: Cochliobolus miyabeanus). The seedling was
infected by the pathogen and developed cylindrical or oval,
dark brown with yellow halo circular spot on the leaf
surface. Several spots were coalesced and the leaf dried up
(Figure 9). The disease incidence was the highest 60% at
Rangpur in the V1PO plot and around 14% less in Gazipur.
In V2P0, brown spot disease infestation rate was 36.67%
and one-third, respectively at Rangpur and Gazipur. But at
Gazipur, there was no disease found under the polythene
covered plots (Table 5). The SPAD value difference between
infected and healthy seedling was 0.53-20.55 at Rangpur
and 0.00-24.60 at Gazipur (Figure 10). The favorable
environment for brown spots is 24 to 30°C temperature and
>92.5% humidity, leaf wetness (Picco and Rodolfi 2002).

Effect of temperature on PDI of bakanae, blast, and
brown spot of rice seedlings

The effect of temperature was prominent on bakanae,
blast, and brown spot disease severity on rice seedlings at
Rangpur and Gazipur. Between these two locations, Rangpur
was the most congenial for pathogen growth, development,

and spreading during the whole period. As a result, disease
severity was higher in case of both varieties as well as both
conditions. But the disease severity was null under the
closed environment at Gazipur (Figure 11). Among the
three diseases at two locations, the maximum around 75%
and minimum around 15% seedling of BRRI dhan28
infected by blast at Rangpur under open field and polythene
covered plots, respectively. Similarly, the maximum >65%
disease seedling of BRRI dhan28 infected by brown spot at
Gazipur under open field. There were no diseases under the
polythene that covered plots in both varieties at Gazipur.

Table 5. Brown spot disease incidence and severity at Rangpur
and Gazipur in Bangladesh

% disease incidence

Treatments .
Rangpur Gazipur
VI1PO 60.00 46.67
V1P1 13.33 0.00
V2P0 36.67 13.33
V2P1 16.67 0.00
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Figure 10. Correlation of Soil Plant Analysis Development (SPAD) value between healthy and brown spot infected seedlings at
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100 4
w1 |
g 60 i ‘ ‘
g 3
3 [ T
2 : ‘
a ﬂ |
g ]
g 20 A ba ‘
B FI
L - -
V1P0 V1P1 V2P0 V2P1
Rangpur

-20 -

V1P0

BBakanae MBlast m@Brown spot

Figure 11. The severity of rice diseases under open and closed environmental conditions at Rangpur and Gazipur in Bangladesh

In conclusion, this study demonstrated that temperature
and cultivation environment significantly influence the
incidence and severity of rice seedling diseases. BRRI
dhan29 was more susceptible to bakanae in open-field
conditions at Rangpur, while BRRI dhan28 was more prone
to blast in the same environment. Brown spot occurred in

both varieties, with moderate severity, but differences between
sites were not significant. Polythene covering enhanced
seedling emergence but also modified the microclimate in
ways that affected disease development. These findings
highlight the importance of adjusting seedbed management
practices in Bangladesh to minimize disease risk. For
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bakanae-prone areas, especially when cultivating BRRI
dhan29, the use of covered seedbeds, fungicide treatment,
or tolerant varieties is advisable. For blast-susceptible
BRRI dhan28, integrated strategies including resistant cultivars,
regular monitoring, and fungicide application may be
required. As the study was limited to one season, further
multi-season and multi-location trials are recommended to
confirm these outcomes.
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Abstract. Nugraha MA, Puspitaningtyas DM, Haryanto. 2025. Effect of light and media composition on growth and stomatal density of
Phalaenopsis amboinensis. Nusantara Bioscience 17: 243-252. Phalaenopsis amboinensis J.J.Sm. is an endangered orchid species
endemic to Indonesia, valued for both its conservation significance and horticultural potential. However, limited natural populations and
slow propagation rates hinder sustainable conservation efforts. This study investigated the combined effects of culture media
composition and light conditions on the in vitro growth, chlorophyll content, and stomatal density of P. amboinensis plantlets. A
factorial experiment was conducted using nine media formulations under light and dark conditions. Significant interactions between
media and light treatments were observed across all measured parameters (p < 0.05). The KC EO2 medium, containing 2 g/L KC, 40 g/L
potato (Solanum tuberosum L.) extract, 2 g/L peptone, and MS vitamins under light, produced the most vigorous vegetative growth (5.40
+ 2.50 leaves, 1.44 + 0.31 cm leaf length, 2.00 + 0.82 roots, and 1.89 + 0.45 cm root length). In contrast, the KC EO3 medium with 2
g/L KC, 150 g/L mung bean sprout (Vigna radiata (L.) R.Wilczek) extract, and 150 mL/L young coconut water (Cocos nucifera L.)
under light yielded the highest chlorophyll a content (0.695 + 0.113 mg/g fresh weight) and stomatal density (77.57 + 2.72
stomata/mm?). Control plantlets cultured without organic supplements under dark conditions showed poor growth and negligible
chlorophyll accumulation. These findings demonstrate that organic-enriched media, especially when combined with light exposure,
significantly enhance physiological and morphological development in vitro. The optimized culture conditions offer a practical and
scalable protocol for ex situ conservation and commercial propagation of P. amboinensis, supporting the preservation and sustainable
use of this rare orchid species.

Keywords: Chlorophyll, ex situ conservation, in vitro culture, Phalaenopsis amboinensis, stomata, tissue culture media

INTRODUCTION

The Orchidaceae family is estimated to comprise over
28,000 species across 760 genera, making it one of the two
largest angiosperm families worldwide and accounting for
approximately 10% of the global floriculture trade value in
potted plants and cut flowers (Singh 2020; Wei et al. 2025).
The remarkable diversity in flower morphology, coloration,
and vase life establishes orchids as high-value ornamental
commodities and subjects for ecophysiological research,
particularly due to their unique survival strategies, including
epiphytism and morphophysiological adaptations to low
light conditions in tropical forests (Zhang et al. 2018).
Epiphytic orchids exhibit various structural modifications,
such as velamen, aerial roots, and specialized stomata, that
enable survival in water and light-limited environments.

Phalaenopsis amboinensis J.J.Sm., endemic to Moluccas
Island and Sulawesi, is listed as a protected species under
Indonesian Government Regulation No. 7/1999. Its population
continues to decline due to illegal harvesting and limitations
of conventional propagation methods, necessitating urgent
conservation and mass propagation efforts (Machmudi et
al. 2019; Utami and Haryanto 2019). Beyond ecological
value, P. amboinensis holds genetic significance as a donor
of yellow pigmentation in modern Phalaenopsis Blume

breeding programs, particularly for developing fragrant
yellow cultivars demanded by global markets (Sevilleno et
al. 2023). Conservation of this species is crucial not only for
preserving local biodiversity but also for maintaining
valuable genetic resources for sustainable horticulture
industries.

In vitro tissue culture enables large-scale vegetative
propagation under controlled conditions, shortens production
cycles, and provides pathogen-free plantlets (Sawardekar et
al. 2023; Guo et al. 2024). Medium efficacy depends not
only on macro and micronutrients but can be enhanced
with natural organic supplements like young coconut water
(Cocos nucifera L.), mung bean sprout (Vigna radiata (L.)
R.Wilczek) extract, and tomato (Solanum lycopersicum L.)
extract as growth stimulants (George et al. 2008; Park et al.
2011; Apriliyani and Wahidah 2021). For instance,
supplementation with 100 g L™! banana extract significantly
improved Phalaenopsis amabilis (L.) Blume seedling
performance in vitro (Arum and Semiarti 2023),
demonstrating the potential of natural organic compounds
as growth enhancers. These organic compounds contain
phytohormones (auxins and cytokinins), vitamins, and sugars
to promote cell division and tissue differentiation.

Light serves dual roles as both a photosynthetic energy
source and a morphogenic signal. Spectrum, intensity, and
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photoperiod influence leaf development, chlorophyll synthesis,
hormonal activity, and stomatal density. In certain orchids,
specific red, blue LED combinations enhance protocorm-
like body formation, while initial dark treatment accelerates
root initiation (Cavallaro et al. 2022; Naderi et al. 2023).
Previous studies on Phalaenopsis hybrids showed that 55%
shading yielded peak photosynthetic pigment content and
modified stomatal guard cell dimensions (Fauziah et al.
2022). Excessive light intensity may cause oxidative stress
in young tissues, while insufficient light can inhibit
chlorophyll synthesis and vegetative growth.

Although numerous studies have examined media or
light factors separately, systematic investigations of media-
light interactions specifically in P. amboinensis remain scarce,
with current reports limited to germination optimization
and protoplast isolation (Machmudi et al. 2019; Utami and
Haryanto 2019). Therefore, an experimental approach
combining both factors is essential for a comprehensive
understanding of P. amboinensis morphophysiological
responses.

Chlorophyll content and stomatal density in plantlet
leaves serve as indicators of photosynthetic adaptation and
gas exchange efficiency. Shading variations alter pigment
levels and stomatal guard cell dimensions in Phalaenopsis
hybrid plantlets (Fauziah et al. 2022), while other studies
demonstrate increased stomatal density in coconut fiber
media (Jyothsna and Srivastava 2023) with positive
correlations to chlorophyll content and leaf physiological
performance (Asyary et al. 2024). Integrative evaluation of
these leaf physiological and anatomical responses can also
serve as parameters for selecting superior genotypes adapted
to specific growth conditions.

This study evaluates the combined effects of culture
media with light and dark conditions on P. amboinensis
plantlet growth, chlorophyll content, and stomatal density
will addressing critical knowledge gaps and establishing a
foundation for developing efficient propagation protocols
supporting both conservation and premium planting material
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production. The research outcomes are expected to benefit
not only ex situ conservation but also the development of
orchid agribusiness at national and international scales.

MATERIALS AND METHODS

Media preparation

This study used P. amboinensis plantlets derived from
in vitro seed germination, previously sub-cultured for four
months on Knudson C (KC) medium. The plantlets selected
for the experiment were 0.6-1.0 cm in length, possessed
two leaves, and had not yet developed roots. A total of nine
culture media with different organic supplement compositions
were prepared (Table 1). All media contained 7.5 g/L agar,
1 g¢/L activated charcoal, and 15-20 g/L glucose. The
organic components included young coconut water (C.
nucifera), tomato (S. lycopersicum), potato (Solanum tuberosum
L.), mung bean sprouts (V. radiata), peptone, MS vitamins
(myo-inositol, nicotinic acid, pyridoxine-HCI, thiamine-
HCI, glycine), and naphthaleneacetic acid (NAA). The media
pH was adjusted to 5.7 before autoclave at 121°C for 20
minutes.

Experimental design

The experiment employed a completely randomized
factorial design with two factors: (i) nine types of culture
media; and (ii) two illumination conditions: 16 hours of
light at 4000 lux and continuous dark. The dark treatment
was achieved by placing culture bottles in a tightly sealed
rack within the same growth chamber to ensure complete
light exclusion. Each treatment combination consisted of
five culture bottles, with each bottle containing two plantlets
(n = 10 plantlets per treatment combination), resulting in a
total of 180 plantlets. Cultures were maintained in a growth
chamber at 25°C for 18 weeks.

Table 1. Recapitulation of media for the growth and physiological development of Phalaenopsis amboinensis orchid

i?jjﬁlum Composition

WMO Agar 7.5 g/L, sugar 20 g/L, charcoal 1 g/L

vw Agar 7.5 g/L, sugar 20 g/L, charcoal 1 g/L, VW media 1.67 g/L

VW EO Agar 7.5 g/L, sugar 20 g/L, charcoal 1 g/L, VW media 1.67 g/L tomato (Solanum lycopersicum) 100 g/L, mung bean
sprouts (Vigna radiata) 100 g/L, coconut water (Cocos nucifera) 150 mL/L, NAA 5 ppm, thiamin 1 ppm

GM Agar 7.5 g/L, sugar 20 g/L, charcoal 1 g/L, fertiliser Grow More 32-10-10 0,5g/L

GM EO Agar 7.5 g/L, sugar 20 g/L, charcoal 1 g/L, fertilizer Grow More 32-10-10 0,5¢/L potato (Solanum tuberosum L.) 40 g/L,
peptone 2 g/L, KH2PO4 0.125 g/L, MS vitamins (Myo inositol 100 mg/L, nicotinacid, pyridoxine-HCL 0.5 mg/L,
Thiamin HCI 0.4 mg/L, glicine 2 mg/L)

KC Agar 7.5 g/L, sugar 20 g/L, charcoal 1 g/L, KC medium 2 g/L

KCEO1 Agar 7.5 g, sugar 20 g/L, charcoal 1 g/L, KC media 2 g/L, tomato (Solanum lycopersicum) 100 g/L, mung bean sprouts
(Vigna radiata) 100 g/L, young coconut water (Cocos nucifera) 150 mL/L.

KCEO 2 Agar 7.5 g/L, sugar 20 g/L, charcoal 1 g/L, KC medium 2 g/L, potato (Solanum tuberosum) 40 g/L, peptone 2 g/L, MS
vitamins (Myo inositol 100 mg/L, nicotinacid, pyridoxine-HCL 0.5 mg/L, Thiamin HCI 0.4 mg/L, glicine 2 mg/L).

KCEO 3 Agar 7.5 g/L, sugar 20 g/L, charcoal 1 g/L, KC media 2 g/L, mung bean sprouts (Vigna radiata) 150 g/L, young coconut

water (Cocos nucifera) 150 mL/L.

Note: EO: Enriched with organic supplements; WMO: Without basal medium and organic supplements. VW: Vacin & Went; KC:

Knudson C; GM: Grow More
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Growth measurement

Plantlet development was monitored every two weeks
for a total of 18 weeks. Morphological data collected included
the number of leaves, leaf length (cm), number of roots,
and root length (cm). Measurements were made using a
digital caliper, and the mean of each replicate was recorded.
At the end of the culture period, samples were further
analyzed for chlorophyll content and stomatal density.

Pigment analysis

Chlorophyll a and b contents were determined following a
modified method from Mackinney (1941). Approximately
0.1 g of fresh leaf tissue was ground using a mortar and
pestle in 5 mL of 96% ethanol. The extract was transferred
into microtubes, vortexed briefly, and centrifuged at 8000
rpm for 15 minutes. Absorbance readings were taken at 665
nm and 649 nm using a Shimadzu UV-2600 spectrophotometer.
Chlorophyll concentrations were calculated using the following
formulas:

Chlorophyll a (mg/g FW) = 13.36 x A665 —5.19 x A649
Chlorophyll b (mg/g FW) = 27.43 x A649 —8.12 x A665

The results were expressed in milligrams of chlorophyll
per gram of fresh weight (mg/g Fresh Weight).

Stomata observation

Stomatal density was measured on the abaxial surface
of the second fully expanded leaf. A 1 x 2 cm strip of
transparent adhesive tape was applied to the leaf surface,
and the adaxial side was gently scraped using a sterile razor
blade until the underlying tissue became translucent. The
tape was then mounted on a microscope slide and observed
under an Olympus U-TV0.5XC-3 light microscope at 400x
magnification. Stomata were counted per microscopic field
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of view and converted into units of stomata per mm2,

Data analysis

All quantitative data, including growth parameters,
chlorophyll content, and stomatal density, were subjected
to normality and homogeneity tests. When necessary, data
were transformed to meet parametric assumptions. A two-
way Analysis of Variance (ANOVA) was conducted at a
5% significance level (a = 0.05) to evaluate the effects of
media type and light condition, followed by Duncan’s
Multiple Range Test (DMRT) for post hoc comparison
among treatment means. All statistical analyses were
performed using SPSS version 21.

RESULTS AND DISCUSSION

Media and dark-light interaction on vegetative growth
The number of leaves

The analysis of variance results showed a significant
interaction between media type and lighting conditions on
the leaf count of P. amboinensis plantlets. Based on Table
4 and Figure 1, the KC EO 2 treatment under light
conditions produced the highest leaf number (5.40 + 2.50),
which was statistically significantly different from most
other treatment combinations. Conversely, the lowest leaf
number was recorded in the VW EO treatment under dark
conditions, with an average value of 2.40 £ 0.70 leaves.
The KC EO 2 medium exhibited consistent leaf growth
from week 6 to week 18. In contrast, plantlets in the VW
EO treatment showed slow and stagnant leaf growth
throughout the observation period. These findings confirm
that the presence of complex organic compounds in the
medium, along with bright lighting, plays a crucial role in
stimulating the growth of vegetative leaf organs in vitro.
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Figure 1. Leaf number of Phalaenopsis amboinensis under different culture media and light conditions over 18 weeks. Each data point
represents the mean number of leaves recorded at two-week intervals from week 0 to week 18. Among all treatments, KC EO 2 medium
under light conditions appeared to promote the highest leaf production throughout the culture period, as shown in the graph
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Leaf length

The KC EO 2 treatment under light exposure produced
the highest leaf length at 1.44 + 0.31 cm, significantly
different from most other treatments. The VW EO under
dark conditions resulted in the lowest value at 0.49 + 0.09
cm, indicating that the absence of lighting simultaneously
significantly inhibited leaf elongation. Visual differences in
leaf length were also observed in Figure 2, where plantlets
in KC EO 2 medium (a) appeared to have longer leaves
compared to those in VW EO medium (b). The leaf growth
pattern generally accelerated from week 12 to week 18,
particularly under light conditions. These results support
the role of lighting and organic compounds in triggering
the biosynthesis of growth hormones such as auxin and
cytokinin, as well as cell expansion processes that promote
leaf elongation during in vitro culture.

The number of roots

The highest average root number was found in the KC
EO 2 light treatment with bright lighting at 2.00 + 0.82,
significantly different from most other treatments. Among
all combinations, the VW EO under dark conditions produced
the lowest average root number at 0.20 + 0.63, indicating
that complex organic compounds in the medium were
ineffective without light support. Meanwhile, other treatments,
such as KC EO 1 under light conditions, produced 2.40 +
0.84 roots, and GM EO under dark conditions produced
2.10 + 0.99 roots. They showed relatively high values but
were not consistently superior across all replicates. The
root growth pattern became evident from week 6, with
significant increases between weeks 12 and 18, indicating
that the active rooting phase occurred during the mid to late
culture period.

Root length

The KC EO 2 under light conditions produced the
highest root length in P. amboinensis in vitro, at 1.89 +
0.45 cm, and was statistically significantly different from
all treatments (Table 4). The relatively high results were
statistically different from KC EO 2. VW EO in dark
conditions produced the shortest root length at 0.10 + 0.32
cm, indicating significant inhibition of root system growth.
Generally, treatments with lighting tended to increase root
length compared to dark conditions on the same medium,
suggesting that light plays a crucial role not only in leaf
formation but also in root elongation processes through the
activation of physiological and hormonal pathways.

Chlorophyll content

Across all treatments, chlorophyll a content was consistently
higher than chlorophyll b, indicating the dominant role of
chlorophyll a in the photosynthetic reaction center. The
best treatments were observed in the media KC EO 3 and
KC EO 2 under light conditions, which produced chlorophyll
a level of 0.695 £ 0.113 mg-g* and 0.641 + 0.089 mg-g',
respectively. These two treatments were also the only ones
showing detectable chlorophyll b content, albeit low,
ranging from 0.000-0.002 mg g™, which was still higher
than all other treatments, where chlorophyll b was almost
entirely zero. In contrast, the lowest chlorophyll content

was recorded in the WMO under light conditions as control
media under dark conditions, with chlorophyll a level of
only 0.044 + 0.001 mg g™ and no detectable chlorophyll b
(Table 2).
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Figure 2. Comparison of leaf length in Phalaenopsis amboinensis
planlets grown under different culture media: A. KC EO 2, showing
longer leaves (1.4 cm); B. VW, showing shorter leaves (0.7 cm)

Table 2. Interaction of media modification and light-dark conditions
on chlorophyll content of Phalaenopsis amboinensis orchid

Treatments Chlorophyll content
. . Chlorophyll a Chlorophyll b
Conditions  Media (malg EW) (mglg FW)
Light KC EO 0.695 £ 0.113¢ 0.000 + 0.001»
3
Dark WMO 0.044 +0.001» 0.000 + 0.0002

Note: Mean + Standard Error (SE) followed by the same letter in
the same column are not significantly different at the 5% level (p
< 0.05) of the Duncan MRT. Only the highest and lowest values
for each parameter are shown; the full dataset is provided in Table 3

Table 3. Effect of media modification and light and dark conditions
on chlorophyll content of Phalaenopsis amboinensis orchid

Chlorophyll content

Treatment Chlorophyll b
Chlorophyll a (mg/g FW) (mglg FW)

WMO  0.029 £0.001> 0.000 + 0.000~

VW 0.396 +0.0124 0.000 £ 0.0012

VWEO 0.478 £0.049¢ 0.000 £ 0.0012

GM 0.559 + 0.024f 0.001 + 0.000~

Light GMEO  0.463 +0.004¢ 0.000 + 0.000~

KC 0.266 + 0.011¢ 0.000 + 0.000~

KCEO1 0.501 +0.024<f 0.000 + 0.001-

KCEO2 0.641+0.089¢ 0.002 + 0.003°

KCEO3 0.695+0.113¢ 0.000 £ 0.0012

WMO  0.044 +0.0012 0.000 + 0.000~

VW 0.062 + 0.0012 0.000 + 0.000~

VWEO 0.083+0.013 0.000 + 0.000~

GM 0.081 + 0.0022» 0.000 + 0.000~

Dark GMEO 0.057 +0.000¢ 0.000 + 0.000~

KC 0.065 + 0.00020 0.000 + 0.000~

KCEO1 0.134+0.012° 0.000 + 0.000~

KCEO2 0.058 +0.005 0.000 + 0.000~

KCEO3 0.073 +0.000: 0.000 + 0.000~

Note: Numbers followed by the same letter in the same column
are not significantly different at the 5% level (P < 0.05) of the

Duncan MRT
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Table 4. Effects of media modification and light-dark conditions on the growth of Phalaenopsis amboinensis orchid

Treatment Parameters

Number of leaves (per plantlet) Leaf length (cm) Number of roots (unit) Root length (cm)
Ligt KCEO2 5.40+2.50¢ 1.44+0.31¢fh 2.00+0.82" 1.89+0.45¢
Dark VW EO 2.40+0.70° 0.49+0.09° 0.20+0.63" 0.10+0.322

Note: Mean + Standard Error (SE) followed by the same letter in the same column are not significantly different at the 5% level (p <
0.05) of the Duncan MRT. Only the highest and lowest values for each parameter are shown; the full dataset is provided in Table 5

Table 5. Effects of media modification and light-dark conditions on the growth of Phalaenopsis amboinensis orchid

Treatment Parameters
Number of leaves (Unit) Leaf length (cm) Number of roots (unit) Root length (cm)
Light WMO 3.10+1.20% 0.48+0.18? 1.00+0.47%® 1.63+1.39%
VW 3.30+0.67%¢ 0.67+0.35% 1.00+0.94%® 1.04+0.93°
VW EO 4.60+2.01bcde 0.74%0.20%¢ 1.50+1.18% 1.11+0.66°
GM 5.00+3.94¢de 0.91+0.28bd 1.80+2.15% 1.01+1.00°
GM EO 5.30+1.49¢% 1.05+0.35bcde 1.90+0.74% 1.39+0.61%°
KC 3.60+0.8420cd 0.98+0.34bcd 1.80+1.48%® 1.23+1.03
KCEO1 4.60+0.840cde 1.02+0.26°d 2.40+0.84¢ 1.39+0.42%
KCEO?2 5.40+2.50° 1.44+0.31°¢fn 2.00+0.82%¢ 1.89+0.45°
KCEO3 5.30+2.31¢% 1.11+0.59¢¢ef 2.00+1.56 0.96+0.60°
Dark  WMO 3.10+0.74% 0.89:+0.43Pc 1.10+0.32%® 1.52+0.70
VW 4.40+1,17bcde 1.49+0.71fh 2.00£0.94b¢ 1.47+0.45b¢
VW EO 2.40+0.70? 0.49+0.09? 0.20+0.63? 0.10+0.322
GM 5.10+0.88% 1.23+0.460% 1.70£0.67% 1.50+0.40b°
GM EO 4.90+0.99%e 1.60+0.379" 2.10+0.99% 1.24+0.49b¢
KC 4.90+1.20% 1.29+0.600%f 1.60+1.35% 0.90+0.56"
KCEO1 4.80+1.690cde 1.72+0.36" 1.40+0.52b¢ 1.51+0.36
KCEO2 5.90+2.13¢ 1.62+0.339" 2.10+1.37b¢ 1.30£0.33"
KCEO3 5.40+1.17° 1.9620.65' 1.60+0.52b¢ 1.52+0.62

Note: Numbers followed by the same letter in the same column are not significantly different at the 5% level (P < 0.05) of the Duncan MRT

Table 6. Effect of media modification and light and dark conditions
on the stomatal density of Phalaenopsis amboinensis orchid

Table 7. Effect of media modification and light and dark conditions
on stomatal density of Phalaenopsis amboinensis orchid

Treatments Stomatal
Conditions Media Density (stomata/mm?)
Light KCEO3 7757 £2.72¢
Dark WMO 39.38 + 1.66°

Note: Mean + Standard Error (SE) followed by the same letter in
the same column are not significantly different at the 5% level (p
< 0.05) of the Duncan MRT. Only the highest and lowest values
for each parameter are shown; the full dataset is provided in Table 7

Stomatal density

The KC EO 3 and KC EO 2 under light conditions
produced the highest stomatal density, at 77.57 + 2.72
stomata/mm?2 and 76.38 + 3.73 stomata/mm?2 (Table 6),
respectively. Meanwhile, the lowest stomatal density was
recorded in the WMO medium under dark conditions, at
39.38 + 1.66 stomata/mmz2. In general, all light treatments
showed an increase in stomatal density compared to dark
conditions. Media with organic compounds under light
conditions consistently produced stomatal density values >75
stomata/mmz. This suggests that lighting stimulates stomatal
development pathways through the activation of gene
transcription, such as SPCH and the EPFL9 peptide, while
organic  compounds  support  optimal  epidermal
differentiation. In contrast, dark conditions inhibited this
process, even in the same media. This pattern reinforces the
synergistic role of light and nutrient composition in
regulating the formation of anatomical structures critical
for gas exchange and photosynthetic efficiency.

Parameters Stomatal
Conditions Media density
Light WMO 46.60 + 3.28
VW 71.09 £ 2.69¢
VW EO 77.48 £ 2.84¢
GM 7172 £1.41¢
GM EO 77.12 £ 3.20¢
KC 77.02 £ 3.28¢
KCEO1 75.20 £2.72¢
KCEO 2 76.38 £3.73¢
KCEO3 7757 £2.72¢
Dark WMO 39.38 £ 1.66°
VW 45.96 + 2.67%
VW EO 44,95 +2.21b
GM 45.96 + 1.50%
GM EO 4559 + 1.97°
KC 4523 +£3.21°
KCEO1 47.24 + 3.05
KCEO 2 48.70 £ 2.90¢
KCEO 3 4559 +2.14>

Note: Numbers followed by the same letter in the same column
are not significantly different at the 5% level (p < 0.05) of the
Duncan MRT
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Discussion
Interaction of culture media in light and dark conditions on
leaf number

In general, plantlets cultured under light conditions
exhibited a higher leaf number compared to those in dark
conditions on the same medium. This indicates that consistent
lighting plays a crucial role in supporting shoot meristem
activity and vegetative organ formation. Light acts as a
primary environmental signal, triggering photomorphogenesis
pathways through the activation of receptors such as
phytochromes and cryptochromes (Dobisova et al. 2017).
These pathways regulate the expression of various leaf
development genes, including those involved in photosynthesis,
chloroplast formation, and the regulation of growth
hormones like auxin and cytokinin (Dobisova et al. 2017;
Hug 2018). The presence of light also enables plantlets to
perform limited photosynthesis, depending on chlorophyll
and sugar availability, thus generating the energy and
metabolites needed for leaf formation and elongation (Cavallaro
et al. 2022; Saeedi et al. 2023).

On the other hand, media composition also significantly
contributed to the increase in leaf number. The KC EO 2
medium under light treatment contains organic compounds
such as coconut water (C. nucifera) and peptone, which
showed the highest number of leaves. Coconut water (C.
nucifera) is known to contain various bioactive substances,
including natural cytokinin, amino acids, and phenolic
compounds, which can enhance meristem activity and
promote the formation of new shoots and leaves (Werner et
al. 2003; Chickarmane et al. 2012). Cytokinin plays a role in
stimulating cell division and tissue differentiation by
regulating specific gene expression (Wu et al. 2021). Peptone,
as an organic nitrogen source, supports growth by providing
free amino acids required for protein biosynthesis (Fouda et
al. 2024).

Previous studies on Phalaenopsis genus have shown
that optimal lighting can enhance leaf size and number. Lee
et al. (2017) reported that young Phalaenopsis exposed to
warm white LED lighting produced longer and wider leaves
compared to those grown under standard fluorescent lamps.
Additionally, a study by Hamdeni et al. (2022) on Dendrobium
orchids demonstrated that adding organic compounds such
as coconut water, tomato juice, and banana to Knudson C
medium significantly increased shoot and axillary leaf
formation, highlighting the critical role of natural substances
in supporting the vegetative phase.

The interaction between lighting and media composition
appears to be synergistic. Light supports the activation of
metabolic processes and basic photosynthesis, while organic
compounds like coconut water (C. nucifera) and peptone
enhance hormonal responses and provide essential nutrients.
This combination creates an optimal environmental condition
for leaf development. Thus, the increased leaf number
under light treatment reflects the importance of an integrated
approach in developing in vitro vegetative regeneration
protocols, particularly for endemic species like P. amboinensis,
which holds high conservation and commercial value.
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Interaction of culture media in light and dark conditions on
leaf length

Leaf length growth results from cell division and
expansion activities in mesophyll tissue, which are heavily
influenced by hormonal, media, and lighting factors. The
medium under light conditions, as the most effective
treatment, probably provided optimal physiological conditions
through the synergy of organic supplements and lighting.
Coconut water (C. nucifera) in this medium contains
natural cytokinin and trace amounts of auxin, supporting
initial cell division and tissue differentiation (Lazim et al.
2015). Cytokinins are known to enhance plant responses to
light by increasing the sensitivity of photoreceptors such as
phytochromes and cryptochromes (Prerostova et al. 2021),
thereby optimizing leaf cell expansion under light exposure.

In addition to coconut water (C. nucifera), the presence
of peptone as an organic nitrogen source supports protein
synthesis required for cell expansion and elongation (Hwang
et al. 2024). The combination of coconut water (C. nucifera)
and fruit homogenates has been shown to enhance in vitro
orchid growth, as reported by Utami and Hariyanto (2019),
where VW medium supplemented with 15% coconut water
(C. nucifera) and banana produced the longest leaves, 62.1
mm in P. amboinensis.

Light plays a crucial role in activating photomorphogenesis,
including the differentiation of proplastids into active
chloroplasts and enhancing photosynthetic activity. This
process generates ATP and carbon assimilates needed for
cell expansion (Dubreuil et al. 2018). Additionally, light
stimulates the expression of growth-regulating genes such
as HY5 and GLK1 and mediates gibberellin hormone
pathways that induce the production of cell wall-loosening
enzymes like expansins and XET (Sprangers et al. 2020).
For example, in Arabidopsis thaliana (L.) Heynh., gibberellin
treatment significantly increased expansin gene expression,
accelerating leaf elongation.

The synergistic effect of light and hormones is also
demonstrated in studies on Phalaenopsis orchids, where
white LED lighting significantly increased leaf area and
length (Utami and Hariyanto 2019; Hwang et al. 2024). It
can be concluded that lighting is not merely a trigger for
photosynthesis but also a molecular regulator that amplifies
the effects of growth hormones in in vitro culture.

Dark cultures, in contrast, produced inconsistent growth
responses. The absence of light inhibited chlorophyll synthesis
and photosynthesis, reducing energy production and causing
uneven hormone distribution. This is reflected in the high
variability of leaf length. The high standard deviation in
dark conditions indicates disruptions in metabolism and
hormonal regulation (Dubreuil et al. 2018).

Overall, the leaf length growth of P. amboinensis is
influenced by a complex interaction between media
composition and the microenvironment. Media rich in organic
compounds provide essential hormones and nutrients, while
light activates photosynthetic processes and genetic pathways
related to cell expansion. The combination of these factors
creates ideal physiological conditions: coconut water (C.
nucifera) supplies cytokinin and auxin (Lazim et al. 2015),
peptone provides organic nitrogen for protein synthesis,
and light activates chloroplasts and gibberellin expansion
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pathways. These findings are supported by previous studies
recommending the use of organic-rich media and optimal
lighting for in vitro orchid growth (Shekarriz et al. 2014;
Utami and Hariyanto 2019; Hwang et al. 2024).

Interaction of culture media in light and dark conditions on
root number

Roots are critical organs for nutrient uptake and
acclimatization of in vitro-derived plants, making root
number and quality key parameters in evaluating propagation
success. Coconut water (C. nucifera) provides natural
hormones such as auxin and thiamine, which promote root
development (Djajanegara 2020), while peptone contains
amino acids like tryptophan, a precursor for indole-3-acetic
acid (IAA) biosynthesis, the primary hormone stimulating
lateral and adventitious root formation (Setiowati and Rahmah
2023). Auxin acts through the activation of ARF-Aux/IAA
signaling pathways, such as ARF7, which induces LAX3
gene expression, facilitating increased IAA transport to
root primordia and stimulating new root tissue initiation
(Overvoorde et al. 2010; Cavallari et al. 2021).

In addition to hormonal factors, lighting also plays a
significant role in supporting root growth, despite roots not
being primary photosynthetic organs. Lighting during the
early culture phase enhances partial photosynthetic activity
in the plantlet’s photosynthetic parts, generating carbohydrates
and energy to support cell division and root tissue expansion
(Pospisilova et al. 1999; Galvez et al. 2020; Deng et al. 2024).

Light also indirectly contributes to hormonal regulation
by enhancing general metabolism and phytohormone synthesis,
including auxin. In contrast, dark cultures inhibit photosynthate
accumulation and overall metabolic activity, negatively
impacting root initiation, as observed in dark treatments
with low average root numbers and high standard deviations.
These findings align with a study by Xu et al. (2019), which
showed that a combination of red-blue light increased root
length and activity in Phalaenopsis orchids.

The increased root number in the KC EO 2 under light
treatment results from the synergy between hormonal and
organic nutrient content in the medium and the environmental
stimulation provided by bright lighting, which enhances
physiological root responses. The strategy of combining
organic-rich media with optimal lighting proves crucial for
improving root regeneration efficiency in Phalaenopsis in
vitro propagation (Chugh et al. 2009; Tantasawat et al. 2015;
Xu et al. 2019). Therefore, this approach is suitable for tissue
culture protocols for orchid species that are difficult to
propagate conventionally.

Interaction of culture media in light and dark conditions on
root length

Root length is a key indicator of the root system’s
capacity to penetrate substrates, absorb water and nutrients,
and support vegetative plant growth. Coconut water (C.
nucifera) contains natural phytohormones such as auxin,
gibberellin, and cytokinin, with auxin playing a critical role
in root elongation by activating cell wall-loosening enzymes
like expansion and peroxidases. This mechanism aligns
with the acid-growth theory, where auxin enhances H*-
ATPase activity, leading to cell wall acidification that

activates expansins to loosen cellulose microfibrils, enabling
faster cell elongation (Majda and Robert 2018). Gibberellins
in coconut water (C. nucifera) also enhance root apical
meristem activity, accelerating cell division and elongation
(Shtin et al. 2022).

Meanwhile, peptone provides organic nitrogen in the
form of hydrolyzed proteins, amino acids, and peptides
readily absorbed by plants. Tryptophan in peptone serves as
a precursor for endogenous auxin biosynthesis (Setiowati
and Rahmah 2023), and other amino acids play essential
roles in enzyme and structural cell wall protein synthesis.
Previous studies have shown that peptone supplementation
in KC medium accelerates germination, PLB formation,
and orchid seedling growth even without external hormone
addition (Kanjilal and Datta 2000; Nhut et al. 2008; Mondal et
al. 2014; Setiari et al. 2016).

In addition to media under light treatment, supported
root growth by enhancing photosynthetic activity in the
plantlet’s green parts, producing carbohydrates like sucrose
that are transported to roots as energy and carbon sources
for cell elongation (van Gelderen et al. 2018). Research
indicates that inhibiting photosynthesis in dark conditions
drastically reduces root growth, but this can be mitigated
by adding sucrose to the medium (van Gelderen et al.
2018). Light also improves nitrogen use efficiency and the
plant’s C/N ratio, which are known to play critical roles in
root development.

Specific light spectra, such as red-blue LED combinations,
have been shown to significantly enhance Phalaenopsis
root length and activity (Ren et al. 2016). Therefore, the
success of the medium under light conditions reflects the
synergy between a medium providing natural hormones and
organic nutrients and optimal light intensity for metabolism
and growth. These results align with studies on Phalaenopsis
‘Bahia Blanca,” which showed increased root length in
media supplemented with coconut water (C. nucifera)
(Abbaszadeh et al. 2018), and reports that organic supplements
like coconut water (C. nucifera) and peptone enhance root
and PLB growth (Tantasawat et al. 2015; Setiari et al.
2016).

Interaction of culture media in light and dark conditions on
chlorophyll a and b

Light is the primary factor in regulating chlorophyll
biosynthesis, as it activates the expression of photosynthetic
genes such as HEMAL, PORA, CAO, and the transcription
factor GLK1, which regulate chloroplast biogenesis and
chlorophyll pigment synthesis (Liu et al. 2020). The activity
of the LPOR enzyme, which converts protochlorophyllide
to chlorophyllide, is highly light-dependent, and in dark
conditions, precursor accumulation without conversion
leads to stagnation in chlorophyll synthesis. A study by
Vendrame et al. (2022) showed that using white LEDs with
moderate intensity can increase chlorophyll content in
orchid cultures, while excessively high light intensity risks
causing photoinhibition and pigment degradation (Streit et
al. 2005).

In addition to light, the inclusion of coconut water (C.
nucifera) and peptone significantly contributed to increased
chlorophyll content. Coconut water (C. nucifera) contains
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natural cytokinins, sugars, vitamins, and amino acids that
support cell division and chloroplast formation. At the
same time, peptone provides organic carbon and nitrogen
needed for pigment biosynthesis (Vendrame et al. 2022).

The combination of nutrients and phytohormones supports
chlorophyll biosynthesis pathways, resulting in organic-
rich media consistently showing higher chlorophyll content
compared to control media without supplements. Adaptively,
the chlorophyll a/b ratio can vary depending on light
conditions. In low-light environments, the expression of
chlorophyllide a oxygenase (CAO) increases, converting
more chlorophyll a to chlorophyll b to broaden the green-
blue light absorption spectrum (Liu et al. 2020).

However, in light conditions, as in this study, the a/b
ratio remains high because chlorophyll a remains dominant,
and its biosynthesis is supported by light and phytohormones.
Overall, these data demonstrate that bright light and organic-
rich media composition synergistically enhance chlorophyll
a and b biosynthesis and accumulation, supporting the
effectiveness of the photosynthetic system in P. amboinensis
plantlets during in vitro culture.

These findings reinforce the understanding that successful
vegetative regeneration in orchid culture depends not only
on basic media but also critically on lighting and the presence
of organic supplements that support complex physiological
processes at the cellular and molecular levels.

Interaction of culture media in light and dark conditions on
stomata

The results confirm that bright light is the dominant
external factor stimulating stomatal formation. Light exposure
activates molecular pathways for stomatal lineage
differentiation, including increased expression of transcription
factors like SPEECHLESS (SPCH) and the production of
EPFL9 signaling peptides by mesophyll cells, which promote
guard cell formation (Wang et al. 2021; Zhou et al. 2024).

In dark conditions, these pathways are suppressed due
to the activation of the COP1 ligase, which degrades SPCH
and ICE1 proteins, drastically reducing stomatal formation.
In contrast to lighting, media composition also exerts a
strong physiological influence on stomatal formation. Media
with high organic compounds like coconut water (C. nucifera)
and peptone, rich in micronutrients, vitamins, and natural
growth hormones such as auxin and cytokinin, provide
optimal signals and metabolic resources for stomatal
formation (Aishwarya et al. 2022). These hormones are
known to enhance epidermal cell division and differentiation,
including guard cells of stomata (Ando et al. 2024).
Peptone, as an organic nitrogen source in the form of amino
acids and peptides, supports the synthesis of structural
proteins and enzymes involved in leaf morphogenesis and
tissue development regulation (Lu and Xiao 2024). At the
same time, low-nutrient media like WMO (without basal
media and organic compounds) do not adequately support
efficient epidermal differentiation.

Physiologically, stomata play a central role in gas
exchange, CO: and O, and leaf transpiration. High stomatal
density, as observed in basal media and under light treatments,
enables increased CO: uptake and supports greater
photosynthetic activity, consistent with the high chlorophy!ll
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content recorded in these treatments (Bertolino et al. 2019;
Lawson and Vialet-Chabrand 2019). Plants with high stomatal
density have an adaptive advantage in bright light and
nutrient-sufficient conditions, as they can enhance water
use efficiency through stomatal aperture regulation (Chua
and Lau 2024).

However, this can also lead to increased water loss
through transpiration if stomatal closure mechanisms are
inefficient. Therefore, in addition to the number, the
functionality and responsiveness of stomata to environmental
changes are critical. During acclimatization, the transition
from in vitro to ex vitro, plantlets with optimal stomatal
numbers and functional stomata have a higher chance of
survival and robust growth. Stomatal responses to light and
humidity fluctuations help regulate CO. uptake and water
evaporation in a balanced manner (Bertolino et al. 2019;
Lawson and Vialet-Chabrand 2019).

Conversely, plantlets with excessively low or high
stomatal density without efficient regulation risk physiological
stress when transferred to external environments. Thus, the
highest stomatal density in the basal media and under light
treatment indicates that the combination of bright light and
organic-rich media not only supports morphological
stomatal formation but also enhances the physiological
readiness of P. amboinensis plantlets for ex vitro conditions,
making it an ideal treatment for orchid propagation and
conservation in vitro.

In conclusion, the combination of KC EO 2 medium
with 16-hour light exposure proved to be the most effective
treatment for enhancing the in vitro growth of P. amboinensis.
This treatment significantly increased leaf number (5.40 +
2.50), leaf length (1.44 + 0.31 cm), root number (2.40 +
0.84), root length (1.89 £ 0.45 cm). However, no significant
differences were observed between KC EO 3 and KC EO 2
media under light conditions in terms of chlorophyll a
content (0.695 + 0.113 mg/g FW and 0.641 + 0.089 mg/g
FW, respectively), and stomatal density (77.57 + 2.72
stomata/mm? and 76.38 + 3.73 stomata/mm?, respectively).
KC EO2 and KC EO3 are effective media, with KC EO2
being more suitable for growth enhancement and KC EO3
for improving physiological quality. These results confirm
a strong interaction between organic-enriched media and
light in promoting plantlet morphogenesis and physiological
activity. K€ EO 3 and KC EO 2 media are therefore
recommended as a standardized protocol for the efficient
and cost-effective propagation of P. amboinensis. Its
application can support ex situ conservation efforts, reduce
the need for wild harvesting, and offer a practical solution
for commercial orchid nurseries seeking high-quality planting
material. This approach contributes to both biodiversity
preservation and sustainable horticultural development.
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Abstract. Ajayi BB, Olaitan KS, Owoyomi OF, Oni SE, Akinlabi AM, Aro EO, Ogbolu DO. 2025. Dengue virus and Plasmodium
coinfection among febrile patients in Osun State, Nigeria. Nusantara Bioscience 17: 253-258. Dengue and malaria are major co-
endemic vector-borne diseases in Nigeria, presenting significant diagnostic challenges due to their overlapping clinical symptoms. In
settings where malaria is hyperendemic, febrile illnesses are often presumptively treated as malaria, potentially leading to the
misdiagnosis of other pathogens like dengue virus (DENV). This study aimed to determine the seroprevalence of DENV infection and
the prevalence of DENV/Plasmodium coinfection among febrile patients in Osun State, Nigeria. A cross-sectional study was conducted
from April to September 2024, involving 250 febrile patients from selected healthcare facilities. Blood samples were analyzed using
rapid diagnostic tests (RDTs) for Plasmodium antigens and for DENV-specific Immunoglobulin M (IgM) and G (IgG) antibodies.
Sociodemographic and risk factor data were collected via structured questionnaires. The prevalence of malaria was high at 53.6%
(134/250), consistent with the region's hyperendemic status. Evidence of recent DENV infection (IgM positive) was found in 0.8%
(2/250) of patients, while 6.4% (16/250) were 1gG positive, indicating past exposure. Concurrent infection was detected in 0.8% (2/250)
of patients for Malaria/DENV IgM and 3.2% (8/250) for Malaria/DENV IgG. Both malaria and DENV IgG seropositivity were
significantly associated with age (p<0.05). This study confirms the endemic circulation of DENV in Osun State and highlights its
contribution to the burden of non-malarial febrile illness. These findings underscore the critical need to revise existing diagnostic

algorithms and integrate DENV surveillance into public health frameworks to mitigate misdiagnosis and improve patient outcomes.

Keywords: Coinfection, dengue virus, febrile patients, malaria, Nigeria, Osun State

INTRODUCTION

Vector-borne diseases, particularly dengue and malaria,
impose a substantial burden on public health systems
across tropical and subtropical regions (Salam et al. 2018;
Osarumwense et al. 2022). While malaria has historically
dominated the public health landscape in Africa, dengue is
emerging as a significant and often under-recognized threat
(Otu et al. 2019a). Recent meta-analyses confirm an
increasing prevalence of acute dengue across the continent,
with sporadic and epidemic cases reported from numerous
West African nations, including Nigeria (Ayukekbong
2014; Gebremariam et al. 2023). This epidemiological shift
creates a complex challenge, as both pathogens are
transmitted by mosquitoes, thrive in similar ecological
conditions, and, crucially, present with nearly
indistinguishable symptoms in their early stages.

The epidemiological convergence of these pathogens is a
pressing global health concern. Recent scholarship
underscores the urgency of differentiating non-malarial
febrile illnesses, which are frequently misdiagnosed. In
regions across sub-Saharan Africa, studies increasingly
demonstrate a significant prevalence of dengue among

febrile populations, often mistaken for malaria (Gainor et
al. 2022). This diagnostic confusion is critical, as
standardized febrile illness protocols, heavily reliant on
presumptive malaria treatment or malaria-specific rapid
tests, systematically fail to identify dengue, leading to
suboptimal patient management and unmonitored arboviral
spread (Mbabazi et al. 2022). Furthermore, the clinical
implications of simultaneous DENV-Plasmodium infection
are a subject of intense investigation. While historically
considered rare, recent meta-analyses confirm coinfection
is geographically widespread. Although debate continues
regarding whether coinfection mitigates or exacerbates
disease severity, there is a consensus that the overlapping
clinical presentation complicates diagnosis and may mask
severe manifestations of either disease, posing a significant
risk to patients (Rufai et al. 2022)

Nigeria bears one of the world's heaviest malaria
burdens, accounting for a disproportionate share of global
cases and mortality (World Health Organization 2021).
This hyperendemicity has fostered a deep-seated clinical
practice of presumptively diagnosing and treating most
acute febrile illnesses as malaria, often without laboratory
confirmation (Ayolabi et al. 2019). This practice, while
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understandable in a resource-limited context, casts a
profound "diagnostic shadow" over other etiologies of
fever. Consequently, pathogens like dengue virus (DENV)
are systematically overlooked, leading to poor patient
outcomes, as dengue requires specific supportive
management distinct from antimalarial therapy, and
contributing to the underestimation of its true public health
impact (Otu et al. 2019b; Saidu and Okojie 2024).

The diagnostic dilemma is rooted in the clinical overlap
between the two diseases. The initial presentation of
uncomplicated malaria—fever, headache, myalgia, and
fatigue—is virtually identical to that of classic dengue
fever (Halsey et al. 2016; Kotepui and Kotepui 2019). This
similarity makes differential diagnosis based on clinical
grounds alone unreliable and hazardous (Rao et al. 2016;
Nkenfou et al. 2021). Furthermore, concurrent infection
with both pathogens, while once considered rare, is
increasingly reported from endemic areas and may lead to
more complex clinical presentations, potentially increasing
the risk of severe outcomes such as deep bleeding or
hepatic complications (Epelboin et al. 2012; Magalhaes et
al. 2014). Studies from various regions of Nigeria have
confirmed the circulation of all four DENV serotypes and
have documented coinfection rates with malaria, indicating
that this is a widespread, not localized, phenomenon (Idoko
et al. 2015; Moses et al. 2016; Mustapha et al. 2017;
Ayolabi et al. 2019). The national average prevalence of
dengue has been estimated at approximately 21%,
suggesting that one in five Nigerians may be susceptible to
infection (Otu et al. 2019a).

Despite this growing body of evidence, specific,
localized data on the prevalence of DENV and its
coinfection with malaria remain scarce for many parts of
the country, including Osun State. This knowledge gap
hinders the development of evidence-based clinical
guidelines and targeted public health interventions.
Therefore, this study was designed to investigate the
seroprevalence of DENV infection, determine the
prevalence of DENV/Plasmodium coinfection, and identify
associated demographic and environmental risk factors
among febrile patients seeking care in Osun State, Nigeria.

MATERIALS AND METHODS

Ethical considerations

Ethical approval for this study was obtained from the
Ethical Research Committee of the Osun State Ministry of
Health, Nigeria. Additional permission was secured from
the medical officers in charge of the selected healthcare
facilities. Written or verbal informed consent was obtained
from all adult participants and from the parents or legal
guardians of minors before enrollment. All patient data
were anonymized to ensure confidentiality.

Study design, area, and period

A cross-sectional study was conducted between April
and September 2024, coinciding with the rainy season, a
period typically associated with increased mosquito vector
activity. The study was carried out in two selected Local
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Government Areas (LGAs), Ede South and Oriade, within
Osun State, southwestern Nigeria. Osun State is
predominantly inhabited by the Yoruba people and is
characterized by a tropical climate with distinct wet and
dry seasons.

Study population and sampling

The study population consisted of 250 consenting
febrile patients presenting at selected primary and
secondary healthcare facilities in the study LGAs. Inclusion
criteria included an acute febrile illness with a measured
axillary body temperature of 37.5°C or higher, consistent
with case definitions for both malaria and suspected dengue
fever. Patients of all ages and both sexes who provided
consent were recruited consecutively until the target
sample size was reached.

Data and sample collection

A pre-tested, structured questionnaire was administered
by trained interviewers to collect data on sociodemographic
characteristics (age, sex, education, occupation) and
potential risk factors for vector-borne diseases. These
factors included history of blood transfusion, use of
insecticide-treated nets (ITNs), presence of window nets,
and environmental sanitation practices (e.g., presence of
overgrown bushes, stagnant water). Following the
questionnaire, a 5 mL venous blood sample was collected
from each participant under strict aseptic conditions. The
blood was transferred into an ethylene diamine tetraacetic
acid (EDTA) anticoagulant tube for immediate processing
and subsequent analysis.

Laboratory analysis

All laboratory procedures were performed at the
Medical Microbiology Laboratory of Joseph Ayo Babalola
University.

Malaria detection

Malaria parasites were detected using the First
Response™ Malaria Ag P. falciparum/Pan Rapid
Diagnostic Test (RDT) (Premier Medical Corporation Ltd.,
India). This qualitative, immunochromatographic assay
detects Plasmodium falciparum-specific histidine-rich
protein 2 (HRP2) and pan-Plasmodium lactate
dehydrogenase (pLDH) in whole blood, allowing for the
rapid diagnosis of P. falciparum and other Plasmodium
species (Moses et al. 2016). The test was performed and
interpreted according to the manufacturer's instructions.

Dengue serology

The remaining blood sample was centrifuged at 3,000
rpm for 10 minutes to separate plasma. The plasma was
carefully harvested and stored in cryovials at -20°C until
analysis. Dengue virus exposure was assessed using the
EGENS® Dengue Virus IgM/IgG RDT kit (Egens
Biotechnology, China). This solid-phase
immunochromatographic assay qualitatively detects and
differentiates between IgM and IgG antibodies to DENV in
human plasma. The presence of IgM antibodies typically
indicates a recent or acute primary infection, while the
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presence of IgG antibodies suggests a past or secondary
infection (Adeleke et al. 2016; Moses et al. 2016). The
assay was performed following the manufacturer's
protocol, and results were read within 15 minutes.

Statistical analysis

Data from the questionnaires and laboratory tests were
entered into Microsoft Excel and subsequently analyzed
using the Statistical Package for Social Sciences (SPSS)
version 27.0 (IBM Corp., Armonk, NY, USA). Descriptive
statistics were used to summarize the data; categorical
variables were presented as frequencies and percentages,
while continuous variables were expressed as mean =+
standard deviation. Associations between categorical
variables (e.g., demographic factors, risk factors, and
infection status) were assessed using the Pearson's Chi-
square (y2) test. Odds ratios (OR) with 95% confidence
intervals (CI) were calculated to evaluate the strength of
association between risk factors and disease occurrence. A
p-value of less than 0.05 was considered statistically
significant for all tests.

RESULTS AND DISCUSSION

Sociodemographic profile and overall prevalence

The study enrolled 250 febrile patients with a mean age
of 24.944+16.76 years. The cohort was predominantly
female (63.2%), single (62.4%), and had attained at least a
secondary level of education (50.4%). Students constituted
the largest occupational group (60.8%) (Table 1).

The burden of malaria in this febrile population was
exceptionally high, with 53.6% (134/250) of participants
testing positive via RDT. In contrast, serological evidence
for dengue virus was less frequent but clearly present. The
seroprevalence of recent DENV infection (IgM positive)
was 0.8% (2/250), while the seroprevalence of past DENV
exposure (IgG positive) was significantly higher at 6.4%
(16/250). Ceritically, coinfection was identified in this
population. The prevalence of concurrent malaria and
recent dengue (MP/DENV IgM) was 0.8%, and the
prevalence of malaria with past dengue exposure
(MP/DENYV IgG) was 3.2% (Table 2).

The serological landscape responsible for the endemic
circulation of dengue virus

The serological profile observed in this study—a low
DENV IgM rate (0.8%) coupled with a substantially higher
DENV IgG rate (6.4%)—provides a critical snapshot of the
local epidemiology. IgM antibodies are markers of a recent
primary infection, typically appearing within days of
symptom onset and waning over several months. In
contrast, IgG antibodies develop later but persist for life,
serving as a reliable indicator of past exposure (Khetarpal
and Khanna 2016). The fact that IgG prevalence was eight
times higher than that of IgM strongly suggests that DENV
is not merely causing a transient, sporadic outbreak in Osun
State. Instead, this pattern is characteristic of endemic
circulation, where the virus is consistently present in the
environment, leading to a significant cumulative history of
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exposure within the population. This finding aligns with
broader seroprevalence studies across Nigeria and West
Africa, which, despite showing varied prevalence rates,
collectively confirm widespread DENV transmission
(Ayolabi et al. 2019; Gebremariam et al. 2023; Saidu and
Okojie 2024). The presence of a large IgG-seropositive
population also raises public health concerns regarding the
potential for more severe disease through antibody-
dependent enhancement (ADE) if a new or different DENV
serotype were to be introduced into the region (Khetarpal
and Khanna 2016).

The dynamics of vector-specific risk factors

The risk factor analysis revealed a telling disparity
between the two diseases (Tables 3 and 4). A single factor
emerged as statistically significant: participants residing in
homes with nets on the windows were significantly
protected from malaria infection compared to those without
(OR: 1.782, 95% CI: 1.067-2.975, p=0.027). This finding
reinforces the value of physical barriers against the primary
malaria vector, the Anopheles mosquito, which is
predominantly nocturnal and endophagic (bites and rests
indoors at night) (World Health Organization 2021).

Table 1. Sociodemographic characteristics of the participants

(N=250)

Variables Category Frequency Pezl(’)/coe)nt
Age range 0-10 52 20.8
(years) 11-20 62 24.8
(Mean+SD = 21-30 62 24.8
24.94+16.76) 31-40 38 15.2
41-50 14 5.6
51-60 12 4.8
>60 10 4.0
Gender Female 158 63.2
Male 92 36.8
Marital status Married 78 31.2
Single 156 62.4
Widow/Widower/Other 16 6.4
Highest level of  Primary 48 19.2
education Secondary 126 50.4
Tertiary 78 31.2
Occupation Student 152 60.8
Trader 40 16.0
Civil servant 22 8.8
Business 14 5.6
Other 22 8.8

Table 2. Prevalence of dengue virus, malaria, and coinfections

Disease test No. of Frequency Percent
Participants (%)
Dengue virus IgG 250 16 6.4
Dengue virus IgM 250 2 0.8
Malaria Parasite (MP) RDT 250 134 53.6
Coinfections with Malaria
MP RDT and DENV IgG 250 8 32
MP RDT and DENV IgM 250 2 0.8
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Table 3. Comparative analysis of risk factors for malaria and dengue IgG seropositivity
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Variables Category No. of P(z‘l);)t)lclpants I\I/’[s:?tl;ll(z"]/{)r OR (95% CI) p value IB) l:ilzyel(go/f) OR (95% CI) p value
Overgrown bushes Yes 136 (54.4) 54.4 1.000 (Reference) 0.601 8.8 2.661 (0.834-8.492) 0.087
No 114 (45.6) 52.6 0.931 (0.563-1.539) 35 1.000 (Reference)
Windows with net Yes 152 (60.8) 59.2 1.782 (1.067-2.975) 0.027 53 0.625 (0.227-1.724) 0.360
No 98 (39.2) 44.9 1.000 (Reference) 8.2 1.000 (Reference)
Water tank closed Yes 166 (66.4) 554 1.243 (0.735-2.104) 0.417 4.8 0.481 (0.174-1.331) 0.151
No 84 (33.6) 50.0 1.000 (Reference) 9.5 1.000 (Reference)
Stagnant gutters Yes 182 (72.8) 51.6 0.748 (0.426-1.314) 0.311 5.5 0.601 (0.210-1.722) 0.339
No 68 (27.2) 58.8 1.000 (Reference) 8.8 1.000 (Reference)
Table 4. Prevalence of dengue virus among participants by age and sex
No. Examined DENYV Negative (%) DENV I(g‘;:)POSlthe DENV I?"B/Io) Positive %2 p value
Age range (years) 0-10 52 44 (84.6) 6 (11.5) 2 (3.8) 24.376 0.018
11-20 62 62 (100.0) 0 (0.0) 0 (0.0)
21-30 62 54 (87.1) 8 (12.9) 0 (0.0)
31-40 38 38 (100.0) 0(0.0) 0 (0.0)
41-50 14 12 (85.7) 2 (14.3) 0 (0.0)
51-60 12 12 (100.0) 0(0.0) 0 (0.0)
>60 10 10 (100.0) 0(0.0) 0 (0.0)
Gender Female 158 144 (91.1) 12 (7.6) 2 (1.3) 2.250 0.325
Male 92 88 (95.7) 4(4.3) 0 (0.0)
Total 250 232 (92.8) 16 (6.4) 2 (0.8)
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Table 5. Prevalence of malaria and coinfections with Dengue virus among participants by age and sex
Variables Category No. Malaria RDT Coinfections with Coinfections with DENV
Examined Positive (%) DENV IgG (%) IgM (%)
Age range (Years) 0-10 52 32(61.5) 4(7.7) 2(3.8)
11-20 62 38 (61.3) 0(0.0) 0(0.0)
21-30 62 22 (35.5) 23.2) 0(0.0)
31-40 38 22 (57.9) 0(0.0) 0(0.0)
41-50 14 8 (57.1) 2(14.3) 0(0.0)
51-60 12 8 (66.7) 0(0.0) 0(0.0)
>60 10 4 (40.0) 0(0.0) 0(0.0)
x2, p value 12.894, 0.045 12.975, 0.043 7.677,0.263
Gender Female 158 86 (54.4) 6(3.8) 2(1.3)
Male 92 48 (52.2) 2(2.2) 0(0.0)
x2, p value 0.119, 0.730 1.174,0.279 1.192, 0.275

Paradoxically, none of the assessed risk factors,
including the use of insecticide-treated bed nets, showed
any significant association with DENV IgG seropositivity.
This "negative" result is not a methodological failure but
rather a crucial epidemiological insight. It reflects the
fundamental differences in the bionomics of the dengue
vector, the Aedes mosquito. Aedes aegypti is primarily
diurnal (bites during the day), often feeds outdoors, and
breeds in small, artificial water containers around human
dwellings (Khetarpal and Khanna 2016; World Health
Organization  2024).  Consequently, malaria-centric
prevention questions about sleeping under a bed net are
largely irrelevant to dengue risk. The study's findings
inadvertently demonstrate that vector control strategies
focused solely on Anopheles are insufficient for preventing
dengue. This underscores the need for an integrated vector
management (IVM) approach that combines nocturnal
interventions like ITNs and indoor residual spraying for
malaria with diurnal, source-reduction strategies for dengue
control.

Age as a key determinant of infection

The stratified analysis revealed that age was a
significant determinant for both infections, whereas gender
was not (Table 5). The prevalence of DENV IgG antibodies
was significantly associated with age (¥2=24.376,
p=0.018), peaking at 14.3% in the 41-50 years age group.
Similarly, malaria prevalence was significantly associated
with age (y2=12.894, p=0.045), with the highest rate
(66.7%) observed among those aged 51-60 years.

This pattern, with prevalence increasing in older age
brackets, points towards a model of cumulative exposure
over a lifetime. An individual in their 40s or 50s has had
decades more potential exposure to infectious mosquito
bites than a child. The peak of DENV IgG—a marker of
any past infection—in the 41-50 age group strongly
supports this hypothesis. The even later peak for malaria
prevalence could reflect a more complex interplay of
factors, including lifelong exposure, potential waning of
acquired immunity in older age, and occupational or
behavioral patterns that increase risk (Saidu and Okojie
2024). These findings challenge the common perception of
these diseases as primarily pediatric concerns and highlight
the need for public health messaging and interventions that

target all age groups, particularly adults who may have
significant exposure.

Implications for clinical practice and public health

The confirmation of DENV circulation and its
coinfection with malaria has profound implications.
Clinically, it necessitates a paradigm shift in the
management of acute febrile illness in Nigeria. A negative
malaria test in a febrile patient should not be an endpoint
but should instead trigger further investigation for other
pathogens, with dengue being a primary consideration.
Relying on presumptive malaria diagnoses is no longer
tenable and risks poor outcomes for patients with dengue.
Public health authorities must prioritize the development
and dissemination of updated diagnostic algorithms for
fever and ensure the availability of reliable dengue
diagnostics at various levels of the healthcare system.
Furthermore, enhanced surveillance, including molecular
methods like RT-PCR for serotyping, is essential to
monitor circulating DENV genotypes and detect the
introduction of new strains that could precipitate more
severe or widespread outbreaks (Ayolabi et al. 2019; Saidu
and Okojie 2024).

Limitations of the study

This study, while providing valuable local data, has
several limitations. First, the reliance on RDTs for
diagnosis has constraints. While practical for field studies,
RDTs for malaria can have lower sensitivity than expert
microscopy, and serological RDTs for dengue cannot
provide information on the specific viral serotype. Second,
serological assays for flaviviruses are known to have cross-
reactivity issues. It is possible that some of the DENV IgG
positive results could be due to past infections with other
co-circulating flaviviruses in Nigeria, such as Zika or
Yellow Fever virus, potentially leading to an
overestimation of dengue seroprevalence (Kotepui and
Kotepui 2019; Siddig et al. 2023). Third, the cross-
sectional design captures only a single point in time,
preventing the establishment of causality between risk
factors and disease or the observation of clinical
progression. Finally, the risk factor data were self-reported
and thus subject to recall bias. The questionnaire was also
primarily designed with malaria in mind and may not have
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adequately captured key risk factors specific to Aedes-
borne transmission, such as daytime activities and domestic
water storage practices.

In conclusion, this study provides crucial, localized
evidence for the co-circulation of dengue virus and
Plasmodium parasites among febrile individuals in Osun
State, Nigeria. The findings reveal a significant historical
burden of dengue exposure, as indicated by IgG
seroprevalence, and demonstrate age-specific patterns of
infection that point toward endemic transmission for both
pathogens. The high prevalence of malaria underscores its
continued dominance as a cause of fever, yet the confirmed
presence of dengue, both as a mono-infection and
coinfection, highlights a critical gap in current diagnostic

practices. These results strongly advocate for the
integration of DENV testing into routine clinical
algorithms for febrile illness and for the urgent
development of  dual-pronged, integrated vector

management strategies that effectively target the distinct
ecologies and behaviors of both Aedes and Anopheles
mosquitoes.
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Abstract. Aprilia FN, Ardhyanti FAK, Prabowo GAS, Paramesti H, Aszar AS, Yap CK, Setyawan AD. 2025. Bamboo diversity,
ecological structure, and utilization in the riparian ecosystem of the upper Bengawan Solo River, Central Java, Indonesia. Nusantara
Bioscience 17: 259-276. Bamboo plays an important ecological and socio-economic role in tropical riparian landscapes, yet its spatial
structure and environmental determinants remain poorly quantified. This study analyzed the diversity, composition, ecological
dominance, and utilization of bamboo communities along the upstream—midstream—downstream gradient of the upper Bengawan Solo
River, Central Java, Indonesia. Field surveys recorded five species—Bambusa spinosa, Dendrocalamus asper, Gigantochloa apus, G.
atter, and G. atroviolacea—distributed unevenly across riparian zones. Diversity, species richness, and structural heterogeneity
increased downstream, shifting from monodominant B. spinosa stands upstream to multi-species Gigantochloa assemblages in lowland
alluvial areas. Importance Value Index (IVI) patterns revealed strong environmental filtering in the upstream zone, mixed natural—
managed dominance midstream, and cultivation-enhanced coexistence downstream. Pearson correlation analysis indicated that soil
moisture, canopy openness, and soil pH were the strongest predictors of diversity, whereas species dominance was shaped primarily by
ecological traits and management intensity. Utilization patterns reflected a biocultural continuum, with D. asper and Gigantochloa spp.
providing multipurpose materials for construction, food, handicrafts, and cultural practices, while B. spinosa served chiefly as an
ecological stabilizer in upland slopes. The riparian bamboo system represents a socio-ecological mosaic shaped by hydrological
gradients and community management. These findings highlight bamboo’s potential as a nature-based solution for riparian stabilization,
biodiversity conservation, and livelihood support. Strengthening integrated, community-based bamboo management could enhance
ecological resilience and sustainable riverine landscape governance in tropical regions.

Keywords: Bamboo diversity, Bengawan Solo River, ecological structure, riparian ecosystem, utilization potential

INTRODUCTION watershed management and river rehabilitation (FAO

2020).

Bamboo forests constitute one of the most ecologically
and socio-economically significant vegetation components
in tropical and subtropical Asia, contributing to soil
stability, microclimate regulation, habitat provisioning, and
rural livelihoods (Bystriakova et al. 2004; Nath et al. 2020).
Indonesia is recognized as a global center of bamboo
diversity, hosting more than 160 species with high
endemism (Widjaja and Kartikasari 2001; Wong 2004).
Across the archipelago, bamboo fulfills multifunctional
roles ranging from slope stabilization and water regulation
to the provision of raw materials for construction, crafts,
food, and cultural practices (Silva et al. 2020; Lobovikov et
al. 2007; Rani et al. 2024). In riparian ecosystems, bamboo
stands are particularly important as natural buffers that
protect riverbanks from erosion, enhance water quality by
filtering sediments, and maintain hydrological stability.
These ecological functions align with current global
frameworks emphasizing nature-based solutions for

Despite the ecological importance of bamboo in
riparian landscapes, research in Indonesia has been
disproportionately concentrated on taxonomy, propagation
techniques, and general ethnobotanical use. Relatively few
studies have examined how bamboo communities are
structured along river corridors, particularly in relation to
environmental gradients such as slope, soil moisture,
canopy openness, and anthropogenic disturbance. This
represents a substantial research gap, considering that
riparian ecosystems are among the most dynamic and
human-impacted landscapes in the tropics. In Java, studies
have focused primarily on upland bamboo assemblages
(Arinasa and Sujarwo 2015), bamboo agroforestry systems
(Setiawati et al. 2017), or ethnobotanical practices in rural
communities (Yanty et al. 2019; Thsan et al. 2023), but
zone-based ecological assessments along riverine gradients
remain largely undocumented.
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From an ecological perspective, bamboo species exhibit
growth strategies that allow them to rapidly colonize and
dominate riparian zones. Rhizomatous root systems, rapid
culm regeneration, and tolerance to disturbance enable
certain taxa—such as Bambusa spinosa, Dendrocalamus
asper, and Gigantochloa apus—to establish monospecific
or co-dominant stands following flooding, erosion, or
human intervention (Xu et al. 2020; Nath et al. 2020).
However, these adaptive advantages may also suppress
diversity in harsher upstream environments, whereas higher
moisture and nutrient availability downstream often
support more heterogeneous assemblages. Understanding
how these ecological processes translate into spatial
changes in diversity indices (H’, R, E) and Importance
Value Index (IVI) is essential for predicting ecosystem
function and resilience.

Equally important is the socio-ecological dimension of
bamboo in Javanese landscapes. Local communities
extensively utilize species such as G. apus, G. atter, and D.

asper for construction materials, woven products,
agricultural tools, and edible shoots (Widjaja and
Kartikasari 2001; Ekawati et al. 2022). However,

quantitative analyses linking ecological dominance with
documented and potential utilization categories remain
scarce, especially in riparian habitats where ecological
function and cultural utility overlap. This gap limits our
understanding of how community preferences and
management practices influence bamboo distribution,
regeneration, and long-term ecological stability.

The Bengawan Solo River, the longest river in Java,
Indonesia, traverses diverse ecological and socio-economic
zones. Its upper stretches are characterized by steep slopes,
mixed agroforestry mosaics, and rapidly transforming
riparian vegetation (Maulana et al. 2019). Habitat alteration
through land conversion, sedimentation, selective cutting,
and patchy replanting has led to shifts in bamboo species
composition and structural integrity (Ferreira et al. 2019).
Yet, no prior study has analyzed how bamboo diversity,
IVI-based dominance, and environmental variables jointly
structure bamboo communities along the upper Bengawan
Solo riparian gradient. Moreover, the integration of
ecological metrics with utilization data has not been
attempted in this region, despite its importance for
community-based conservation and watershed
management.

Accordingly, this study was designed to (i) document
the composition and diversity of bamboo species across the
upstream, midstream, and downstream segments of the
upper Bengawan Solo River; (ii) analyze ecological
structure and dominance patterns based on density,
frequency, and IVI; and (iii) assess documented and
potential uses of each species to identify socio-ecological
linkages relevant for management. By combining
ecological indicators with ethnobotanical relevance and
environmental drivers, this research provides the first
spatially explicit, socio-ecologically integrated assessment
of riparian bamboo communities in Central Java. The
findings are expected to strengthen the scientific basis for
bamboo-based riparian restoration and sustainable
landscape management within tropical river systems.
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MATERIALS AND METHODS

Study area

This study was conducted in March 2025 in the riparian
landscape of the upper Bengawan Solo River, Central Java,
Indonesia, which flows through the upland catchments of
Wonogiri before entering the agricultural lowlands of
Klaten and Sukoharjo Districts (JICA 2007). Three
sampling sites representing distinct hydrological and land-
use segments were selected: Giriwono (upstream),
Sidowarno (midstream), and Gadingan (downstream).
These locations were chosen to capture ecological
variability along the longitudinal gradient of the river—an
approach commonly used in riparian ecology (Naiman and
Décamps 1997)—and to represent natural, semi-natural,
and intensively managed riparian conditions. The spatial
configuration of the study area is shown in Figure 1.

The upstream area at Giriwono (~135 m asl) is
characterized by hilly terrain, steep riparian slopes, and
mixed dryland agriculture interspersed with remnant forest
patches. As part of the Bengawan Solo upland catchment,
this zone contributes perennial water flow to the river
despite seasonal climate variation (Whitten et al. 1997).
Riparian vegetation is relatively wide and buffered, with
bamboo occurring naturally near the boundaries of the Alas
Kethu protected forest.

The midstream zone in Sidowarno (~95 m asl)
represents a transitional agricultural landscape dominated
by rice, sugarcane, tobacco, and agroforestry mosaics.
Volcanic-derived regosol soils form the dominant
substrate, supporting intensive farming. Human disturbance
is more substantial here, with riparian strips managed
directly by farmers for fencing, scaffolding, and soil
stabilization (Radnawati and Fatmala 2020).

The downstream site at Gadingan (~85 m asl) lies on
alluvial floodplains formed by long-term deposition from
upstream erosion and volcanic sediments. These fertile
substrates support extensive rice cultivation and settlement
development. Riparian buffers are narrow or fragmented,
and bamboo communities are dominated by cultivated
stands planted along irrigation channels or field boundaries.

The region experiences a tropical monsoon climate with
annual rainfall of 2,000-2,500 mm and temperatures
generally ranging from 23-30 °C (BMKG 2023a, b). These
climatic conditions facilitate rapid bamboo growth and
continuous culm production, as commonly observed in
monsoonal Southeast Asia (Sembada et al. 2025).

Sampling design

A stratified—systematic sampling design (Mueller-
Dombois and Ellenberg 1974; Kent and Coker 1992) was
implemented to represent ecological variation across the
upstream, midstream, and downstream segments of the
Bengawan Solo River. Each segment was treated as an
independent ecological stratum reflecting differences in
topography, land use, and hydrological influence. Within
each stratum, 10 vegetation plots were systematically
established, resulting in 30 plots across all sites.
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Figure 1. Map of the research locations along the upper Bengawan Solo River, Central Java, Indonesia: I. Gadingan Village, Mojolaban
Sub-district, Sukoharjo District (7°34'37.1"S 110°50'45.0"E); II. Giriwono Village, Wonogiri Sub-district, Wonogiri District,
(7°47'48.1"S 110°56'08.4"E); and III. Sidowarno Village, Wonosari Sub-district, Klaten District (7°38'34.2"S 110°47'31.3"E)
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Figure 2. Diagram showing the sampling layout design for vegetation plots (10 plots per site) along the riparian gradient

Each plot measured 20 x 20 m (400 m?), providing 0.4
ha of sampling area per site (1.2 ha total). Plots were
positioned at approximately 50 m intervals along a single
riverbank to ensure consistent representation of riparian
vegetation, following best practices in riparian vegetation
sampling (Sutherland 2006), with the linear arrangement of
the ten plots at one site illustrated in Figure 2. Plot
placement began near the river edge, where hydrological
influence is strongest, and extended toward adjacent
agricultural or settlement zones. Plot boundaries were
marked with stakes, and GPS coordinates of plot centers
were recorded using a Garmin eTrex 32x (3 m accuracy).

This sampling design captured both natural and
managed bamboo stands while reflecting spatial
heterogeneity associated with hydrological gradients and
anthropogenic pressures (Naiman and Décamps 1997).

Vegetation data collection

Within each plot, all bamboo clumps (culm clusters)
were identified to species level and treated as individual
sampling units. Structural measurements followed standard
procedures for Southeast Asian forest and bamboo
vegetation (Soerianegara and Indrawan 2002; Liese and
Ko&hl 2015). For each clump, species identity, culm count,
average height, and diameter were recorded. Culm
diameter was measured at breast height (1.3 m above
ground), while height was estimated using a graduated pole
or laser rangefinder.

Vegetative  morphological  characteristics  were
documented to support identification, including culm color,
internode length, sheath morphology, wall thickness, and
branching pattern—traits widely used in bamboo taxonomy
(Ohrnberger 1999; Widjaja and Kartikasari 2001). Field
assistants received prior training on bamboo recognition
and measurement techniques to reduce observer bias.
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Representative photographs were taken to support post-
field verification.

Environmental variables

A suite of environmental variables was measured within
each plot to contextualize bamboo community variation.
Soil pH was measured with a portable pH meter, soil
moisture using a soil moisture probe, and soil temperature
using a soil thermometer, following standard ecological
soil measurement protocols (Allen 1989).

Microclimatic variables—including air temperature and
relative humidity—were measured using a digital
hygrometer. Canopy openness was estimated using a
spherical densiometer (Lemmon 1956) and categorized into
open, moderate, or closed canopy classes. Topographic
parameters such as slope gradient and elevation were
recorded visually or with a clinometer. Distance to the river
channel was measured to capture varying degrees of
riparian influence. Environmental measurements were
carried out between 08:00 and 11:00 a.m. to minimize
diurnal variability, as recommended in standard ecological
monitoring guidelines (Sutherland 2006).

Species identification and taxonomic verification

Species identification followed the taxonomic keys and
field guides of Ohrnberger (1999) and Widjaja and
Kartikasari (2001). Diagnostic vegetative features—including
sheath characteristics, culm coloration, leaf morphology,
branching pattern, and internode dimensions—were used
due to the infrequent flowering of most bamboo species
(Liese and Kohl 2015). Scientific names were validated
using international databases: the GBIF Backbone
Taxonomy (2024), International Plant Names Index (IPNI
2024) and Plants of the World Online (POWO 2024)
ensuring nomenclatural accuracy. Voucher specimens were
collected and deposited in the Herbarium of Universitas
Sebelas Maret, Central Java. Metadata included plot
number, GPS coordinates, and habitat characteristics.

Data analysis
Community structure

Phytosociological parameters were calculated following
standard procedures (Mueller-Dombois and Ellenberg
1974; Soerianegara and Indrawan 2002). Density (D) was
expressed as clumps per hectare. Frequency (F) represented
the proportion of plots in which a species occurred.
Dominance (Do) was estimated using basal area based on
mean culm diameter (Liese and Koéhl 2015). Relative
values—Relative Density (RD), Relative Frequency (RF),
and Relative Dominance (RDo)—were calculated and
summed to obtain the Importance Value Index (IVI), a
robust indicator of species ecological significance (Kent
and Coker 1992).

Diversity indices

Bamboo community diversity was calculated using the
Shannon—Wiener index (H'), Margalef richness index (R),
and Pielou’s evenness index (E) (Pielou 1975; Magurran
2004). Interpretation of H' values followed Junaedi and
Mutagien (2010), where H' <1.0 indicates low diversity,
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1.0-3.0 indicates moderate diversity, and >3.0 denotes high
diversity.

Comparative analysis

Ecological differences among upstream, midstream, and
downstream sites were assessed by comparing species
richness, abundance, IVI, and diversity indices and relating
them to observed environmental variation (Naiman and
Décamps 1997). Visual comparisons were generated
through bar and line charts.

Correlation analysis

To evaluate associations between environmental
conditions and bamboo community attributes, Pearson’s
correlation analysis was conducted after normality testing
with the Shapiro-Wilk test. This approach follows
established ecological statistical practices (Magurran
2004). Analyses were performed in IBM SPSS Statistics
26, with visualization in Microsoft Excel 2021.

Utilization assessment

Utilization categories—construction, handicraft, agriculture/
forestry, food, medicine, culture, and landscape—follow
established classifications of bamboo uses (Widjaja and
Kartikasari 2001; Irawan et al. 2025). Documentation
included literature review and field observations near study
sites. Utilization profiles were interpreted in relation to
ecological dominance (IVI) to identify multifunctional
species supporting riparian ecosystem stability and local
livelihoods (Bystriakova et al. 2004).

RESULTS AND DISCUSSION

Species composition across riparian zones

A total of five bamboo species belonging to three
genera were recorded across the riparian zones of the upper
Bengawan Solo River (Table 1). These species—AB.
spinosa, D. asper, G. apus, G. atter, and G. atroviolacea—
showed uneven distribution among the upstream,
midstream, and downstream segments, indicating strong
zonation along the river gradient.

The upstream zone (Giriwono) contained only two
species, B. spinosa and D. asper. Bambusa spinosa was
particularly dominant, contributing 35 of the 53 clumps
recorded in this segment, while D. asper was present in
smaller numbers (18 clumps). The absence of
Gigantochloa species in this zone (Table 1) reflects the
drier, steeper upland conditions that limit the establishment
of species requiring moister substrates.

In the midstream zone (Sidowarno), species richness
increased to four, with G. apus appearing as a major
component of the vegetation (24 clumps). Dendrocalamus
asper also remained abundant (22 clumps), indicating its
broad ecological tolerance. The presence of both naturally
occurring and cultivated bamboo stands in this segment is
consistent with the heterogeneous land-use mosaic
surrounding irrigated fields and agroforestry systems. As
shown in Table 1, midstream contains the highest total
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clump abundance (66 clumps), suggesting both ecological
suitability and active management.

The downstream zone (Gadingan) supported the highest
richness, with all five species present and a strong
representation of Gigantochloa species—especially G.
apus, G. atter, and G. atroviolacea. These species
collectively accounted for 43 of the 61 clumps recorded
downstream (Table 1). Their presence corresponds to the
wetter alluvial soils and more intensive human activities
near settlements and irrigation channels, conditions that
favor both natural growth and cultivated propagation.

Table 1 clearly shows that although total clump
abundance varies only moderately across zones (53-66
clumps), species composition differs substantially, with
downstream segments hosting exclusive species such as G.
atroviolacea and upstream segments lacking the
Gigantochloa group entirely. This longitudinal pattern
highlights the combined influence of hydrology, soil
conditions, and land-use practices in shaping bamboo
distribution along the upper Bengawan Solo River.

Clump abundance and spatial distribution

Clump abundance varied across the upstream,
midstream, and downstream zones, reflecting both
ecological suitability and differing levels of human
intervention along the riparian corridor. As shown in Table
1, a total of 180 bamboo clumps were recorded across all
sites, with the midstream segment containing the highest
number of clumps (66), followed by the downstream (61)
and upstream zones (53). Although differences in total
clump numbers among zones were not large, the spatial
distribution and dominance patterns of individual species
showed pronounced variation.

In the upstream zone, clump abundance was strongly
skewed toward B. spinosa, which accounted for 35 of the
53 clumps recorded. This monodominant pattern reflects
the species’ ability to thrive on steep, well-drained riparian
slopes with minimal soil moisture. Dendrocalamus asper
formed the remaining 18 clumps, indicating a more limited
distribution in this segment. The absence of all
Gigantochloa species in the upstream zone (Table 1)
reinforces the notion that this environment filters species
based on tolerance to drier upland conditions.

263

In contrast, the midstream zone exhibited a more
balanced distribution of clumps among species, indicating a
mixed-dominance pattern. Gigantochloa apus (24 clumps)
and D. asper (22 clumps) together contributed the majority
of clumps in this segment, reflecting the transition from
natural riparian vegetation to semi-managed agroforestry
systems. The presence of multiple species with similar
clump abundance suggests that midstream environmental
conditions—moderate slopes, fertile regosol soils, and
frequent human  management—support a  more
heterogeneous bamboo community.

The downstream zone showed the most diverse
assemblage of clump abundance patterns. Gigantochloa
apus (18 clumps) and G. atter (15 clumps) were
particularly prominent, while G. atroviolacea—absent
upstream and midstream—was represented by 10 clumps.
The distribution of clumps in downstream areas indicates a
multi-species dominance pattern associated with moist
alluvial soils, flatter terrain, and high levels of
anthropogenic disturbance. Cultivated bamboo stands were
common near irrigation channels, field boundaries, and
settlement edges, facilitating the proliferation of
Gigantochloa species.

The spatial distribution of clump abundance outlined in
Table 1 demonstrates a clear ecological gradient:
monodominance of drought-tolerant species in the
upstream, mixed assemblages in the midstream, and multi-
species, management-influenced communities downstream.
These patterns are consistent with the combined influence
of hydrology, soil conditions, and land-use intensity on
bamboo growth and persistence in the riparian ecosystem
of the upper Bengawan Solo River.

Structural parameters of bamboo communities

The structural characteristics of bamboo communities
along the upper Bengawan Solo River exhibited clear
spatial differentiation across the upstream, midstream, and
downstream segments. Table 2 presents the density
(clumps/ha), frequency of occurrence, and relative
dominance for each species, illustrating how bamboo
stands respond to varying riparian conditions and land-use
intensity.

Table 1. Composition and abundance of bamboo species in the riparian zones of the upper Bengawan Solo River, Central Java, Indonesia

Species Upstream  Midstream Downstream Total Distribution pattern
(Giriwono) (Sidowarno) (Gadingan) (clumps)

Bambusa spinosa Roxb. 35 14 8 57 Common in upstream,
scattered in others

Dendrocalamus asper (Schult. & Schult.f.) Backer 18 22 10 50 Widespread

Gigantochloa apus (Schult.f.) Kurz ex Munro 0 24 18 42 Absent in upstream

Gigantochloa atter (Hassk.) Kurz 0 6 15 21 Concentrated in the
downstream

Gigantochloa atroviolacea Widjaja 0 0 10 10 Restricted to the downstream

Total clumps (individuals) 53 66 61 180 —

Species richness (S) 2 4 5 11 —
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Table 2. Density, frequency, and dominance of bamboo species in three riparian zones of the upper Bengawan Solo River, Central Java,

Indonesia

Species Clumps (cllz flil;;t/{la) Freg)l/:)e)ncy dOR:ll::]t;rlie Ecological remarks

Upstream (Giriwono)
Bambusa spinosa 35 87.5 90 High Highly clustered; forms pure stands
Dendrocalamus asper 18 45.0 60 Medium Scattered along moist banks
Gigantochloa apus 0 0 0 — Absent
Gigantochloa atter 0 0 0 — Absent
Gigantochloa atroviolacea 0 0 0 — Absent
Total 53 132.5 150

Midstream (Sidowarno)
Bambusa spinosa 14 35.0 50 Low-medium  Patchy; mostly in drier terraces
Dendrocalamus asper 22 55.0 70 High Robust culms; strongly competitive
Gigantochloa apus 24 60.0 80 High Most abundant in midstream
Gigantochloa atter 6 15.0 30 Low Locally cultivated
Gigantochloa atroviolacea 0 0 0 — Absent
Total 66 165.0 230

Downstream (Gadingan)
Bambusa spinosa 8 20.0 40 Low Minor component
Dendrocalamus asper 10 25.0 50 Medium Widespread along canals
Gigantochloa apus 18 45.0 70 High Dominant along moist levees
Gigantochloa atter 15 37.5 60 High Very common near settlements
Gigantochloa atroviolacea 10 25.0 50 Medium Restricted to shaded wet patches
Total 61 152.5 270

In the upstream zone (Giriwono), overall bamboo
density reached 132.5 clumps/ha, largely driven by the
dominance of B. spinosa. This species recorded the highest
density (87.5 clumps/ha) and frequency (90%), forming
dense, nearly monospecific stands along steep slopes. Its
high structural dominance reflects strong adaptation to dry
upland riparian environments, where thorny, robust culms
help stabilize eroded surfaces. Dendrocalamus asper
showed moderate density (45 clumps/ha) and frequency
(60%), occurring mainly in wetter microhabitats near
shaded banks. No Gigantochloa species were recorded in
this zone (Table 2), indicating strong environmental
filtering against moisture-dependent taxa.

Structural patterns became more heterogeneous in the
midstream zone (Sidowarno). Total density increased to
165 clumps/ha, the highest among the three zones.
Gigantochloa apus and D. asper showed very similar
structural contributions, with densities of 60 and 55
clumps/ha, respectively, and high frequencies of 80% and
70%. Their co-dominance suggests that midstream riparian
strips—characterized by moderate slopes, fertile regosol
soils, and semi-managed agroforestry—provide suitable
conditions for both naturally regenerating and cultivated
bamboo stands. Bambusa spinosa exhibited reduced
density (35 clumps/ha) and lower dominance, reflecting its
preference for drier upland terrains. Gigantochloa atter,
though less abundant (15 clumps/ha), appeared consistently
in cultivation zones near irrigated fields.

In the downstream zone (Gadingan), structural
parameters reflected the highest species-level diversity and
the strongest influence of human management. Total
density reached 152.5 clumps/ha, slightly lower than the
midstream but distributed across all five species.
Gigantochloa apus and G. atter showed high density

values (45 and 37.5 clumps/ha) and high frequencies (70%
and 60%), demonstrating their competitive advantage in
moist alluvial soils. Gigantochloa atroviolacea—absent in
upstream and midstream zones—was  structurally
significant here, with moderate density (25 clumps/ha) and
frequency (50%), indicating its affinity for shaded, wetter
riparian microhabitats. Bambusa spinosa, in contrast, had
minimal structural contribution downstream, consistent
with its ecological preference for upland and semi-dry
slopes.

Comparisons across zones reveal several clear patterns.
First, structural dominance is strongly type-specific: B.
spinosa dominates uplands; D. asper and G. apus co-
dominate  transitional  midstream  habitats; and
Gigantochloa species diversify and dominate lowland
alluvial zones. Second, total density generally increases
from upstream to midstream, reflecting greater
management and vegetative propagation in midstream
agroforestry areas. Finally, downstream communities
exhibit the most balanced structural distribution, driven by
high moisture availability, fertile alluvial substrates, and
intentional cultivation by local communities.

Taken together, the structural data from Table 2
demonstrate that bamboo community structure along the
upper Bengawan Solo River is shaped by a combination of
hydrology, topography, substrate conditions, and human
influence. These factors jointly determine which species
can dominate, coexist, or persist in each riparian segment.

Ecological dominance based on Importance Value
Index (IVI)

The ecological dominance of bamboo species along the
upper Bengawan Solo River varied substantially across the
upstream, midstream, and downstream zones, as reflected
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by the Importance Value Index (IVI). IVI integrates
Relative Density (RD), Relative Frequency (RF), and
Relative Dominance (RDo), thereby providing a
comprehensive measure of each species’ structural and
ecological contribution. The Importance Value Index
presented in Table 3 clearly illustrate a strong longitudinal
shift in dominance patterns along the riparian gradient.

In the upstream zone (Giriwono), B. spinosa exhibited
the highest IVI (192.0), indicating overwhelming
ecological control and forming nearly pure stands on steep
riparian slopes. Its dominance is supported by consistently
high RD, RF, and RDo values (each 60-66%), confirming
that this species is not only the most abundant but also the
most spatially and structurally influential in the upstream
environment. Dendrocalamus asper followed with an IVI
of 108.0, functioning as a secondary yet substantial co-
dominant species. No Gigantochloa species were detected
in this zone (Table 3), highlighting strong environmental
filtering against taxa that prefer moist or alluvial substrates.

The midstream zone (Sidowarno) displayed a more
balanced dominance structure, with G. apus attaining the
highest IVI (107.6), followed closely by D. asper (97.0).
These two species jointly structured the midstream bamboo
community, reflecting moderately disturbed, fertile riparian
strips with frequent agroforestry management. Bambusa
spinosa held a much lower IVI (64.1), indicating a sharp
decline in dominance relative to upstream conditions.
Gigantochloa atter, while present, exhibited only a minor
ecological role (IVI = 31.2), corresponding to its limited
cultivation and lower structural impact (Table 3).

In the downstream zone (Gadingan), ecological
dominance shifted further toward Gigantochloa species.
Gigantochloa apus maintained the highest dominance (IVI

= 84.9), followed by G. atter (71.4). Both species exhibited
high RD and RDo values, consistent with their preference
for moist alluvial soils and their frequent cultivation near
irrigation channels. Dendrocalamus asper and G.
atroviolacea shared equal IVI values (51.3), suggesting co-
dominance in shaded or saturated riparian microhabitats.
Bambusa spinosa had the lowest dominance downstream
(IVI = 41.0), confirming its declining influence toward the
lower river segments (Table 3).

A longitudinal comparison of Table 3 reveals three
major ecological patterns. First, upstream zones are
characterized by single-species dominance (B. spinosa),
reflecting environmental filtering imposed by steep slopes,
lower moisture, and minimal cultivation. Second,
midstream zones display co-dominance, especially between
G. apus and D. asper, reflecting a mixture of natural
regeneration and human-supported cultivation. Third,
downstream zones exhibit multi-species dominance, with
Gigantochloa species becoming structurally prominent due
to wetter soils, high nutrient availability, and intensive
land-use modification.

These findings collectively indicate that ecological
dominance in riparian bamboo communities is shaped by a
combination of hydrological gradients, edaphic conditions,
and human activities. The gradual replacement of B.
spinosa by Gigantochloa species from upstream to down-
stream reflects both species-specific habitat affinities and
the increasing influence of cultivation in lowland riparian
zones. This zonation underscores the dynamic interplay
between natural ecological filters and anthropogenic
pressures in determining bamboo community structure
along the upper Bengawan Solo River.

Table 3. Importance Value Index (IVI) of bamboo species in the riparian zones of the upper Bengawan Solo River, Central Java,

Indonesia.
Species RD RF RDo VI Dominance status
Upstream (Giriwono)
Bambusa spinosa 66.0 60.0 66.0 192.0 Very dominant
Dendrocalamus asper 34.0 40.0 34.0 108.0 Co-dominant
Gigantochloa apus 0 0 0 0 Absent
Gigantochloa atter 0 0 0 0 Absent
Gigantochloa atroviolacea 0 0 0 0 Absent
Midstream (Sidowarno)
Gigantochloa apus 36.4 34.8 36.4 107.6 Very dominant
Dendrocalamus asper 333 30.4 333 97.0 Co-dominant
Bambusa spinosa 212 21.7 212 64.1 Common
Gigantochloa atter 9.1 13.0 9.1 31.2 Subdominant
Gigantochloa atroviolacea 0 0 0 0 Absent
Downstream (Gadingan)
Gigantochloa apus 29.5 259 29.5 84.9 Very dominant
Gigantochloa atter 24.6 222 24.6 71.4 Dominant
Dendrocalamus asper 16.4 18.5 16.4 513 Co-dominant
Gigantochloa atroviolacea 16.4 18.5 16.4 513 Co-dominant
Bambusa spinosa 13.1 14.8 13.1 41.0 Subdominant

Note: IVI: Importance Value Index, RD: Relative Density, RF: Relative Frequency, RDo: Relative Dominance
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Bamboo diversity and evenness across the riparian
gradient

Bamboo diversity along the upper Bengawan Solo
River shows a pronounced longitudinal pattern driven by
species richness, relative abundances, and environmental
filtering. As presented in Table 4, all diversity indices—
Shannon—Wiener (H'), Margalef richness (R), Simpson (1-
D), and Evenness (E)—increase gradually from the
upstream to downstream segments, indicating a shift from
structurally simple to more compositionally balanced
bamboo communities.

The upstream zone (Giriwono) exhibits the lowest
diversity (H' = 0.653; R = 0.252), reflecting its two-species
community strongly dominated by B. spinosa (Table 4).
Although evenness appears high (E = 0.942), this largely
reflects the proportional balance between only two species
rather than true ecological heterogeneity, consistent with
strong dominance by B. spinosa in upstream plots, where
one species contributes disproportionately to basal area.
The low Simpson value (1-D = 0.449) further indicates that
community structure is heavily influenced by a single
dominant species. These patterns align with the
environmental characteristics of the upstream segment—
steeper slopes, drier soils, and broader natural riparian
buffers—which collectively restrict the establishment of
species that depend on higher moisture or more disturbed
microhabitats.

In contrast, the midstream site (Sidowarno) presents
moderate richness and diversity (R =0.716; H' = 1.288; 1—
D = 0.740). The co-occurrence of D. asper, G. apus, and
several minor taxa produces a more heterogeneous
assemblage. Evenness remains relatively high (E = 0.929),
suggesting that species abundances are not strongly skewed
toward a single dominant species. The intermediate values
recorded here reflect the transitional landscape—rice fields,
mixed agroforestry, and semi-managed riparian
vegetation—that facilitates coexistence between naturally
occurring and cultivated bamboo species.

The downstream zone (Gadingan) has the highest
species richness (S = 5) and diversity (H' = 1.515; R =
0.973; 1-D = 0.790). Evenness is likewise high (E =
0.942), indicating that no single species overwhelmingly
dominates the community. The fertile alluvial soils,
shallow slopes, and intensive land use contribute to greater
environmental  heterogeneity, ~while human-directed
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planting enhances the establishment of Gigantochloa
species such as G. apus and G. atter.

The simultaneous increase of H', R, and 1-D values
toward the downstream zone reflects a pronounced
ecological gradient, beginning with low-diversity
communities in the upstream where strong natural filtering
limits species establishment, transitioning into the
midstream where mixed natural-managed assemblages
emerge under moderate environmental heterogeneity and
human influence, and culminating in the downstream area
where intensified management interventions and more
favorable site conditions support highly diverse,
structurally complex plant communities.

This pattern suggests that intermediate disturbance and
human management can elevate bamboo diversity, whereas
the upstream region retains a more specialized assemblage
adapted to harsher geomorphological conditions. The
combined indices from Table 4 thus highlight the
complementary roles of environmental gradients and land-
use intensity in shaping the riparian bamboo diversity of
the upper Bengawan Solo River.

Environmental characteristics of the riparian zones

Environmental conditions varied markedly along the
upstream—midstream—downstream gradient of the upper
Bengawan Solo River, as summarized in Table 5. These
variations shaped the structure, composition, and ecological
performance of bamboo communities across the three
zones. In the upstream area (Giriwono), steeper slopes (12-
25%), moderately moist soils, and cooler microclimates
(24-27°C air temperature) produced a physiographic setting
that favored drought-tolerant species such as B. spinosa.
Soil pH was slightly acidic (6.1-6.4), and canopy openness
ranged from moderate to closed, reflecting the presence of
remnant forest patches and agroforestry vegetation.

The midstream zone (Sidowarno) presented more
moderate environmental conditions, with gentle slopes (5—
12%), intermediate soil moisture, and a slightly wider pH
range (6.3—6.7). This zone also exhibited moderate canopy
openness (40-70%), which, combined with extensive
agroforestry and irrigated agriculture, created structurally
heterogeneous riparian habitats. The predominance of
alluvial-volcanic soils and moderate disturbance favored
the co-dominance of D. asper and G. apus.

Table 4. Diversity indices of bamboo communities across three riparian zones of the upper Bengawan Solo River, Central Java,

Indonesia

Species Total clumps Margalef Shannon- Simpson
Zone richness (S) N) richness (R)  Wiener (H') (1-D) Evenness (E)
Upstream (Giriwono) 2 53 0.252 0.653 0.449 0.942
Midstream (Sidowarno) 4 66 0.716 1.288 0.740 0.929
Downstream (Gadingan) 5 61 0.973 1.515 0.790 0.942
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Table 5. Environmental characteristics of the three riparian zones of the upper Bengawan Solo River, Central Java, Indonesia

Zone

Environmental variable Upstream (Giriwono)

Midstream (Sidowarno) Downstream (Gadingan)

Elevation (m asl) 135
Slope gradient (%) 12-25 (moderate—steep)
Soil moisture class Moderately moist—wet

Soil pH (field measurement) 6.1-6.4
Soil temperature (°C) 25-27
Air temperature (°C) 24-27
Relative humidity (%) 70-82

Canopy openness

Distance to river channel (m)
Dominant land use

Riparian buffer width (approx.)

5-20

10-30 m

Moderate—closed (40-70%, >70%)

Dryland farming, forest edges

95 85

5-12 (gentle-moderate) 0-5 (flat)
Moderately moist Dry—moderately moist
6.3-6.7 6.5-6.9
26-28 27-29
25-29 27-31
67-78 65-75
Moderate (40-70%) Open—moderate (<40%, 40-70%)
3-15 2-10
Rice fields, agroforestry Rice fields, settlements
5-15m 3-10m

Table 6. Summary of Pearson correlation trends between environmental variables and ecological indices

Environmental variable

Correlation with H' (Diversity)

Correlation with IVI (Dominance)

Soil pH

Soil moisture
Soil temperature
Canopy openness
Slope gradient
Distance to river
Air temperature

Weak positive
Moderate positive
Weak negative
Moderate positive
Moderate positive
Weak negative

Weak—moderate negative

Weak-—moderate positive
Weak positive

Weak negative

Very weak / non-significant
Weak negative
Non-significant

Weak negative

Note: IVI: Importance Value Index

In contrast, the downstream zone (Gadingan) was
characterized by flat terrain (0-5%), drier soil conditions,
and higher temperatures (up to 31°C). Soil pH tended
toward the neutral range (6.5-6.9), and canopy openness
was predominantly open to moderate, reflecting intensive
agriculture and human settlement. Riparian buffer widths
were narrow (3-10 m), and distances to the river were
shortest (2-10 m), indicating strong hydrological influence
but also substantial anthropogenic modification. These
conditions supported the highest bamboo richness and
structural diversity, particularly for G. apus, G. atter, and
G. atroviolacea, which tolerate or benefit from more
disturbed, sun-exposed environments. The environmental
contrasts among the zones—especially slope, canopy
openness, soil moisture, and pH—provided strong
ecological filters that contributed to the distinct zonation
patterns observed in bamboo communities along the river.

Relationships between environmental variables and
bamboo diversity

The influence of environmental gradients on bamboo
diversity and ecological dominance was evaluated using
Pearson correlation analysis, with the main trends
summarized in Table 6. Diversity (H') showed positive
correlations with soil moisture and canopy openness,
indicating that bamboo communities became more diverse
in areas with higher moisture availability and greater light
penetration. This trend aligns with the higher species
richness and evenness recorded in the downstream zone,
where open canopies and moderately moist alluvial soils
favored the coexistence of multiple Gigantochloa species.

Soil pH exhibited a weak positive correlation with H’,
suggesting that slightly more neutral soils, as found
downstream, may support broader species establishment.
Slope gradient showed a moderate positive correlation with
H' at the overall dataset level, but this relationship is likely
influenced by midstream variation, since the steepest
upstream slopes still maintained low diversity due to
environmental filtering. As a result, the positive slope—
diversity trend weakened toward the downstream zone,
where terrain becomes flatter and topographic constraints
are minimal.

Negative correlations were observed for soil
temperature and air temperature, implying that hotter
conditions reduced overall diversity. This is consistent with
the physiological limitations of some bamboo taxa in dry,
exposed microhabitats, although managed planting
downstream partially compensated for these thermal
constraints.

In terms of ecological dominance (IVI), correlations
were generally weaker than those for diversity. IVI had a
weak to moderate positive correlation with soil pH,
indicating that some dominant species, particularly D.
asper and G. apus, performed better in neutral to slightly
acidic soils. Canopy openness showed little to no
correlation with IVI, suggesting that dominance patterns
were influenced more by clump expansion and
management than by light availability.

Distance to the river exhibited weak or non-significant
correlations with both H' and IVI, reflecting the ability of
bamboo to thrive in both near-bank and slightly elevated
positions, depending on species-specific adaptations. These
relationships highlight that moisture, canopy structure, and
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pH are the key drivers of bamboo diversity, whereas
dominance patterns are more strongly shaped by species
traits and management practices.

Utilization potential of bamboo species

The five bamboo species recorded along the upper
Bengawan Solo River exhibited diverse and culturally
significant utilization patterns, as detailed in Table 7.
Across all sites, bamboo uses spanned construction,
handicrafts, agriculture and forestry applications, food,
medicinal use, cultural activities, and landscaping.
However, the degree of multifunctionality varied across
species.

Dendrocalamus asper demonstrated the broadest utility
(seven categories) and represents the most valuable species
for local communities. Its large, thick-walled culms are
essential for heavy construction, bridges, and farm
structures, while its edible shoots (rebung) are widely
consumed. The species’ high IVI in the midstream and
downstream zones reflects both ecological success and
strong socio-economic demand. Its leaves and culm sheaths
are also used in fodder and traditional medicine, integrating
the species into numerous livelihood activities.

Gigantochloa atter and G. atroviolacea both support
six categories of use but differ functionally. Gigantochloa
atter is highly valued for furniture, utensils, and craftwork
due to its flexibility and moderate culm thickness, and its
edible shoots provide an additional resource. Gigantochloa
atroviolacea, recognized by its distinctive dark culms,
plays an important role in cultural expression and
ornamentation. Although its shoots are edible, they are not
widely consumed. Its aesthetic and symbolic functions
contribute to its sustained planting in downstream
settlements. Gigantochloa apus, widely cultivated along
midstream and downstream riparian strips, is indispensable
for weaving, scaffolding, and erosion-control structures due
to its straight, durable culms. Its high IVI corresponds with
its exceptional practical value, making it a cornerstone
species in village construction and irrigation maintenance.
Bambusa spinosa, while less economically versatile,
remains ecologically and culturally significant. Its thorny
culms form natural barriers used for fencing, erosion
control on steep banks, and ceremonial structures in
traditional events. The species’ strong dominance upstream
reflects its ecological suitability to harsh slopes rather than
its economic flexibility.

The relationship between IVI and utilization patterns
demonstrates that species with high ecological dominance
tend to provide broad socio-economic benefits, but species
with unique morphological or cultural attributes may
receive special attention from local communities despite
lower abundance. This interplay between ecological
performance and human preference underscores the
integrated ecological—cultural role of bamboo in riparian
landscapes of Central Java.
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Discussion
Environmental filtering and longitudinal zonation of
bamboo communities

The longitudinal variation in bamboo species
composition along the upper Bengawan Solo River reflects
a strong environmental filtering process shaped by
topographic gradients, hydrological regimes, and edaphic
heterogeneity. Species richness increased from the
upstream (S = 2) to the downstream segment (S = 5) (Table
1), a pattern consistent with theoretical and empirical
studies showing that riparian vegetation becomes more
diverse under lower elevation, gentler slopes, and more
stable moisture regimes (Sharma and Chongtham 2015;
Nath et al. 2020; Chen et al. 2022). Steep slopes (12-25%),
lower soil moisture, and cooler microclimate in the
upstream zone (Table 5) restricted colonization to drought-
tolerant taxa, most notably B. spinosa, whose mechanical
rigidity, thorny culms, and deep-rooting rhizomes confer
strong resistance to desiccation and slope instability. These
traits position B. spinosa as an upland ecological specialist,
illustrating a classic case of environmental filtering where
only taxa with specific stress-tolerant traits can persist
under harsh abiotic conditions—a pattern observed in
tropical riparian bamboo systems across India, Nepal, and
Indonesia (Sofiah et al. 2018; Larinmuana et al. 2025).

In contrast, the midstream zone represents a transitional
environment with moderate slopes (5-12%), higher soil
moisture, and mixed agroforestry influence (Table 5),
enabling the coexistence of D. asper and G. apus. The
increase in species richness (S = 4) and a more balanced
abundance distribution (Table 1) indicate weakened
environmental filtering and stronger niche
complementarity. Dendrocalamus asper tolerates periodic
disturbance and varied moisture regimes, whereas G. apus
thrives in semi-managed habitats with intermediate canopy
openness. Their co-occurrence supports the intermediate
disturbance model, where moderate anthropogenic and
hydrological disturbance promotes coexistence of tolerant
and disturbance-dependent taxa (Connell 1978; Chazdon
2014). Recent studies have shown similar mixed-
dominance configurations in agro-riparian bamboo
assemblages in Vietnam and Laos (Chen et al. 2022).

Downstream sites exhibited the highest species richness
(S =5) and diversity (H' = 1.515) (Table 4), driven by the
presence of G. atter and G. atroviolacea, which prefer
moist alluvial soils with high nutrient content. These species
benefited from shallow slopes (0—5%), near-neutral soil pH
(6.5-6.9), and frequent human cultivation (Table 5). The
combination of favorable edaphic conditions and anthropogenic
management created a heterogeneous mosaic that supports
both natural regeneration and cultivation-driven expansion.
This downstream pattern aligns with broader regional
studies showing that bamboo diversity peaks in lowland
floodplain environments with strong hydrological stability
and human-assisted propagation (Kleinhenz and Midmore
2001; Nath et al. 2020).

The zonation pattern along the Bengawan Solo River
demonstrates a coupled natural-anthropogenic gradient. In
the upstream, abiotic filters—steep slopes, lower moisture,
and narrower niche space—determine community
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assembly. In the midstream, ecological tolerance and
moderate  disturbance shape mixed assemblages.
Downstream, environmental heterogeneity and cultural
management jointly promote the proliferation of species
with higher moisture requirements and socio-economic
value. This interaction between topographic constraints,
hydrological regimes, and land-use practices reinforces the
view that riparian bamboo communities in tropical
landscapes form a socio-ecological continuum driven by
both environmental determinism and human selection.

Spatial variation in community structure and dominance
along the riparian gradient

Spatial variation in bamboo community structure along
the upper Bengawan Solo River reflects the combined
influence of topographic constraints, hydrological
gradients, and species-specific functional strategies.
Patterns of structural dominance, as indicated by density,
frequency, and IVI values (Tables 2 and 3), show a clear
longitudinal shift from monodominant upland stands to
multi-species assemblages in downstream floodplains. In
the upstream zone, B. spinosa exhibits overwhelming
dominance (IVI = 192), forming dense monospecific stands
on steep slopes with moderately moist but rapidly draining
soils. Its thick-walled culms, thorny morphology, and deep
rhizome system align with traits associated with upland
stabilizer species in tropical riparian systems, where
mechanical resistance to drought and geomorphological
disturbance confers strong competitive advantage (Sharma
and Chongtham 2015; Larinmuana et al. 2025). The
structural simplicity of this zone, expressed through low
richness (S = 2) and high frequency of a single taxon,
exemplifies a community filtered predominantly by abiotic
pressures.

In the midstream segment, community structure
becomes more heterogeneous. Gigantochloa apus and D.
asper attain comparable IVI values (107.6 and 97.0,
respectively), producing a co-dominance configuration
characteristic of transitional riparian habitats where
environmental filtering weakens and niche overlap
increases. This structural complexity is supported by
moderate slopes, higher soil moisture, and semi-managed
agroforestry systems that allow for both natural
regeneration and human-mediated propagation. Similar
mid-gradient dominance sharing among bamboo species
has been documented in managed riparian corridors of
Thailand, Laos, and southern China, where intermediate
disturbance and greater canopy heterogeneity facilitate
competitive coexistence (Chen et al. 2022). The presence
of multiple structurally significant species in Sidowarno
suggests that competitive hierarchies shift in response to
changes in hydrological stability and land-use intensity.

The  downstream  zone  presents the  most
compositionally and  structurally diverse bamboo
assemblage, driven by favorable alluvial soils, open
canopies, and intensive human cultivation. Here, G. apus
retains high dominance (IVI = 84.9), but its influence is
balanced by substantial contributions from G. atter (IVI =
71.4) and G. atroviolacea (IVI = 51.3). These species
possess traits associated with floodplain specialists,
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including rapid culm production, tolerance to periodic
inundation, and strong vegetative propagation. The
reduction in dominance of B. spinosa downstream (IVI =
41.0) marks a clear ecological transition from
environmentally filtered upland specialists to human-
supported lowland assemblages.

The gradual shift from single-species dominance
upstream to multi-species co-dominance downstream
illustrates a structural continuum governed by both
environmental severity and socio-ecological facilitation. As
hydrological regimes stabilize, soil fertility increases, and
human management intensifies, dominance hierarchies
weaken and structural heterogeneity rises. This pattern
aligns with broader ecological theory suggesting that
community structure in riparian vegetation is jointly
regulated by abiotic filtering at higher elevations and
competitive—facilitative dynamics in lowland, human-
modified environments (Chazdon 2014; Breton et al.
2023). The structural transitions observed in the Bengawan
Solo system therefore reflect the interplay of natural
gradients and anthropogenic influence, producing a mosaic
of bamboo communities that vary predictably in
dominance, composition, and ecological function along the
river corridor.

Diversity indices and their ecological significance

Patterns of alpha diversity along the upper Bengawan
Solo River indicate that riparian bamboo communities are
structured by a combination of environmental filtering,
species functional traits, and cumulative land-use intensity.
Diversity indices (H', R, 1-D, E) in Table 4 reveal a
consistent increase from upstream to downstream,
reflecting a shift from environmentally constrained, low-
richness assemblages toward more compositionally
balanced and functionally diverse communities in lowland
riparian zones. This gradient aligns with global evidence
that riparian vegetation diversity correlates strongly with
hydrological stability, soil moisture, and topographic
moderation (Tabacchi et al. 2000; Capon et al. 2013).

The upstream zone, with only two species, displays low
Shannon diversity (H' = 0.653) and low Simpson diversity
(1-D = 0.449), confirming that community structure is
strongly dominated by B. spinosa. Although evenness is
numerically high (E = 0.942), this pattern reflects
proportional balance between only two species rather than
genuine ecological heterogeneity. The dominance of B.
spinosa underscores the role of environmental filtering on
steep, erosion-prone upland slopes, where drought-tolerant
and mechanically robust taxa outcompete moisture-
dependent bamboo species. Similar patterns of low-
diversity, morphologically uniform bamboo stands have
been reported in upland river margins of Southeast Asia, as
well as Java and Sumatra where steep terrain and shallow
soils limit colonization by competitively weaker taxa
(Valentin et al. 2008; Sofiah et al. 2018; Fitmawati et al.
2021).



Table 7. Documented and potential utilization categories of bamboo species in the riparian zones of the upper Bengawan Solo River, Central Java, Indonesia

Potential utilization
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Bambusa spinosa N4 N4 N4 - - N4 v 5 Thorny culms useful for fencing, erosion control, and ceremonial arches;
forms natural protective barriers in dry zones.

Dendrocalamus asper N4 N4 N4 N4 N4 N4 N4 7 Most multifunctional species; culms used for buildings and bridges; tender
shoots (rebung) widely consumed; leaves used for fodder and traditional
medicine.

Gigantochloa apus Vv Vv v - - v v 5 Highly valued for weaving, scaffolding, and stabilizing irrigation canal banks;
commonly cultivated around settlements.

Gigantochloa atter N4 N4 N4 V4 — N4 V4 6 Flexible culms preferred for furniture, utensils, and craftwork; young shoots
edible and occasionally marketed; often planted near agricultural areas.

Gigantochloa atroviolacea N4 N4 - N4 N4 N4 N4 6 Distinct dark culms favored for furniture and ornamentation; young shoots

edible but not commonly consumed; valued for cultural and landscaping uses
in downstream areas.
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In midstream habitats, diversity metrics increase
substantially (H' = 1.288; R = 0.716; 1-D = 0.740),
reflecting a transition from environmentally constrained
dominance toward more equitable species contributions.
The coexistence of D. asper and G. apus, supported by
intermediate soil moisture and agroforestry practices,
produces a structurally heterogeneous community with
reduced dominance and greater niche overlap. These
conditions mirror mid-gradient riparian zones elsewhere in
Southeast Asia, where moderate disturbance and enhanced
canopy heterogeneity promote species coexistence and
functional redundancy (Chen et al. 2022). The relatively
high evenness (E = 0.929) further suggests that species
abundances are not strongly skewed toward a single taxon,
reinforcing the role of midstream riparian corridors as
biodiversity transition zones.

Downstream stands exhibit the highest richness and
diversity (S = 5; H' = 1.515; 1-D = 0.790), indicating a
community that benefits from stable hydrology, fertile
alluvial soils, and intensive human management. High
evenness (E = 0.942) demonstrates that no species
monopolizes community structure, a pattern typical of
riparian bamboo assemblages cultivated for multiple socio-
economic purposes. The presence of G. atter and G.
atroviolacea, both floodplain-adapted species, reflects the
combination of natural alluvial conditions and selective
propagation by local communities. Such downstream
enhancement of bamboo diversity parallels findings from
the Mekong Basin and South China, where lowland
riparian systems support the highest bamboo complexity
due to favorable geomorphology and sustained resource
management (Kamoto and Juntopas 2007; Xu et al. 2020;
Breton et al. 2023; Yang et al. 2025).

Taken together, the longitudinal increase in diversity
indices demonstrates a predictable ecological transition:
environmentally constrained, specialist-dominated systems
upstream give way to mixed natural-managed assemblages
midstream, culminating in highly diverse, multifunctional
communities downstream. These patterns support
contemporary meta-analyses showing that riparian
vegetation diversity is best explained by combined effects
of hydrological reliability, soil fertility, and human
facilitation (Capon et al. 2013). The Bengawan Solo case
thus illustrates how bamboo communities function not
merely as passive recipients of environmental gradients but
as dynamic socio-ecological systems shaped by both
biophysical processes and long-term human management.

Functional roles of dominant bamboo species in riparian
stability and local livelihoods

The dominance patterns of B. spinosa, D. asper, and
Gigantochloa species along the Bengawan Solo riparian
gradient reveal distinct functional roles that integrate
ecological processes with socio-economic practices. These
species represent complementary ecological strategies—
ranging from mechanical stabilization in upper catchments
to multifunctional provisioning services in mid- and
downstream systems. This functional differentiation aligns
with broader evidence that bamboo taxa act as both
ecological engineers and livelihood-supporting resources in
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tropical riparian landscapes (Kumar et al. 2023; Camargo-
Caicedo et al. 2025).

In the upstream zone, B. spinosa functions primarily as
a structural stabilizer. Its dense, thorny clumps and deep
rhizome systems confer strong resistance to erosion and
surface runoff, particularly on steep slopes. These traits are
consistent with findings in Himalayan upland watersheds,
where clump-forming bamboo species significantly reduce
soil loss and reinforce riverbank integrity under high-
gradient conditions (Panmei et al. 2025; Singh et al. 2025).
Although its socio-economic value is limited compared
with downstream species, B. spinosa provides essential
regulating services that underpin hydrological stability and
sediment control, indicating its role as a foundational
ecological species within the upper riparian corridor.

In the midstream zone, D. asper occupies a dual
ecological-economic niche. Ecologically, its tall culms and
extensive rhizome networks enhance riverbank buffering
capacity, moderate flood impacts, and generate
microhabitats for understory vegetation and soil fauna.
Socio-economically, D. asper is one of Southeast Asia’s
most valuable bamboo resources, widely utilized for
construction, furniture, scaffolding, and edible shoots. Its
high growth rate and tolerance of moderate disturbance
allow communities to integrate this species into
agroforestry and mixed-cropping systems without
compromising ecological function. Such multifunctionality
reflects broader patterns observed in managed riparian
bamboo systems in Thailand, Vietnam, and Yunnan, where
D. asper contributes substantially to both ecological
resilience and rural income diversification (Chen et al.
2022).

Downstream communities dominated by G. apus, G.
atter, and G. atroviolacea display the highest degree of
functional multifunctionality. These species collectively
support diverse provisioning services—ranging from craft
materials and ornamental culms to edible shoots—while
also maintaining ecological contributions such as soil
binding, canopy stratification, and hydrological buffering.
Their presence in alluvial zones parallels global
observations that lowland riparian habitats support bamboo
species with the most extensive socio-economic value due
to fertile soils, stable hydrology, and historical cultivation.
Notably, G. atroviolacea adds cultural and aesthetic value
through its dark culms, reinforcing the role of bamboo in
traditional art, architecture, and ritual practices.

The functional interactions among these species
demonstrate a gradient-based socio-ecological system in
which ecological performance and human use co-evolve.
Upstream stabilizer species, midstream dual-function taxa,
and downstream multifunctional species collectively form a
riparian mosaic that supports watershed protection,
resource production, and cultural heritage. This integration
is consistent with emerging socio-ecological resilience
frameworks emphasizing that vegetation with high
functional diversity enhances long-term system adaptability
and livelihood security under climate variability (Capon et
al. 2013; Folke et al. 2016).

The functional roles of dominant bamboo species along
the Bengawan Solo River reflect both species-specific
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ecological traits and culturally embedded management
practices. Understanding these complementary functions is
essential for designing riparian restoration and bamboo-
based landscape management strategies that balance
environmental stability with sustainable resource use.

Cultural and economic dimensions of bamboo utilization

Bamboo utilization along the Bengawan Solo riparian
corridor reflects an integrated socio-ecological system in
which species availability, cultural traditions, and rural
economies are mutually reinforcing. The spatial variation
in dominant taxa—B. spinosa upstream, D. asper
midstream, and Gigantochloa spp. downstream—
corresponds directly with differentiated cultural practices
and livelihood strategies, demonstrating that bamboo
functions not only as a biological resource but also as a
cultural infrastructure. Such patterns are consistent with
recent studies indicating that bamboo-rich communities in
tropical Asia maintain long-term  socio-ecological
resilience through culturally embedded resource use (Ihsan
et al. 2024; Dutta et al. 2025).

In midstream and downstream communities, bamboo
plays a central economic role through multipurpose
utilization.  Dendrocalamus  asper  supports  rural
construction, scaffolding, and craft industries, while also
supplying edible shoots essential to local diets and small-
scale markets. The microeconomic importance of this
species aligns with broader assessments of bamboo-based
livelihoods across Indonesia, China, and India, where
diversified bamboo enterprises substantially contribute to
household income and reduce dependence on timber
resources (Hogarth and Belcher 2013; Acharya et al. 2014).
Gigantochloa atter and G. atroviolacea further strengthen
downstream economies by providing high-quality culms
for furniture, weaving, and ornamental products. Their
mechanical strength and aesthetic characteristics support
craft traditions that increasingly feed into eco-cultural
tourism and niche markets.

Culturally, bamboo remains embedded in Javanese
ritual identity, architectural symbolism, and collective
environmental stewardship. Downstream species such as G.
atroviolacea are widely used in ceremonial structures,
traditional instruments, and symbolic markers of communal

events. These cultural functions enhance species
persistence by  maintaining local demand and
intergenerational knowledge transfer—mechanisms

recognized in recent ethnobiological studies as critical for
biocultural conservation (Ihsan et al. 2024; York 2025).
The persistence of bamboo in cultural domains underscores
its role as a biocultural keystone, reinforcing the social
value necessary for long-term habitat maintenance.

At the same time, bamboo utilization pathways
contribute to ecological sustainability by promoting
renewable, fast-growing materials in rural production
systems. The integration of D. asper and Gigantochloa spp.
into agroforestry and mixed-riparian land uses reduces
harvesting pressure on natural forests, aligning with global
recommendations for nature-based livelihoods that balance
productivity with biodiversity conservation (FAO 2020).
However, sustainability challenges persist, particularly
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downstream, where increased market demand and limited
management guidelines risk overharvesting of shoots and
culms. These pressures mirror concerns in other parts of
tropical Asia, where intensification without ecological
safeguards has led to stand degradation and reduced
regeneration capacity (Teejuntuk et al. 2003; Fitmawati et
al. 2021).

The cultural and economic significance of bamboo in
the Bengawan Solo region reflects a reciprocal relationship
between species functionality and human use. Bamboo
provides materials, food, ritual value, and income, while
cultural norms and community management practices
sustain species availability across generations. This co-
dependence demonstrates that riparian bamboo ecosystems
function as biocultural landscapes, in which ecological
processes and social systems are tightly coupled.
Strengthening this integration through community-based
harvesting guidelines, livelihood diversification, and value-
added bamboo industries can enhance both cultural
continuity and ecological resilience in the region.

Riparian bamboo as a model for sustainable ecosystem
management

The longitudinal patterns observed in this study position
riparian bamboo stands as a practical model for ecosystem-
based management in tropical river basins. Species such as
B.  spinosa, D. asper, and Gigantochloa spp.
simultaneously stabilize riverbanks, regulate microclimate,
and supply renewable biomass, aligning closely with the
principles of nature-based solutions and ecosystem-based
adaptation in fluvial landscapes (Chazdon 2014; FAO
2020). The strong dominance of B. spinosa on steep
upstream slopes, combined with the structurally diverse
and multifunctional D. asper—Gigantochloa assemblages in
midstream and downstream segments, demonstrates how
different bamboo taxa can be strategically aligned with
segment-specific management objectives, from erosion
control to livelihood support.

From a biophysical perspective, the high clump density,
extensive rhizome networks, and persistent canopy cover
recorded in all three zones indicate a strong capacity of
bamboo to reduce surface runoff, stabilize alluvial and
colluvial deposits, and buffer hydrological extremes. These
traits correspond with reported reductions in soil loss and
improved bank stability in bamboo-dominated riparian
systems elsewhere in Asia (Sofiah et al. 2018; Nath et al.
2020). In the Bengawan Solo context, upstream stands
dominated by B. spinosa function as protection belts that
reinforce slope stability in the catchment, whereas mid- and
downstream stands composed of D. asper and
Gigantochloa spp. operate as hybrid protection—production
systems that maintain bank integrity while supplying poles,
shoots, and craft materials.

Socio-ecologically, the strong overlap between species
with high ecological importance (high IVI) and high
utilization value—particularly D. asper, G. apus, and G.
atter—creates favorable conditions for community-based
management. Local dependence on bamboo for
construction, crafts, and food creates incentives for
maintaining vegetative cover along riverbanks, effectively
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aligning household-level economic interests with riparian
conservation goals. Such coupling of ecological function
and livelihood value is a key feature of resilient social—
ecological systems and underpins many successful
community forestry and agroforestry schemes in tropical
regions (Folke et al. 2016; FAO 2020). In this way, the
Bengawan Solo riparian bamboo system illustrates how
management interventions can leverage existing cultural
practices rather than imposing entirely new land-use
regimes.

At the same time, the results highlight several risks and
constraints that must be addressed if bamboo is to be used
as a model for sustainable riparian management.
Downstream areas with narrow buffers, high temperatures,
and intensive cultivation (Table 5) are particularly
vulnerable to over-harvesting of shoots and culms,
simplification of stand structure, and replacement of mixed
bamboo groves by single fast-growing taxa. Such trends
could reduce diversity (H') and evenness, weaken bank
protection, and increase susceptibility to pests and climate
extremes, as documented in simplified bamboo plantations
in other tropical regions (Pertiwi et al. 2021; Irawan et al.
2025). The moderate correlations between environmental
variables, diversity, and dominance (Table 6) also indicate
that bamboo-based management cannot rely solely on
planting; it must integrate slope, hydrology, and
microclimate constraints into spatial planning.

Taken together, the Bengawan Solo case suggests a
zonation-based  management framework:  upstream
segments prioritized as protection corridors dominated by
structurally robust stabilizers such as B. spinosa; midstream
zones managed as mixed protection—production belts where
D. asper and G. apus are retained in multi-species groves;
and downstream zones maintained as multifunctional
production landscapes where Gigantochloa spp. are
managed under explicit guidelines for buffer width,
harvesting intensity, and species mixture. Such a
framework is consistent with contemporary river-basin and
green-infrastructure planning that emphasize continuous
vegetated corridors, diversified species portfolios, and
community participation as core elements of sustainable
management (Capon et al. 2013; Chazdon 2014). In this
sense, riparian bamboo stands along the upper Bengawan
Solo River offer not only a locally grounded solution but
also a transferable model for integrating ecological
engineering, rural livelihoods, and climate-resilient river
management in tropical landscapes.

Comparative insights and broader implications

The spatial patterns observed in the upper Bengawan
Solo River align closely with riparian bamboo dynamics
reported across tropical Asia and other warm-humid
regions, indicating a degree of ecological convergence
driven by hydrological gradients, soil conditions, and
human land-use histories. In many Southeast Asian river
systems—including those in northern Thailand, the
Mekong Basin, and southern China—species richness
increases toward lowland floodplains, where hydrological
stability, finer-textured alluvial soils, and moderate
disturbance create conditions favorable for mixed bamboo
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assemblages (Sharma and Chongtham 2015; Chen et al.
2022). The  transition documented  here—from
monodominant B. spinosa on steep upstream slopes to
species-rich Gigantochloa groves downstream—mirrors
these regional patterns, suggesting that topographically
driven environmental filtering and human-mediated
cultivation operate as consistent structuring forces in
tropical riparian bamboo ecosystems.

The dominance of B. spinosa in upper catchments,
despite its low contribution to downstream diversity,
highlights a common biogeographical phenomenon in
bamboo systems: steep gradients exert strong abiotic
filtering, limiting species capable of tolerating nutrient-
poor soils, high drainage, and mechanical stress. Similar
monodominant stands have been reported in the uplands of
northeastern India, Thailand and Sumatra, where a few
ecologically hardened taxa persist under erosive slope
conditions (Teejuntuk et al. 2003; Fitmawati et al. 2021). In
contrast, the diversified stands in the Bengawan Solo
lowlands reflect patterns observed in managed floodplain
and agro-riparian zones in Thailand and Vietnam, where
Dendrocalamus and Gigantochloa species thrive under
moderate disturbance and high nutrient availability.

A notable distinction of the Javanese case lies in the
degree of socio-ecological integration. Unlike some regions
where bamboo is primarily cultivated for commercial
timber substitutes or industrial shoot production,
downstream communities in Central Java maintain bamboo
not only for material use but also for cultural, ritual, and
household functions. This biocultural embeddedness
enhances long-term conservation because species valued
for identity, ceremony, and heritage tend to be retained
even when market demand fluctuates (Ihsan et al. 2024).
Consequently, the persistence of G. atroviolacea in shaded,
wet downstream pockets is not solely an ecological
phenomenon but is reinforced by aesthetic and cultural
preference—an example of how human selection maintains
species that might otherwise be outcompeted in intensively
managed landscapes.

The broader implications extend beyond local riparian
management. The multifunctional and socially integrated
nature of bamboo positions it as a key resource in climate
adaptation strategies, green infrastructure development, and
ecosystem-based disaster risk reduction. Given its high
growth rate, strong carbon sequestration capacity, and
ability to rapidly stabilize disturbed banks, bamboo is
increasingly recognized as a viable component of river
restoration and climate-resilient land-use planning (Capon
et al. 2013; Yen et al. 2018). The Bengawan Solo system
exemplifies these potentials, showing that bamboo-based
buffers can be both ecologically effective and socially
acceptable—an essential combination for long-term
sustainability.

Furthermore, the observed balance between natural
regeneration upstream and human-supported diversification
downstream illustrates a hybrid model of riparian
vegetation that can be advantageous under accelerating
environmental change. While purely natural forests may
struggle to regenerate under rising human pressure and
climate extremes, and purely cultivated systems often lack
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resilience, bamboo-based hybrid systems retain both
ecological robustness and management flexibility. Such
systems align with global frameworks promoting
ecosystem-based adaptation, biocultural conservation, and
nature-positive development under the Convention on
Biological Diversity’s Post-2020 agenda.

Comparative evidence reinforces that bamboo-rich
riparian ecosystems operate as socio-ecological mosaics
shaped simultaneously by physical gradients and long-
standing human—environment relationships. The Bengawan
Solo case contributes to global understanding by
illustrating how ecological resilience and cultural
continuity can be co-maintained in multifunctional
landscapes—a principle increasingly central to sustainable
river-basin management in the tropics.

Synthesis and conceptual framework

The ecological and socio-cultural patterns observed
along the upper Bengawan Solo River form an integrated
socio-ecological system in which bamboo diversity,
structural dominance, and human utilization co-evolve
across the riparian gradient. The upstream—midstream—
downstream continuum demonstrates that bamboo
ecosystems are shaped not by isolated factors but by the
interplay among environmental filtering, hydrological
dynamics, species functional traits, and local management
practices. This synthesis highlights that the observed
zonation is not merely a biophysical outcome but a
reflection of dynamic reciprocal interactions between
ecological processes and human decisions.

At the ecological level, the longitudinal gradient from
B.  spinosa monodominance upstream to mixed
Gigantochloa—Dendrocalamus assemblages downstream
illustrates how environmental filters—topography, soil
moisture, hydrological stability, and microclimate—act as
primary determinants of species distributions. Steep slopes
and well-drained soils promote the persistence of
structurally robust, drought-tolerant taxa, while alluvial
floodplains accommodate more diverse bamboo stands due
to higher nutrient availability, moderated water tables, and
lower mechanical stress. These patterns match broader
ecological principles in riparian ecosystems, where
increasing environmental benignity downstream supports
higher richness and functional redundancy (Sharma and
Chongtham 2015; Chen et al. 2022). The strong upstream
dominance of B. spinosa also exemplifies the role of
foundation species whose rhizome networks stabilize
geomorphologically vulnerable landscapes.

From a functional perspective, bamboo species along
this gradient occupy distinct ecological and socio-economic
niches. Dendrocalamus asper and G. apus exemplify
multifunctional taxa capable of providing both ecological
services (e.g., erosion control, microhabitat formation,
flood buffering) and socio-economic benefits (construction
materials, edible shoots, handicraft resources). This dual
functionality increases the resilience of mid- and
downstream communities, reflecting a pattern consistent
with ecosystem-service diversification reported in managed
bamboo systems across Southeast Asia (Dutta et al. 2025;
Li et al. 2025). Conversely, species such as B. spinosa

NUSANTARA BIOSCIENCE 17 (2): 259-276, November 2025

contribute disproportionately to ecological stability despite
limited direct economic use, showing how protective
specialists reinforce upstream watershed integrity even in
low-diversity contexts.

Human dependence emerges as a third central
dimension in shaping riparian bamboo systems. Local
communities actively maintain, propagate, and harvest
bamboo based on cultural values, utility needs, and
traditional ecological knowledge. Species with high
cultural resonance—such as G. atroviolacea used for ritual
and artisanal purposes—persist downstream even when
they are not the most ecologically dominant. This
alignment between cultural preference and ecological
management mirrors biocultural conservation models
documented in tropical agro-riparian landscapes, where
traditional practices enhance long-term species retention
and landscape heterogeneity (Heartsill-Scalley and Aide
2003; Thsan et al. 2024). Human management thus modifies
natural ecological trajectories, facilitating coexistence
between naturally regenerating and intentionally cultivated
bamboo stands.

Integrating  these three  dimensions—ecological
dominance, functional multifunctionality, and human
dependence—results in a conceptual triangular framework
(sensu Weinberger et al. 2015; Lohbeck et al. 2016) that
captures the interdependencies shaping bamboo-based
riparian  landscapes. Ecological dominance ensures
structural ~ stability and  environmental buffering;
multifunctionality supports both ecological processes and
livelihood needs; and human dependence provides cultural
continuity and management incentives. The interaction of
these dimensions produces socio-ecological feedback loops
that maintain resilient and multifunctional riparian
ecosystems over time.

This synthesis suggests that bamboo-rich riparian
systems offer a scalable model for nature-based solutions in
tropical river basins. By aligning ecological suitability with
community management, such systems can enhance
watershed protection, mitigate climate-related disturbances,
and sustain rural economies. Future research should
quantify ecosystem-service flows (e.g., carbon storage, soil
stabilization rates, flood attenuation), evaluate socio-

economic trade-offs among species, and explore
participatory governance structures that integrate scientific
ecological knowledge with traditional management

practices. Strengthening these interdisciplinary linkages
will help operationalize bamboo-based strategies in broader
landscape restoration and climate adaptation frameworks,
positioning riparian bamboo ecosystems as key assets in
achieving sustainable and resilient tropical river-basin
management.

In conclusion, this study shows that bamboo diversity
and ecological structure along the upper Bengawan Solo
River are jointly shaped by environmental gradients and
human management. Species composition shifts from B.
spinosa dominance in the steep, drier upstream zone to
mixed Dendrocalamus and Gigantochloa assemblages in
the more fertile and intensively managed mid- and
downstream segments. These longitudinal patterns reflect
the roles of slope, soil moisture, hydrological stability, and
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land-use intensity in filtering species and shaping
community structure. Bamboo stands provide essential
ecosystem functions—such as erosion control, bank
stabilization, and habitat support—while multifunctional
species contribute significantly to local livelihoods through
construction materials, food, and cultural uses. Thus,
riparian bamboo systems represent effective nature-based
solutions for sustainable watershed management. Future
studies incorporating multi-seasonal monitoring, molecular
identification, and detailed soil-hydrological analyses will
strengthen ecological interpretation and support long-term
socio-ecological planning in tropical riparian landscapes.
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Abstract. Wulandari AA, Mukarromah AN, Dzihni A, Azzam AK, Deristani A, Sunarto, Setyawan AD. 2025. Assessing tourist experience
and willingness to pay for biodiversity conservation at Mongkrang Hill, Mount Lawu, Central Java, Indonesia. Nusantara Bioscience
17: 277-288. Highland ecosystems are ecologically sensitive environments increasingly pressured by nature-based tourism. Mongkrang
Hill, located on the southern slopes of Mount Lawu in Karanganyar District, Central Java, Indonesia, has experienced rapid visitor growth,
raising concerns regarding vegetation disturbance, waste accumulation, and declining habitat quality. This study assesses tourist
experience and Willingness to Pay (WTP) for conservation by integrating the Experiential Value Scale (EVS) with economic valuation.
A total of 60 visitors were surveyed using structured questionnaires, supported by field observations and semi-structured interviews.
Multiple regression analysis showed that all four EVS dimensions—hedonic, novelty, interaction, and comfort—significantly influenced
visitor satisfaction, with novelty and hedonic value being the strongest predictors. Satisfaction, in turn, had a positive and significant
effect on WTP (B = 0.90), explaining 80.1% of its variance. The average additional WTP of IDR 15,840 indicates substantial potential
for conservation-based financing. Observations further revealed ecological pressures related to trail erosion, vegetation trampling, and
improper waste disposal, alongside community benefits through local economic activities and circular economy practices such as plastic
waste recycling. The integrated EVS—WTP approach highlights how enhanced visitor experience can strengthen pro-conservation
behavior and provide actionable pathways for sustainable ecotourism management. These findings support the development of experience-

based conservation strategies for biodiversity protection in highland ecosystems.

Keywords: Biodiversity conservation, circular economy, experiential value scale, highland ecotourism, visitor satisfaction

INTRODUCTION

Highland ecosystems are among the most ecologically
sensitive environments because their steep slopes, shallow
soils, and narrow habitat distributions make vegetation and
wildlife highly vulnerable to disturbance. The natural
environment provides essential ecosystem services that
support human well-being, including water regulation,
carbon storage, microclimate stabilization, and cultural
benefits derived from nature-based recreation (Yee 2020).
In Indonesia where mountainous landscapes, montane
forests, and savanna grasslands form key ecological assets
nature-based tourism has grown rapidly and now plays an
important role in local development (Gupta et al. 2023).
However, increased tourism pressure in fragile ecosystems
often leads to vegetation trampling, soil erosion, wildlife
displacement, and reductions in habitat quality, indicating
that ecological thresholds are being approached or exceeded
(Li et al. 2023; Nguyen et al. 2023).

Mongkrang Hill, situated on the southern flank of Mount
Lawu in Central Java, Indonesia, exemplifies this dual role
as both an ecological hotspot and an increasingly popular
nature-based tourism destination. Originally characterized by
open grassland savannas and patches of pine vegetation, the
area has recently experienced a rapid increase in visitor

numbers, driven by the emergence of hiking, camping, and
landscape photography trends (Kencana and Azizah 2022).
While this growth has stimulated the local economy and
expanded community-based tourism opportunities, it has
simultaneously intensified ecological pressures, including
vegetation loss on frequently used trails, waste
accumulation, and declining habitat quality for native flora
and fauna. Studies in similar settings show that unmanaged
tourism can trigger trade-offs among ecosystem services,
reducing regulating and supporting functions while
increasing short-term cultural use (Liu et al. 2022; Li et al.
2023). These symptoms highlight the need to integrate
ecological considerations into tourism planning at
Mongkrang Hill.

In tourism and environmental valuation research, two
complementary concepts have been widely applied to
understand visitor behavior: the Experiential Value Scale
(EVS) and Willingness to Pay (WTP). EVS focuses on how
visitors derive value from their experiences through hedonic
enjoyment, novelty, interaction, and comfort (Gallarza et
al. 2021; Stienmetz et al. 2021). High experiential value
often strengthens emotional engagement, enhances satisfaction,
and shapes behavioral intentions such as revisit likelihood
or support for environmental programs (Petrick and Backman
2002). Novelty one of EVS’s strongest dimensions has been
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shown to influence behavioral intentions through
memorable and emotionally engaging experiences in natural
settings (Skavronskaya et al. 2020; Blomstervik et al. 2021).
At the same time, hedonic value, service quality, and
interaction with fellow visitors and staff contribute to a
more meaningful and satisfying experience (Larsen et al.
2019; Ponsignon et al. 2024).

WTP, on the other hand, provides an economic measure
of wisitors’ support for environmental management,
particularly through conservation fees, donations, or increased
entrance charges. Previous studies show that tourists are
often willing to contribute financially to preserve environmental
quality when they perceive clear ecological benefits, such
as improved waste management, vegetation rehabilitation,
or reduced crowding (Casey et al. 2009; Rahmati et al.
2023). WTP is therefore widely used as a proxy for the
economic value of ecosystem services in tourism destinations,
particularly those experiencing ecological pressure from
increasing visitor flows (Bani et al. 2020; Mohamad and
Lahay 2021).

Despite Mongkrang Hill’s growing importance as a
highland ecotourism area, little is known about how visitors’
experiential perceptions influence their willingness to support
biodiversity conservation financially. Existing studies on
the site primarily examine management arrangements and
tourism development (Estiyantara 2022; Kencana and Azizah
2022), yet none have assessed the socio-ecological
mechanisms linking visitor experience with conservation-
oriented economic behavior. Moreover, although EVS and
WTP have been widely studied separately in various
ecotourism contexts, their integration remains limited,
especially in highland ecosystems where environmental
sensitivity is high and the need for effective conservation
financing is urgent.

Given these research gaps, this study aims to integrate
the Experiential Value Scale and Willingness to Pay
approaches to assess the experiential and economic
dimensions of ecotourism at Mongkrang Hill. Specifically,
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the study seeks to: (i) Analyze visitors’ experiential values
across hedonic, interaction, novelty, and comfort dimensions,
(i1) Evaluate visitor satisfaction and its determinants based
on EVS, (iii) Estimate visitors’ WTP to support
biodiversity conservation, and (iv) Examine the
relationship between experiential value, satisfaction, and
WTP. By linking visitor experience with economic support
for conservation, this research provides insights for
designing sustainable tourism strategies that enhance visitor
satisfaction while strengthening biodiversity protection in
the Mongkrang Hill ecosystem.

MATERIALS AND METHODS

Study area

This study was conducted in March 2025 at Mongkrang
Hill, located in Karanganyar District, Central Java, Indonesia
(Figure 1). The site lies on the southwestern slope of Mount
Lawu at an elevation of approximately 2,194 m and covers
an area of 108.10 ha. The landscape is characterized by
open grassland savanna interspersed with patches of Pinus
merkusii Jungh. & de Vriese and other montane vegetation,
forming a mosaic ecosystem typical of highland environments.
The climate is cool and humid, with temperatures ranging
from 14-24°C and relatively high annual rainfall, creating
suitable conditions for diverse flora and fauna. However,
the combination of steep slopes, fragile grassland substrates,
and increasing tourism pressure makes the area ecologically
sensitive to vegetation trampling, soil erosion, and wildlife
disturbance. Mongkrang Hill has rapidly developed as a
popular destination for hiking and photography, attracting
both beginner and experienced visitors. Its growing
popularity underscores the need to evaluate visitor experience
and conservation-supporting behavior to inform sustainable
ecotourism management.
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Figure 1. Map of study area in Mongkrang Hill, Mount Lawu, Karanganyar District, Central Java, Indonesia
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Research design

This study employed an exploratory—quantitative research
design to assess how experiential dimensions influence
visitor satisfaction and their willingness to pay for
biodiversity conservation. The Experiential Value Scale
(EVS) framework was used to capture hedonic, interaction,
novelty, and comfort dimensions (Prebensen and Rosengren
2016; Gallarza et al. 2021), while WTP was measured
through the Contingent Valuation Method (Hanemann
1991). The conceptual pathway assumes that EVS dimensions
shape overall satisfaction, which subsequently affects WTP a
mechanism commonly used in ecotourism valuation studies
(Mohamad and Lahay 2021).

Sampling Procedure

Respondents were selected using a systematic random
sampling technique to enhance the representativeness of
the sample. Data collection was conducted during peak
visiting hours (10:00-15:00) over several days in March
2025. The sampling procedure was as follows: (i) researchers
positioned at the main trailhead estimated the visitor flow
during the data collection window; (ii) based on preliminary
observations, the total number of visitors passing during
the sampling period was approximated; (iii) a sampling
interval (k) was calculated by dividing the estimated total
visitor population by the target sample size (N = 60); (iv)
the first respondent was selected randomly from the first k
visitors, and every k-th visitor thereafter was invited to
participate, provided they met the minimum age requirement
of 18 years. This method ensured that all visitors during the
sampling period had an equal probability of being selected,
thereby reducing selection bias inherent in convenience or
accidental sampling approaches.

Data collection
Questionnaire development

The questionnaire was designed to measure three main
constructs: Experiential Value Scale (EVS), visitor satisfaction,
and Willingness to Pay (WTP). EVS items captured four
experiential dimensions hedonic value, interaction, novelty,
and comfort following conceptual frameworks used in
previous tourism experience studies (Prebensen and
Rosengren 2016; Gallarza et al. 2021). Visitor satisfaction
was assessed using global evaluative items, while WTP
was measured using fixed monetary categories adapted
from Contingent Valuation Method guidelines (Hanemann
1991; Bani et al. 2020). All items employed a five-point
Likert scale to ensure consistency and ease of interpretation.
Content validity was ensured through expert review involving
ecotourism researchers and local site managers, who
examined wording clarity, contextual relevance, and the
alignment of each item with study objectives. Prior to full
distribution, the questionnaire underwent a small pilot test
to refine ambiguous statements.

Field observation

Field observations were conducted to document ecological
and infrastructural conditions along the Mongkrang Hill
trail. Key environmental variables observed included
vegetation composition, slope stability, visible erosion, trail
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width, and signs of habitat disturbance, which are common
pressures in mountain ecotourism areas (Kencana and Azizah
2022; Estiyantara 2022). Waste accumulation, noise levels,
and crowding at rest points were also recorded to
contextualize visitor satisfaction and WTP responses.
Observations related to tourism facilities such as shelters,
sanitation units, stalls, signage, and parking areas were used
to assess comfort attributes and triangulate questionnaire
results. Photographic documentation supported the qualitative
description of ecological conditions.

Semi-structured interviews

Semi-structured interviews were conducted with tourism
managers, Perhutani staff, and community members from
Gondosuli Village to obtain contextual insights on
conservation practices, visitor management, and local
governance. Interview questions explored topics such as
reforestation programs, waste management strategies,
community participation, and perceived ecological pressures
associated with increasing tourism (Estiyantara 2022;
Tiwari et al. 2024). This approach allowed flexibility for
respondents to elaborate on site-specific challenges,
including trail erosion, weekend overcrowding, and the
displacement of wildlife. Information from interviews was
used to enrich the interpretation of EVS and WTP findings
and to ensure that the quantitative analysis was grounded in
the socio-ecological realities of Mongkrang Hill.

Measurement of key variables
Experiential Value Scale (EVS)

EVS was operationalized into four dimensions representing
different aspects of tourist experience. Hedonic value
captured emotional enjoyment and pleasure derived from
landscape appreciation (Park and Ahn 2022; Trabandt et al.
2024). Novelty assessed visitors’ perceptions of newness
and uniqueness during their visit (Skavronskaya et al.
2020; Blomstervik et al. 2021). Interaction measured social
engagement among visitors and communication with site
managers (Zwart and Hines 2022). Comfort evaluated ease
of movement, facility adequacy, and environmental convenience
along the trail. Each dimension was measured using
multiple Likert-based indicators.

Visitor satisfaction

Visitor satisfaction was assessed using global evaluative
items summarizing perceived quality of the ecotourism
experience. Scores ranged from 1 (very dissatisfied) to 5
(very satisfied). Higher satisfaction values indicated more
positive evaluations of environmental conditions, facilities,
and service attributes influencing behavioral intentions
(Habibi et al. 2024).

Willingness to Pay (WTP)

WTP was measured using the Contingent Valuation
Method (CVM), asking respondents to select a monetary
amount they were willing to contribute for conservation-
oriented improvements (Hanemann 1991; Bani et al. 2020).
Fixed nominal categories (IDR 10,000-50,000) were chosen
to reduce strategic bias, align with typical entrance fees,
and reflect realistic spending capacity among visitors.
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Data analysis
Descriptive statistical analysis

Descriptive statistics were used to summarize visitors’
characteristics and perceptions through frequency distributions,
percentage tabulation, and graphical visualization. These
procedures enabled the identification of patterns across
EVS dimensions, satisfaction levels, and WTP categories,
providing an initial overview of visitor responses and
behavioral tendencies (Rafitanuri et al. 2022). Tabulated
WTP distributions helped reveal the central tendency and
range of conservation-related monetary support.

Regression analysis

Two regression models were employed to examine the
structural relationships among key variables, using Statistical
Package for the Social Sciences (SPSS) version 25 for
analysis. Multiple linear regression assessed how the four
EVS dimensions collectively influenced satisfaction, using
standardized coefficients and significance values to identify
the strongest predictors (Chan and Saikim 2022; Deng et al.
2023). A second simple regression model examined the
effect of Satisfaction on WTP, enabling the estimation of
behavioral elasticity in conservation support. Model
diagnostics ensured robustness and validity of findings.

Integration of EVS and WTP results

EVS—-WTP integration provided socio-ecological insights
into how experiential quality drives financial support for
conservation, informing biodiversity-friendly tourism strategies.

Ethical considerations

All participants provided informed consent prior to
survey completion, and confidentiality of personal information
was strictly maintained. Data collection complied with
ethical research standards and received permission from the
Mongkrang Hill management and relevant local authorities
(Estiyantara 2022; Perhutani 2022).

RESULTS AND DISCUSSION

Visitor demographic characteristics

Visitor demographics at Mongkrang Hill indicate a
clear dominance of young adults, with the majority of
respondents (90%) falling within the 18-30 age group, as
shown in Table 1. This age structure reflects a strong
interest in highland ecotourism among younger visitors
who tend to seek nature-based recreation, physical challenges,
and scenic photography opportunities. The gender distribution
shows that females (65%) substantially outnumber males
(35%), suggesting that the site has broad appeal among
young women, consistent with trends in recreational hiking
and social-media-driven tourism in Indonesia.

In terms of occupation, university students represent the
largest group (45%), followed by private-sector employees
(30%), entrepreneurs (13.3%), and school students (10%).
Only one respondent identified as a state civil servant. This
occupational distribution suggests that visitors are primarily
individuals with moderate disposable income but high
interest in outdoor experiences and aesthetic enjoyment—
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factors that shape both experiential values and willingness
to pay for environmental services.

Visit frequency patterns further emphasize Mongkrang
Hill’s attractiveness to first-time tourists: 55% of respondents
were visiting for the first time, while the remaining 45%
had visited between two and five times. This mix of new
and returning visitors provides insight into the site’s
experiential appeal and potential for visitor loyalty.

Collectively, these demographic features indicate that
Mongkrang Hill attracts a youthful, experience-oriented
visitor base whose perceptions of ecological quality, comfort,
and novelty strongly influence their overall satisfaction.
Young visitors especially students also tend to be more
receptive to conservation messages, implying significant
opportunities for environmental education and responsible
tourism campaigns tailored to this demographic segment.
The demographic profile presented here reflects visitors
sampled systematically during peak hours in March 2025
and is representative of that specific visitor flow.

Willingness to Pay (WTP) for conservation

Visitor willingness to financially support conservation
at Mongkrang Hill shows clear variability, with WTP
values ranging from IDR 10,000 to IDR 50,000, as
illustrated in Figure 2. The most frequently selected
contribution was IDR 15,000, chosen by 37 respondents,
while only two visitors expressed the highest WTP of IDR
50,000. The calculated average WTP is IDR 15,840, which
exceeds the current entrance fee of IDR 10,000. This
indicates that visitors generally recognize the value of
ecological services and are willing to pay a modest premium
to support conservation-oriented improvements.

Several factors appear to influence WTP. Demographic
patterns from Table 1, particularly the predominance of
young university students, suggest that visitors have limited
financial capacity but relatively high environmental
awareness. Perceived experiential quality especially related
to novelty, hedonic aspects, and comfort also shapes WTP,
as supported by regression results presented later in Table 3.

Table 1. Demographic characteristics of informants

Quantity Percentage

Parameter  Specification or number (%) Total
Sex Female 39 65.0 60
Male 21 35.0
Age 18-30 54 90.0 60
31-50 6 10.0
Profession Student (school) 6 10.0 60
University student 27 45.0
Private sector 18 30.0
employee
Entrepreneur 8 13.3
State civil apparatus 1 1.7
Visit 1 time 33 55.0 60
frequency 2 times 11 18.3
3 times 10 16.7
4 times 3 5.0
5 times 3 5.0
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Figure 2. Willingness to pay maximum tourism to buy entrance
tickets to Mongkrang Hill, Karanganyar District, Indonesia

Field observations reveal that environmental and facility
conditions strongly affect visitor willingness to pay.
Scattered trash along trails, damaged or unclear signage,
and limited interpretive facilities were frequently noted on-
site. These deficiencies likely suppressed higher WTP
values, as visitors tend to base their economic support on
perceived service quality and environmental integrity.
Despite these constraints, the presence of an average WTP
above the standard fee suggests significant potential for
implementing conservation levies, voluntary donations, or
tiered pricing. If managed transparently, such revenue
could directly support waste management, vegetation
recovery, and trail maintenance addressing the very issues
that currently limit visitor satisfaction and maximum WTP.

Experiential Value Scale (EVS) outcomes
Descriptive patterns of EVS dimensions

Visitor perceptions across the four EVS dimensions
hedonic value, novelty, interaction, and comfort show
consistently positive trends based on descriptive tabulations
and field observations. Hedonic value emerged as one of
the strongest experiential components, with many visitors
expressing enjoyment from panoramic scenery, cool highland
temperatures, and opportunities for relaxation. Novelty was
also highly rated, particularly among first-time visitors (33
individuals), reflecting the appeal of Mongkrang Hill’s
open savanna landscape and distinctive views of Mount
Lawu (Table 1).

Interaction values were shaped by social exchanges
along the hiking trail and brief but meaningful encounters
with site staff, as illustrated in Figure 3, which displays
signage and reminders that support visitor behavior.
Comfort perceptions were influenced by basic facilities
shelters, stalls, sanitation and the relatively easy trail
conditions. However, comfort tended to decrease during
peak periods when the summit became crowded. Overall,
descriptive patterns indicate that visitors perceived Mongkrang
Hill as emotionally engaging, visually unique, socially
supportive, and generally comfortable, forming a strong
experiential basis for satisfaction.

Regression model: EVS and satisfaction
The regression analysis presented in Table 2
demonstrates that all four EVS dimensions significantly
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influence visitor satisfaction, with p-values < 0.001 across
all predictors. Standardized beta coefficients show clear
variation in predictive strength: novelty (B = 0.47) and
hedonic value ( = 0.46) are the most influential determinants
of satisfaction, suggesting that emotional engagement and
unique landscape experiences play central roles in shaping
positive visitor perceptions. Interaction (B = 0.42) also
contributes strongly, indicating that social encounters and
interpersonal communication enhance the ecotourism
experience. Comfort has the lowest, yet still substantial,
influence (B = 0.34), reflecting the importance of basic
infrastructure and environmental conditions.

High t-values for each variable confirm the robustness
of these effects, and the model structure aligns with EVS
theory, where diverse experiential components collectively
shape visitor satisfaction. The strength of novelty and
hedonic factors highlights the ecological significance of
maintaining landscape quality, scenic viewpoints, and
tranquil natural settings. Meanwhile, the importance of
interaction and comfort emphasizes the need for improved
visitor services, better trail signage, and well-maintained
rest facilities. Together, these findings support the
interpretation that enhancing experiential value directly
elevates satisfaction, which subsequently increases willingness
to contribute financially to conservation programs.

Relationship Between Visitor Satisfaction and WTP

The simple regression analysis testing the influence of
visitor satisfaction on Willingness to Pay (WTP)
demonstrates a strong and statistically significant
relationship, as shown in Table 3. Satisfaction exhibits a
positive regression coefficient of 041 (p < 0.001),
indicating that every one-unit increase in satisfaction leads
to an estimated 0.41-unit increase in WTP. The model's
explanatory power is notably high, with an R? value of
0.801, meaning that satisfaction accounts for 80.1% of the
variation in visitors’ willingness to contribute financially to
conservation efforts at Mongkrang Hill.

Table 2. Regression coefficients of comfort, novelty, hedonic,
and interaction on the dependent variable

Model Unstd. B Std. Error Beta t Sig.
(Constant) 0.06 0.30 -- 0.19 0.849
Comfort 0.95 0.06 034 16.66 <0.001
Novelty 1.05 0.05 047 21.60 <0.001
Hedonic 1.01 0.04 046 2321 <0.001
Interaction 0.98 0.05 042 20.66 <0.001

Note: All predictors were statistically significant (p <0.001)

Table 3. Regression coefficient of satisfaction on WTP in
Mongkrang Hill, Karanganyar District, Indonesia

Model Unstd. B Std. Error Beta t Sig.
(Constant) -3.41 0.44 -- -7.84  <0.001
Satisfaction 041 0.03 090 1527 <0.001

Note: R2: 0.801
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Figure 3. Hiking facilities, environmental regulation signs, and landscape views of Mongkrang Hill, Mount Lawu, Karanganyar
District, Indonesia, including trail guidance and conservation reminders (A-C), the basecamp area (D), and the summit view of Mount
Lawu (E)
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Tourism attributes and ecological conditions

Tourism attributes at Mongkrang Hill combine scenic
landscape quality, visitor-supporting facilities, and relatively
easy accessibility, forming a strong basis for nature-based
recreation. As illustrated in Figure 3.E, the site offers
panoramic views of Mount Lawu and several surrounding
peaks, making landscape aesthetics one of its core attractions.
The trail is accessible via fully paved village roads, and the
short walking distance from the parking area to the
basecamp increases inclusiveness for various visitor groups.
Facilities such as rest shelters, small food stalls, toilets, and
designated parking areas were observed to contribute
positively to visitor comfort, aligning with the importance
of amenities in shaping satisfaction reported in earlier
studies (Kusumawardhani 2022).

Field observations revealed a vegetation composition
dominated by Casuarina junghuhniana Miq., P. merkusii,
Ficus spp., Inocarpus fagifer (Parkinson ex F.A.Zorn)
Fosberg, and Falcataria falcata (L.) Greuter & R.Rankin,
providing partial canopy cover and stabilizing slopes.
However, signs of ecological stress were evident. Along
several trail sections, trampling had reduced ground cover
and exposed compacted soil, indicating early-stage erosion
risk. Litter accumulation especially plastic bottles and
snack wrappers was observed near rest points and scenic
spots, suggesting inadequate waste compliance despite
existing reminders displayed in Figure 3.B. These
conditions indicate that visitor pressure has begun to
exceed the site’s ecological carrying capacity in certain
zones.

Additional pressures include noise, off-trail shortcuts,
and vegetation damage at crowded viewpoints, particularly
during weekends. Such disturbances may affect ground-
dwelling fauna and reduce long-term vegetation resilience.
Without improved management, these impacts could escalate
and diminish both ecological quality and experiential value.
The interplay between strong tourism appeal and mounting
ecological pressures highlights the need for integrated
management strategies that balance accessibility and visitor
enjoyment with habitat protection and long-term ecological
stability.

Local economic impacts of tourism activities

Tourism activities at Mongkrang Hill generate meaningful
economic benefits for the surrounding community, functioning
as an important complementary livelihood source. Based
on observations and interviews, residents participate in
various income-generating services, including food and
beverage stalls, parking management, sanitation facilities,
guiding assistance, and rental of hiking equipment. These
community-managed services create a decentralized
economic structure in which profits circulate locally rather
than flowing outward, aligning with the principles of
community-based tourism (Nyamboke 2023). The presence
of multiple rest stalls along the trail, as also depicted in,
further strengthens microenterprise opportunities for local
households.

A notable aspect of local economic resilience is the
adoption of circular economy practices. Plastic bottle waste
is collected, sorted, and resold, with proceeds used to fund
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operational needs and minor infrastructure repairs. This
practice reduces environmental burden while simultaneously
generating financial value from materials that would
otherwise contribute to trail-side pollution. Such initiatives
demonstrate how circular economy strategies can be
integrated into ecotourism management to reduce waste,
encourage responsible visitor behavior, and support small-
scale community enterprises (Androniceanu et al. 2021;
Rosa et al. 2023). Tourism has strengthened household
income diversification, increased the flow of local
transactions, and enhanced community engagement in
managing Mongkrang Hill. These economic dynamics
reinforce the social foundation needed for long-term
conservation, as communities that benefit economically are
more likely to support ecological protection and sustainable
visitor management systems.

Discussion
Interpreting visitor demographics and behavioral patterns

The demographic profile of visitors to Mongkrang Hill
reveals a predominantly young and student-dominated
population, with 90% aged 18-30 years and 55% being
first-time visitors (Table 1). This age structure aligns with
national patterns in nature-based tourism, where younger
individuals tend to exhibit higher exploratory motivation
and stronger interest in low-cost outdoor recreation
(Kusherdyana et al. 2020; Zwart and Hines 2022). The high
proportion of university students also corresponds with
previous findings that younger tourists value novelty,
emotional engagement, and opportunities for personal
escape factors closely linked to experiential value and
satisfaction (Larsen et al. 2019; Habibi et al. 2024).

The dominance of early-career visitors (students and
private-sector employees) suggests a visitor segment with
moderate purchasing power but strong environmental
attitudes, making them a key demographic for developing
WTP-based conservation schemes. Their frequent engagement
in hiking and photography, as observed during field visits,
supports the idea that experiential dimensions such as
landscape aesthetics and social interaction are central
drivers of their visitation decisions. Such behavioral
tendencies mirror the findings of Windira et al. (2017),
who reported that hedonic and interactional experiences
strongly predict revisit intention in youth-oriented tourist
destinations.

Visit frequency data, with more than half being first-
time visitors, implies that Mongkrang Hill remains an
emerging tourism site with untapped potential for building
visitor loyalty. However, the relatively low proportion of
repeat visitors (Table 1) may indicate limitations in
amenities or ecological conditions, echoing studies
emphasizing the role of service quality and environmental
management in  sustaining long-term  visitation
(Kusumawardhani 2022 and Nurmala et al. 2022). This
demographic  structure has direct implications for
conservation financing: younger visitors may show
willingness to contribute financially, but pricing strategies
must remain sensitive to their income levels. The
demographic patterns observed here illustrate both the
opportunities and limitations of leveraging visitor
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characteristics to support ecotourism sustainability in
highland environments.

Understanding WTP dynamics in a highland ecotourism
context

The distribution of Willingness to Pay (WTP) values
for conservation at Mongkrang Hill indicates strong visitor
support for environmental protection, with contributions
ranging up to IDR 50,000 and a clear concentration in
intermediate categories (Figure 2). The regression model
demonstrates that visitor satisfaction significantly and
positively influences WTP (§ = 0.90, p < 0.001), highlighting
satisfaction as a key psychological driver of financial
contributions (Table 3). This pattern is consistent with
findings from Mohamad and Lahay (2021), who reported
that higher satisfaction levels in coastal ecotourism sites
correspond to greater willingness to support environmental
programs. Similar trends were observed by Pertiwi et al.
(2022) in agrotourism settings, reinforcing that visitors who
derive meaningful experiences from natural landscapes
tend to perceive conservation fees as justified and necessary.

The relatively high WTP values observed in Mongkrang
Hill can be attributed to several contextual factors. First,
the site offers unique highland scenery and microclimatic
conditions, which enhance aesthetic appreciation and
emotional engagement both known predictors of pro-
environmental financial behavior (Vitterse et al. 2017; Park
and Ahn 2022). Second, visitors were exposed to explicit
conservation messaging on waste management and trail
discipline (Figure 3.B), which has been shown to increase
perceived environmental responsibility and willingness to
contribute to preservation efforts (Putranto et al. 2020;
Zuska et al. 2024). Third, the relatively young demographic
dominated by students and early-career professionals aligns
with past studies indicating that younger tourists, despite
limited income, often demonstrate stronger pro-
environmental attitudes and a readiness to participate in
small but meaningful financial contributions (Ashar et al.
2023; Habibi et al. 2024).

The WTP dynamics observed here also reflect broader
patterns in developing-country ecotourism contexts, where
visitors tend to contribute more when environmental
degradation is visible or when conservation needs are
clearly communicated (Bani et al. 2020; Rahmati et al.
2023). Field observations indicated signs of erosion,
vegetation disturbance, and waste accumulation conditions
that may enhance visitors’ awareness of ecological vulnerability
and thus increase their support for conservation funding.
The alignment of satisfaction-driven WTP with ecological
concern underscores an important implication: Mongkrang
Hill holds substantial potential to establish a sustainable
conservation financing mechanism if visitor experience
quality and environmental management are simultaneously
strengthened.

These results suggest that WTP in Mongkrang Hill is
not merely a function of economic capacity but is strongly
shaped by experiential, emotional, and ecological cues.
Such insights provide a robust empirical foundation for
designing  conservation-oriented  ticketing  schemes,
community-based funding models, and targeted communication
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strategies that encourage sustained visitor participation in
highland conservation efforts.

EVS as a predictor of visitor satisfaction and pro-
conservation behavior

The Experiential Value Scale (EVS) results show that
all four experiential dimensions hedonic value, novelty,
interaction, and comfort significantly shape visitor satisfaction
at Mongkrang Hill. Regression outcomes (Table 2) confirm
strong positive effects, with novelty (B = 0.47, p < 0.001)
and hedonic value (B = 0.46, p < 0.001) emerging as the
most influential predictors. These findings align with
previous research noting that unique, emotionally engaging
experiences are central to shaping positive tourist evaluations
in natural settings (Prebensen and Rosengren 2016; Gallarza
et al. 2021). The prominence of novelty reflects the role of
scenic landscapes, panoramic viewpoints, and the distinct
highland atmosphere, which collectively enhance cognitive
stimulation and emotional uplift core elements of
experiential value identified by Skavronskaya et al. (2020).
Likewise, the strong effect of hedonic enjoyment
underscores the contribution of mood, pleasure, and
aesthetic immersion, consistent with studies demonstrating
that affective engagement strongly predicts visitor satisfaction
in nature-based tourism (Vittersg et al. 2017; Park and Ahn
2022).

Interaction and comfort also exert significant influence
on satisfaction, though to a slightly lesser extent. Interaction (B
= 0.421, p < 0.001) reflects social engagement among
hikers and helpful communication from staff forms of
social capital that reinforce responsible visitor norms
(Hasanah et al. 2023). Comfort (B = 0.342, p < 0.001)
relates to micro-environmental conditions, trail usability,
and basic facilities, which have been documented as key
satisfaction =~ determinants in  outdoor  recreation
(Kusumawardhani 2022). The strong combined influence of
these four dimensions suggests that visitor satisfaction at
Mongkrang Hill is shaped not only by natural scenery but
also by emotional, social, and practical components of the
visitation experience.

The link between EVS and pro-conservation behavior
becomes clearer when viewed alongside the satisfaction—
WTP regression model (Table 3). Satisfaction strongly
predicts visitors’ willingness to pay for conservation (f =
0.90, p < 0.001), affirming the experiential pathway in
which positive experiences translate into financial support
for environmental protection. Comparable results have
been reported in ecotourism contexts where satisfaction
enhances perceived value and encourages voluntary
contributions (Mohamad and Lahay 2021; Pertiwi et al.
2022). This pattern supports theoretical propositions that
experiential quality can foster stewardship behaviors,
particularly in landscapes where ecological vulnerability is
visible (Putranto et al. 2020).

The integration of EVS and WTP therefore highlights a
socio-ecological mechanism: when visitors feel emotionally
rewarded, cognitively stimulated, socially connected, and
physically comfortable, they become more willing to invest
in the sustainability of the destination. This reinforces the
importance of visitor experience design as a conservation
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strategy. Enhancing the experiential dimensions identified
here—especially hedonic and novelty value can strengthen
both satisfaction and financial support, creating a self-
reinforcing cycle that benefits long-term biodiversity
conservation at Mongkrang Hill.

Ecological implications of increasing tourism pressure

The escalation of visitor numbers at Mongkrang Hill
has produced noticeable ecological pressures across the
savanna slopes, hiking trails, and summit areas (Figure
3.A). Field observations revealed vegetation trampling
along narrow ridgelines, soil compaction on frequently
used paths, and localized erosion on steeper segments
patterns commonly associated with unmanaged highland
tourism. Such impacts are typical in fragile montane
environments where grasses possess shallow root systems
and soil layers are thin, making them highly susceptible to
disturbance from repeated foot traffic (Putranto et al.
2020). The presence of exposed patches and widening of
informal trails indicates the early stages of landscape
fragmentation, which, if left unregulated, may accelerate
the decline of native plant cover.

Waste accumulation represents an additional ecological
burden. Despite signage encouraging responsible behavior
(Figure 3.B), plastic bottles and food packaging were
observed in rest areas and along the trail. This aligns with
findings from other Indonesian mountain tourism sites,
where littering has emerged as a persistent challenge due to
limited waste management infrastructure and fluctuating
visitor flows (Putranto et al. 2020). Compounding this issue
is the occurrence of open waste burning near basecamp
areas, a practice known to release harmful pollutants such
as carbon monoxide and particulate matter (Faridawati and
Sudarti 2021) and to increase the risk of vegetation fires
during dry periods (Jakhar et al. 2023). These environmental
hazards not only degrade ecological quality but also diminish
the aesthetic and recreational value of the destination.

Wildlife disturbance is another emerging concern. As
visitor movement increases, noise levels and human
presence disrupt the natural behavior of fauna historically
inhabiting the area, such as montane bird species and small
mammals (Elena 2024). Similar patterns of wildlife
displacement have been reported in other ecotourism
landscapes where uncontrolled visitor density alters habitat
suitability and reduces ecological resilience (Estiyantara
2022). In Mongkrang Hill, the combination of habitat
compression, waste pollution, and trampling signals that
the ecological carrying capacity may be approaching its
threshold.

If tourism growth continues without improved
management, long-term ecological consequences are likely.
These include reduced vegetation regeneration, expansion
of erosion-prone surfaces, decline in biodiversity, and
weakening of ecosystem services such as slope stabilization
and microclimate regulation. International studies indicate
that once highland ecosystems reach a critical level of
degradation, recovery becomes slow and often incomplete
due to harsh climatic conditions and limited soil fertility
(Li et al. 2023). Thus, proactive measures such as trail
zoning, vegetation restoration, stricter waste regulation, and
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visitor capacity limits—are essential to prevent Mongkrang
Hill from experiencing irreversible ecological decline.

Policy implications for WTP-based conservation funding

The WTP values identified in this study (Figure 2)
provide an important baseline for designing conservation
financing mechanisms at Mongkrang Hill. The regression
results in Table 3 demonstrate that visitor satisfaction is a
strong and significant predictor of WTP (B = 0.90, p <
0.001), confirming that improvements in environmental
quality and service delivery can translate directly into
higher financial support for conservation initiatives. Similar
patterns have been observed in other tourism contexts,
where visitors demonstrate higher WTP when ecological
benefits are tangible and service attributes meet or exceed
expectations (Arimurti et al. 2021; Pertiwi et al. 2022). This
consistency suggests that Mongkrang Hill has substantial
potential to adopt a structured funding model based on
experiential value.

A practical implication of these findings is the feasibility
of introducing a conservation ticket scheme, where a
modest increase in entrance fees is earmarked specifically
for ecosystem management. Evidence from environmental
economics shows that earmarked conservation fees lead to
greater public acceptance and transparency because visitors
know exactly how their contributions are used (Hanemann
1991; Rahmati et al. 2023). Given the average visitor WTP
of IDR 15,840 well above the current fee implementing a
differentiated tariff structure, such as weekday—weekend
pricing or optional conservation add-ons, could generate
sustained funding without reducing visitation.

Another policy avenue is the adoption of Payment for
Ecosystem Services (PES) principles. Under this approach,
tourists act as direct beneficiaries and contributors to
ecosystem protection, similar to models applied in
groundwater conservation (Bani et al. 2020) and sustainable
tourism initiatives in ecologically sensitive regions (Li et
al. 2024). At Mongkrang Hill, PES could be operationalized
through voluntary contributions for trail restoration, vegetation
rehabilitation, or waste management programs, with periodic
reporting to ensure accountability.

Visitor quotas also emerge as a relevant policy tool. As
tourism pressure increases, limiting daily hikers through a
regulated ticketing system can reduce ecological strain
while maintaining the perceived exclusivity and quality of
the visitor experience. This approach aligns with global
best practices that balance economic benefits with
ecological carrying capacity constraints (Nguyen et al.
2023). The WTP results indicate that visitors are willing
not only in principle but also financially to support
conservation at Mongkrang Hill. Policies that leverage this
willingness, designed with transparency, fairness, and
ecological necessity, can establish a long-term, community-
supported funding model for highland biodiversity
conservation.

Strengthening ecotourism management through visitor
experience enhancement

The results of this study show that experiential value
particularly hedonic enjoyment, novelty, comfort, and
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social interaction—plays a central role in shaping visitor
satisfaction and subsequent support for conservation. The
aesthetic landscape of Mongkrang Hill, combined with its
accessible trails and panoramic viewpoints, constitutes the
core of the visitor experience. These findings are consistent
with studies demonstrating that emotional engagement and
sensory appeal are dominant predictors of positive tourism
experiences and behavioral intentions (Prebensen and
Rosengren 2016; Vitterse et al. 2017). Similarly, novelty-
driven experiences have been shown to enhance
memorability and stimulate pro-environmental behavior,
aligning with the perspectives of Skavronskaya et al.
(2020) and Blomstervik et al. (2021).

In the context of Mongkrang Hill, improvements to
tourism infrastructure such as clearer signage, well-
maintained rest shelters, and safe trail conditions have
direct implications for comfort, which in turn elevates
satisfaction levels. This agrees with findings from
Kusumawardhani (2022) and Nurmala et al. (2022), who
emphasize that adequate facilities are essential for
maintaining service quality and sustaining visitor loyalty.
The current reminders posted on-site (Figure 3.C), including
waste-related advisories and safety notices, indicate
ongoing efforts to shape responsible visitor behavior.
However, the persistence of litter and erosion hotspots
suggests that complementary interpretive strategies may be
necessary.

Environmental interpretation, whether through guided
trails, informational panels, or digital media, has been
shown to strengthen experiential value by transforming
passive sightseeing into meaningful engagement (Chan and
Saikim 2022; Deng et al. 2023). As shown in Figure 3.D,
social media platforms that can be used to promote
Mongkrang Hill are identified. At Mongkrang Hill,
interpretive materials could highlight local flora such as C.
Junghuhniana and Schima wallichii (DC.) Korth., ecological
vulnerabilities of highland savannas, and the cultural
significance of Mount Lawu. Such content would reinforce
the novelty and hedonic dimensions while fostering
ecological awareness.

Furthermore, enhancing on-site interaction whether
through ranger presence, volunteer guides, or community-
based interpretation could strengthen the interaction
dimension of EVS, which this study found to be significantly
associated with satisfaction. As highlighted by Kusherdyana
et al. (2020), meaningful human interaction in tourism
settings promotes positive behavioral intentions and supports
sustainable tourism outcomes. The integration of
experiential design principles into ecotourism management
at Mongkrang Hill is crucial. By improving facilities,
enhancing interpretive content, and promoting responsible
visitor behavior, managers can amplify experiential value,
which, as demonstrated in this study, translates into
stronger satisfaction and higher willingness to support
biodiversity conservation.

Integrating circular economy into ecotourism practices
The field observations reveal that local communities

around Mongkrang Hill are already implementing basic

circular economy practices, particularly through the sorting
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and resale of plastic bottle waste collected from tourist
areas. Although modest, this activity demonstrates an
important foundation for transforming waste into economic
value while reducing the environmental burden associated
with growing tourist numbers. Such initiatives resonate
with broader circular economy frameworks, which emphasize
resource recirculation, waste minimization, and economic
value creation through sustainable practices (Androniceanu
et al. 2021; Lahane and Kant 2022). In the context of
ecotourism, integrating circular systems is increasingly
recognized as a strategic pathway for improving
environmental performance while generating additional
livelihood opportunities (Rosa et al. 2023).

At Mongkrang Hill, the existing practice of plastic
waste sorting can be expanded into more structured
community-based waste enterprises. For example, recycling
cooperatives managed by local residents could collect, sort,
and process recyclables, thereby creating additional income
streams while supporting cleaner hiking trails. This approach
is consistent with findings by Kurnia et al. (2023), who
argue that circular solutions contribute directly to decent
work and economic growth by strengthening local
entrepreneurship an important element for rural
communities dependent on tourism.

Circular economy implementation can also extend to
organic materials. Food waste, which is currently problematic
along the hiking routes and near basecamp, could be
composted and used to support the ongoing reforestation
initiatives undertaken by Perhutani and student conservation
groups. Such integration would close nutrient loops and
reduce the reliance on synthetic inputs for seedling
cultivation. Similar initiatives have shown success in other
community-based tourism sites where organic waste
composting not only reduces pollution but also supports
agroforestry or greening programs (Rosa et al. 2023;
Wahyudi et al. 2023).

Moreover, adopting circular practices can enhance
visitor experience by reinforcing perceptions of environmental
responsibility. Studies on sustainable tourism indicate that
visible sustainability actions such as recycling stations,
signage promoting waste reduction, or community-led
conservation programs increase visitor appreciation and
strengthen pro-environmental behavior (Nyamboke 2023).
For Mongkrang Hill, creating a “circular visitor pathway”
that visually communicates how waste is collected, reused,
and reinvested into conservation could deepen visitor
engagement and strengthen the experiential value dimensions
identified earlier in this study.

Integrating circular economy principles into ecotourism
management not only mitigates ecological pressures but
also supports local livelihoods and reinforces conservation-
oriented visitor behavior. As tourism demand continues to
rise, circular economy strategies will become increasingly
essential for sustaining both the ecological integrity and the
socio-economic benefits of Mongkrang Hill.

Study limitations and future research directions

This study has limitations. First, while systematic
random sampling enhanced within-period representativeness,
the sample (N=60) and its confinement to peak hours in
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March limit generalizability across different times and
seasons. Second, as a single-site study, findings may not
directly transfer to other highland destinations with
differing conditions. Third, self-reported data are susceptible
to biases like social desirability and hypothetical bias in
WTP measures. Fourth, the lack of biophysical data (e.g.,
soil compaction, vegetation cover) limits objective validation
of ecological impacts. Future research should: (i)
Adopt longitudinal mixed-methods designs linking larger,
temporally stratified visitor surveys with ecological
monitoring, (ii) Conduct comparative multi-site studies to
identify context-specific factors influencing EVS and
WTP, (iii) Triangulate stated WTP with experimental or
revealed preference methods to enhance valuation
robustness.

Conclusion, this study demonstrates that experiential
quality plays a central role in shaping visitor satisfaction
and willingness to pay for conservation at Mongkrang Hill,
a rapidly developing highland ecotourism site in Central
Java. The four dimensions of the Experiential Value Scale
hedonic value, novelty, interaction, and comfort
significantly enhance satisfaction, which subsequently
increases visitors’ financial readiness to support biodiversity
protection. The average additional WTP of IDR 15,840
indicates meaningful potential for establishing conservation-
based funding mechanisms that can strengthen habitat
restoration, improve visitor management, and maintain
ecological integrity. Field observations further reveal that
tourism pressure is escalating, underscoring the need for
improved waste management, erosion control, and
environmental education. By integrating experiential value
assessment with economic valuation, this research provides
an applied socio-ecological framework for developing
community-based, circular-economy-oriented ecotourism
policies that support long-term sustainability in highland
ecosystems such as Mongkrang Hill.
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Abstract. Cahyaningsih AP, Etikawati N, Yunus A. 2025. Gamma-ray irradiation induced polymorphism in Echinacea purpurea revealed
by RAPD markers. Nusantara Bioscience 17: 289-297. One of the major challenges in the development and cultivation of Echinacea
purpurea in Indonesia is the narrow genetic diversity and the lack variation of local accessions, which restricts breeding potential to
produce superior varieties with improved traits in terms of morphological characteristics and phytochemical content as medicinal
ingredients. To overcome this challenge, gamma-ray irradiation methods can be used as an effective tool to induce mutations and
increase genetic variability. This study investigated the impact of gamma irradiation on the genetic diversity of E. purpurea using
Random Amplified Polymorphic DNA (RAPD) markers. The seeds of E. purpurea were irradiated using gamma-ray with irradiation
doses of 0 Gy (control), 20 Gy, 40 Gy, and 60 Gy. Nine RAPD primers, including OPA-10, OPA-16, OPA-18, and OPA-19, were used
to amplify DNA segments. The binary data obtained from the electrophoresis visualization for each treatment were analyzed using the
Dice similarity index to calculate the similarity index. Dendrogram construction were performed using the NTSYS. The analysis
revealed a significant increase in genetic diversity at doses of 40 Gy and 60 Gy, with 58.04% of the total bands showing polymorphism
across all treatments. The 60 Gy treatment, in particular, resulted in the highest genetic dissimilarity compared to the control, indicating
a dose-dependent response. The similarity coefficients between control and irradiated plants ranged from 63.7% (20 Gy) to 84.4% (0
Gy), with a noticeable trend toward greater genetic differentiation as the irradiation dose increased. These findings suggest that gamma
irradiation effectively induces genetic variation in E. purpurea, which could be harnessed for mutation breeding programs aimed at
improving desirable traits such as phytochemical production. However, further studies with larger sample sizes and long-term evaluation
are needed to assess the stability of these mutations and their potential for incorporation into breeding programs. This study provides
preliminary evidence supporting the use of gamma irradiation in enhancing genetic diversity and its potential application in breeding
superior E. purpurea varieties with improved agronomic or medicinal traits.

Keywords: Echinacea purpurea, gamma irradiation, medicinal plant, molecular marker, mutation breeding

INTRODUCTION health supplements to help maintain the immune system

(Pramesty 2021).

Echinacea purpurea (L.) Moench is a medicinal plant
long recognized in traditional medicine, particularly as a
powerful immunostimulant. It is widely used to boost the
immune system and reduce symptoms of common colds
and influenza. Extracts from the aerial parts of E. purpurea,
including the stem, leaves, and roots, are commonly used in
pharmaceutical preparations to accelerate the healing of
upper respiratory tract infections (Burlou-Nagy et al.
2022). The use of E. purpurea extracts is not limited to
immunomodulation therapy but is also known for its
significant antioxidant and anti-inflammatory properties
(Manayi et al. 2015; Miroshina and Poznyakovskiy 2023).
These pharmacological qualities make it one of the key
plants in the herbal medicine industry, especially in Europe
and North America, where it was first widely cultivated. In
Indonesia, the use of E. purpurea is relatively new, but its
potential in the pharmaceutical industry is substantial,
particularly in disease prevention and public health
improvement. In Indonesia, E. purpurea has been used in

One of the major challenges in the development and
cultivation of E. purpurea in Indonesia is the narrow
genetic diversity and the lack variation of local accessions,
which restricts breeding potential to produce superior
varieties with improved traits in terms of morphological
characteristics and phytochemical content as medicinal
ingredients. To overcome this challenge, gamma-ray
irradiation methods can be used as an effective tool to
induce mutations and increase genetic variability. This
technique has proven successful in various plants,
including Musa paradisiaca (Due et al. 2019) and Oryza
sativa (Purwanto et al. 2019), as well as ornamental plants
like Chrysanthemum (Susila et al. 2019) and medicinal
plant such as Celosia cristata (Mubhallilin et al. 2019).
Gamma irradiation induces mutations that lead to increased
phenotypic diversity and altered chemical content,
potentially improving the medicinal properties of plants.

Although gamma-ray irradiation is a promising technique,
there remains a gap in knowledge regarding the dose-
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specific effects of gamma irradiation on E. purpurea's
genetic traits. While prior studies have used irradiation in
other plants, the impact of different doses on the genetic
diversity of E. purpurea has not been well-explored.
Specifically, the effects of varying irradiation doses on the
genetic markers of E. purpurea need further investigation
to optimize breeding strategies. In this context, molecular
markers such as Random Amplified Polymorphic DNA
(RAPD) provide an efficient and cost-effective means of
detecting genetic changes induced by irradiation. RAPD
markers are ideal for E. purpurea, whose genome has not
been fully mapped, and they are useful for assessing genetic
variations in plants subjected to mutagenesis (Nasution et
al. 2021).

While RAPD markers have been used in previous
studies on E. purpurea to explore genetic diversity (Subositi
and Widiastuti 2013), this study introduces a novel
approach by combining gamma-ray irradiation with RAPD
analysis to investigate the genetic variation induced by
different irradiation doses in Indonesian accessions of E.
purpurea. Unlike earlier research, which focused on natural
genetic diversity without the use of mutagenesis, this study
aims to fill the knowledge gap on the dose-specific effects
of gamma-ray irradiation, providing insights into how
different doses impact genetic variation in E. purpurea.

Gamma-ray irradiation in mutation breeding not only
aims to increase genetic diversity but also to influence key
agronomic traits that can improve plant production.
Previous studies on horticultural crops have shown that the
appropriate irradiation dose can accelerate flowering time,
increase biomass yield, and shorten the harvest period
(Holme et al. 2019), which is particularly beneficial for
plants with long vegetative phase like E. purpurea.
Moreover, inducing genetic diversity through irradiation
can improve secondary metabolite content, enhancing the
pharmacological value of E. purpurea, especially regarding
flavonoid content, which is crucial for its medicinal
properties (Hanifah et al. 2024).

This study specifically aimed to investigate the effects
of different gamma-ray irradiation doses on the genetic
diversity of Indonesian accessions of E. purpurea using
RAPD markers. The findings of this study are expected to
provide a foundation for developing superior varieties with
higher pharmacological potential and improved agronomic
traits. Additionally, the superior accessions developed
through irradiation are anticipated to reduce the need for
plant imports, thereby providing raw materials for the
pharmaceutical industry in Indonesia.

MATERIALS AND METHODS

Plant material

The plant material used in this study was Echinacea
purpurea Accession 3 (A3) seeds from Research and
Development Center for Medicinal Plants and Traditional
Medicine (B2P2TOOT), Tawangmangu, Central Java,
Indonesia. Echinacea purpurea accession at B2P2TOOT is
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an Echinacea plant imported from Germany through PT.
Deltomed Laboratories. Accession A3 is one of three leading
accessions of B2P2TOOT planted in the highlands,
classified based on minor morphological variations in
flower shape and stem color. In the highland, this accession
noted for lacking variants with uniform tillers (Subositi and
Fauzi 2016). Both highland and lowland, this accession has
low growth yield and secondary metabolite levels (Sidhiq
et al. 2020). The irradiation of E. purpurea seeds was
conducted at the PAIR-BATAN Laboratory (Center for
Isotope and Radiation Applications - National Nuclear
Energy Agency), Jakarta, Indonesia. The irradiated seeds
were sown, and the seedlings were planted in the
agricultural land of Universitas Sebelas Maret, Jumantono,
Central Java, Indonesia. Molecular analysis was performed
at the Biology Laboratory, Faculty of Mathematics and
Natural Sciences, Universitas Sebelas Maret. The research
was conducted from May 2021 to April 2022.

Gamma-ray irradiation and seed sowing

The flowers of E. purpurea A3 from B2P2TOOT were
collected and sun-dried for two days. Afterward, the seeds
attached to the dried flowers were separated and sorted,
selecting only those seeds that contained the embryo. A
total of 120 E. purpurea seeds, with 30 seeds for each
treatment, were placed in plastic clips and labeled according
to each gamma radiation dose. The seeds were irradiated
using a Gamma Chamber/Gamma Cell-220 upgrade with
irradiation doses of 0 Gy (control), 20 Gy, 40 Gy, and 60
Gy by a ¢Co source at a dose rate of 3789.4 Gy h™'. The
gamma irradiation time for a dose of 20 Gy was 19
seconds, a dose of 40 Gy was 38 seconds, and a dose of 60
Gy was 57 seconds. Irradiated E. purpurea seeds were
sown in seed trays filled with a soil and manure mixture at
a ratio of 3:2. The seeds were placed on the surface and
gently pressed to ensure good contact with the soil. They
were then covered with 3-5 mm of soil and watered gently
but thoroughly to moisten the soil. The trays were placed in
a bright and warm location, with the soil kept moist until
germination. Seedlings aged 30 DAS (Days After Sowing)
were transplanted into polybags (15x15 c¢m) filled with the
same soil and manure mixture at a ratio of 3:2. Watering
and seedling care were carried out daily until 120 DAS.
Germination and seeding were carried out in a greenhouse.

Field planting

Echinacea purpurea seedlings aged 120 DAS (Days
After Sowing) were transplanted into beds (300x100 cm)
for each treatment. Echinacea purpurea plants were
planted with a spacing of 30 cm. The beds were shaded
using a shade net with 65% density. In each bed, 10 E.
purpurea seedlings were planted for each treatment. Two
plants from each treatment were taken as samples.
Echinacea purpurea plants were maintained until they
were 120 Days After Field Planting (DAFT) by watering
once a day. Control plants and gamma-ray irradiated plants
are displayed in Figure 1.
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Figure 1. Echinacea purpurea plant material irradiated with gamma-rays. A. Control, B. 20 Gy, C. 40 Gy, D. 60 Gy

Molecular analysis using RAPD markers
DNA extraction

DNA extraction from E. purpurea leaves for each
treatment was performed according to Plant Genomic Mini
Kit protocol provided by Geneaid, which consists of five
stages of DNA isolation: tissue dissociation, lysis, DNA
binding, washing, and DNA elution. The quality and quantity
of extracted DNA were examined using an Eppendorf
Biophotometer Plus. The DNA purity determined based on
the absorbance measurement at a wavelength of A 260/280.
DNA isolates with a purity value of 1.8-2.0 were considered
suitable for the next stage. This range indicates minimal
contamination, which is crucial for efficient DNA
amplification in PCR (Sophian et al. 2021).

DNA amplification (PCR-RAPD)

The DNA amplification of E. purpurea plants for each
treatment, based on RAPD markers, was conducted using 9
primers (Table 1). The RAPD primers used were based on
a literature review of several studies on the genetic
variation of E. purpurea species, consisting of 3 accessions
from the study by Subositi and Widiyastuti (2013) and 6
accessions from the study by Lema-Ruminska et al. (2019).
PCR amplification preparation began by making a PCR
mix with a total volume of 25 pL, consisting of 2 pL of
DNA template, 1 pL of primer, 12.5 pL of MyTaq HS Red

Mix, and 9.5 pL of ddH,O. The amplification process was
performed using a Veriti™ thermal cycler with the
following stages: pre-denaturation at 94°C for 5 minutes,
followed by 35 cycles of denaturation at 94°C for 1 minute,
annealing (depending on the primer, 36°C-38°C) for 1
minute, elongation at 72°C for 2 minutes, extension at
72°C for 8 minutes, and a final holding temperature of 4°C
(Subositi and Widiyastuti 2013). The amplified products
were stored at -20°C.

Electrophoresis

The PCR products were checked using 2% agarose gel
electrophoresis. A total of 2 g of agarose powder was
dissolved in 100 mL of 0.8X TAE buffer, and 10 uL of
SYBR safe DNA gel stain was added. A total of 5 uL of
PCR product DNA was mixed with 2 uL of loading dye on
a piece of parafilm until homogeneous using a micropipette.
The mixture was then loaded into the wells of the agarose
gel. A 100 bp DNA ladder (3 pL) was loaded into the
leftmost well. Electrophoresis was carried out by closing
the electrophoresis tank and connecting it to the power
supply at 100 volts for 30 minutes. Gel images were
recorded using Bio-Rad Gel Doc XR+ System. The agarose
gel was placed into the Gel documentation system to
observe the polymorphism bands for each treatment of
mutant E. purpurea plants.
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Table 1. RAPD primers used for PCR
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Primer Sequence (5'-3") Tm (°C) Reference

OPA-10 GTGATCGCAG 38 Subositi and Widiyastuti (2013)
OPA-16 AGCCAGCGAA 37 Lema-Ruminska et al. (2019)
OPA-17 GACCGCTTGT 38 Lema-Ruminska et al. (2019)
OPB-4 GGACTGGAGT 36 Lema-Ruminska et al. (2019)
OPE-6 AAGACCCCTC 36 Subositi and Widiyastuti (2013)
OPF-6 GGGAATTCGG 36 Lema-Ruminska et al. (2019)
OPG-4 AGCGTGTCTG 38 Lema-Ruminska et al. (2019)
OPH-13 GACGCCACAC 37 Subositi and Widiyastuti (2013)
OPO-15 TGG GTCCTT 38 Lema-Ruminska et al. (2019)

Note: Tm: Melting temperature of primer

Data analysis

Molecular data observation was conducted by examining
the visualization of DNA fragments based on the RAPD
primers used. In the visualization results, a score of 1 was
assigned if a fragment was present, and a score of 0 if no
fragment was present. The binary data representing the
presence or absence of fragments were used to calculate the
number and percentage of polymorphisms. The binary data
obtained from the electrophoresis visualization for each
treatment were analyzed using the Dice similarity index to
calculate the similarity index. Dendrogram construction
was performed using the NTSYS 2.02 software with the
UPGMA method (Rohlf 2000).

RESULTS AND DISCUSSION

Amplification products using RAPD primers

In this study, RAPD markers were used to assess the
increase in genetic variation due to the application of
gamma-ray irradiation on Echinacea purpurea plants. A
total of 9 primers were selected and optimized to identify
polymorphisms in the DNA amplification products resulting
from gamma irradiation. Two plant samples were used for
each primer and irradiation dose. All samples irradiated
with doses of 0, 20 Gy, 40 Gy, and 60 Gy successfully
produced amplicons with the nine primers used, detecting
both polymorphic and monomorphic bands. The amplified
DNA bands can be seen in Figure 2.

In this study, a total of 135 DNA bands were generated
using 9 primers, with an average polymorphism rate of
58.04%, and band sizes ranging from 200 to 2000 bp.
Among these, 79 bands were polymorphic, while 56 were
monomorphic. Five primers (OPA-16, OPA-17, OPB-04,
OPE-06, and OPG-04) produced polymorphism rates greater
than 50%, whereas the remaining four primers (OPA-10,
OPF-06, OPH-13, and OPO-15) had polymorphism rates
below 50%. Of the five primers with more than 50%
polymorphism, only OPE-06 reached 100%. The number
of amplified DNA bands is summarized in Table 2.

The use of RAPD markers to detect polymorphism in E.
purpurea plants has been demonstrated in studies by
Subositi and Widiastuti (2013) and Lema-Ruminska et al.
(2019). Subositi and Widiastuti's study produced 48

fragments with an average polymorphism of 75%, while
Lema-Ruminska et al. (2019) reported 110 fragments with
a polymorphism percentage of 97.35%. In the current
study, the total number of DNA fragments was higher, but
the percentage of polymorphism was lower. The
differences in polymorphism percentages are related to the
type and number of primers used, as well as the E. purpurea
accessions serving as DNA samples. The two previous
studies used more than three accessions known to have
morphological variation, whereas this study used a single
accession irradiated at various doses, with the DNA
samples coming from irradiated plants. This study
combined primers from both previous studies. Amplified
DNA bands come from DNA samples complementary to
the primer, while polymorphic bands result from bands not
amplified at a specific locus (Sulistyawati and Widyatmoko
2017), indicating one or more alternative phenotypes and
suggesting genetic variation (Singh and Kulathinal 2013).
Polymorphism in mutant plants can occur due to
substitution, deletion, or insertion of nitrogenous bases at
the primer binding sites, preventing amplification, or due to
insertions or deletions that change the size of the amplified
fragment (Riviello-Flores et al. 2022).

While compared to studies on other medicinal plant, the
research by Magdy et al. (2020) found a polymorphism
percentage of 74.14% in the RAPD analysis of gamma-ray
irradiated ginger (Zingiber officinale), where they used 5
primers and obtained 58 bands (15 monomorphic and 43
polymorphic). The varying levels of polymorphism across
each primer confirm genetic variation in the gamma-
irradiated plants compared to the control (Riviello-Flores et
al. 2022). RAPD molecular markers have been used in
several studies to determine genetic variation in mutant
plants induced by gamma irradiation. Previous studies on
Typhonium flagelliforme (Sianipar et al. 2015), Tectona
grandis (Parlaongan et al. 2022), Coriandrum sativum
(Jabbar SM and Al-Tamimi 2022), and Persea americana
(Thsan et al. 2023) reported that RAPD markers are highly
useful for identifying mutant plants based on detected
polymorphisms, though not all primers consistently yield
optimal polymorphic bands. However, each study identified
some of the most effective primers. In this study, primers
OPA-16 and OPB-04 showed strong polymorphism.
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Figure 2. DNA bands resulting from amplification using RAPD primers. A. OPA-10, B. OPA-16, C. OPB-04, D. OPA-17. E. OPG-04.
F. OPF-06, G. OPE-06, H. OPH-13. 1. OPO-15. C: Control, 20: 20 Gy, 40: 40 Gy, 60: 60 Gy. M: Marker 100 bp

Table 2. Amplified DNA bands using RAPD primers

Loci

. . o .
Primer Size of DNA band (bp) Amount of DNA band  Polymorphic  Monomorphic  Unique 7o polymorphism
OPA-10 600-2000 10 2 8 - 20
OPA-16 200-1700 16 15 1 5 93.75
OPA-17 300-1700 16 9 7 1 56.25
OPB-04 300-1800 16 11 5 1 68.75
OPE-06 400-1800 11 11 0 - 100
OPF-06 275-2000 22 9 13 - 40.90
OPG-04 400-2000 18 14 4 - 77.77
OPH-13 600-1800 10 4 6 - 40
OPO-15 275-1800 16 4 12 - 25

Total 135 79 56 7

Average 15 8.7 6.2 - 58.04
Unique DNA fragments treatment produced five specific fragments with primer

Several unique or specific fragments were also obtained
from amplification results using RAPD primers (Table 2).
Unique or specific bands are those that appear in certain
genotypes but are absent in others (Sharma et al. 2019).
The 20 Gy treatment produced two specific fragments: a
500 bp fragment with primer OPB-04 and a 1400 bp
fragment with primer OPA-17. Meanwhile, the 60 Gy

OPA-16: fragments of 200 bp, 800 bp, and 1000 bp in the
first sample, and fragments of 250 bp and 350 bp in the
second sample. One of the advantages of using RAPD
markers is the ability to obtain unique fragments from
amplification results. These unique fragments can be used
for the identification and characterization of accessions and
as character materials for plant breeding purposes (Subositi
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and Widiastuti 2013).

At the 20 Gy dose, although considered a relatively low
irradiation dose, mutations were still induced; this effect
was detectable through RAPD analysis as this molecular
marker is sensitive to genetic changes such as small
insertions or deletions (Riviello-Flores et al. 2022). These
genetic changes led to the formation of unique fragments
that could be distinguished from the control group, as the
mutations altered the binding site locations of the RAPD
primers. Studies have confirmed that RAPD markers are
effective in identifying polymorphic and unique bands
induced by gamma-ray irradiation (Roy et al. 2006; Jabbar
and Al-Tamimi 2022). On the other hand, 60 Gy induces a
broader range of genetic mutations, including large-scale
structural changes such as deletions, duplications, or
rearrangements of the DNA (Shu et al. 2012). Primers like
OPA-16 can amplify these regions with larger structural
variations, leading to the appearance of unique bands. The
higher mutation rate associated with the 60 Gy dose
increases the probability of generating genetic variation in
loci that are targeted by these primers, resulting in more
specific fragment patterns.

Data on the effect of gamma irradiation on the
morphological diversity of E. purpurea, both qualitatively
and quantitatively, has been published by Cahyaningsih et
al. (2022). The unique fragments that appeared in E.
purpurea plants irradiated at doses of 20 Gy and 60 Gy
may be related to their morphological characteristics. At 20
Gy, the variation observed was a distinct flower shape
compared to all other treatments. At 60 Gy, more variations
were noted, corresponding to the unique fragments, such as
the shortest plant height, darker flower color, and the
longest time to first flowering compared to all other
treatments (Cahyaningsih et al. 2022). Primers OPB-04,
OPA-17, and OPA-16 can be used to detect mutant plant
characteristics and may later be used in marker-assisted
selection, particularly for flower traits in E. purpurea,
however, further validation studies are required.

Marker-assisted selection can be performed by analyzing
the relationship between DNA markers and specific genes
or phenotypes (Ben-Ari and Lavi 2012). RAPD markers
can be used to evaluate diversity and identify potential sources
of unique genetic material by indicating the presence of
specific fragments (Nadeem et al. 2018). Several studies
have evaluated the use of RAPD as markers that can link
specific fragments to desired phenotypes (Ntuli et al. 2015;

Vishalakshi et al. 2012; Miladinovi¢ et al. 2018; Subositi et
al. 2021).

Dendrogram

Table 3 shows the similarity coefficient values analyzed
based on Dice similarity. Coefficient values closer to 1
indicate a high degree of similarity between samples, while
values closer to 0 indicate increasing dissimilarity (Due et
al. 2019). Gamma-ray irradiation treatments at doses of 0,
20 Gy, 40 Gy, and 60 Gy resulted in similarity coefficients
ranging from 0.637 (63.7%) between the control and 60
Gy, to 0.844 (84.4%) between the control and 20 Gy.
Based on these coefficient values, it is evident that the
control plants and those treated with 20 Gy still have a
close similarity, while the control plants compared with
those treated with 40 Gy and 60 Gy show increasing
dissimilarity.

The study by Subositi and Widiastuti (2013) reported
that RAPD analysis of 3 accessions and 8 variants of E.
purpurea showed narrow genetic diversity, with similarity
indices ranging from 75.49% to 84.20%. This aligns with
the results of this study, where the similarity index for E.
purpurea control plants and those treated with 20 Gy
ranged from 81.4% to 84.4%. This indicates that gamma-
ray irradiation at 20 Gy was not able to significantly widen
the similarity distance, as the similarity index remained
high compared to the control plants.

For the 40 Gy treatment, the similarity distance from
the control plants began to widen, with a similarity index
ranging from 66.6% to 74.8%, indicating a 14.8% increase
in dissimilarity. Meanwhile, for the 60 Gy treatment, the
similarity distance widened further, with a similarity index
of 63.7% to 70.3% compared to the control, showing a
17.7% increase in dissimilarity. These results demonstrate
that gamma-ray irradiation at doses of 40 Gy and 60 Gy
can induce mutations, leading to the formation of new
alleles and thus increasing dissimilarity. The use of
gamma-ray irradiation, which also depends on the dose,
can cause larger chromosomal deletions through the
occurrence of deletions or insertions of various sizes, as
well as translocations (Sikora et al. 2011). Mutations in
genes can result in the creation of new alleles (Ulukapi and
Nasircilar 2019). The formation of new alleles through
mutations induced by gamma-rays contributes to the
overall genetic diversity of a species (Beyaz and Yildiz
2017).

Table 3. The similarity coefficient value of the gamma-ray irradiation results on Echinacea purpurea based on the RAPD marker

c1 20gy 1 40gy 1 60gy 1 K 2 20gy 2 40gy 2 60gy 2
Cc 1 1.000
20gy 1 0.844 1.000
40gy 1 0.733 0.740 1.000
60gy 1 0.696 0.748 0.740 1.000
K 2 0.814 0.792 0.740 0.703 1.000
20gy 2 0.814 0.792 0.711 0.644 0.837 1.000
40gy 2 0.666 0.718 0.814 0.674 0.748 0.733 1.000
60gy 2 0.644 0.651 0.688 0.725 0.637 0.681 0.740 1.000

Note: C: Control
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Figure 3. Dendrograms based on the estimation of genetic distance coefficient and UPGMA clustering of gamma-ray irradiation

treatment on Echinacea purpurea based on RAPD markers

The dendrogram was constructed based on the
appearance of DNA bands resulting from the amplification
of 9 RAPD primers. The dendrogram construction (Figure
3) shows that gamma-ray irradiation of E. purpurea resulted
in 3 main groups (I, II, III): the first group consists of the
control and the 20 Gy treatment, the second group
corresponds to the 40 Gy treatment, and the third group
corresponds to the 60 Gy treatment. The dendrogram also
indicates that the 60 Gy treatment has the greatest distance
from the control and other irradiation treatments, while the
20 Gy treatment has the closest distance to the control.

Gamma-rays are physical mutagens that, when applied
to plant organs, induce oxidative stress by generating
excessive reactive oxygen species (ROS). The ROS
produced can include superoxide radicals (O%), hydroxyl
radicals (OH"), and hydrogen peroxide (H>O,) (Yin et al.
2024). High concentrations of free radicals can affect cells,
including chromosomes, leading to instability in DNA
structure and causing DNA damage. However, exposure to
low doses of gamma-ray irradiation, combined with DNA
repair mechanisms and the role of non-enzymatic antioxidants,
allows mutations to occur without resulting in significant
damage (Riviello-Flores et al. 2022). Non-enzymatic
antioxidants, such as phenols, have protective properties
and reduce free radicals by donating hydrogen atoms or
electrons, stabilizing the radicals (Hanafy and Akladious
2018). At low doses of gamma-ray irradiation, cells rely on
a combination of direct and indirect DNA damage repair
mechanisms to mitigate the impact of reactive oxygen
species (ROS) and the resulting damage. While ROS can
contribute to indirect DNA damage, various DNA repair
pathways, including antioxidant defenses, play a crucial
role in reducing ROS-induced damage by scavenging ROS
and preventing further oxidative stress (Alanazi et al. 2024).

Echinacea purpurea is a medicinal plant with high
secondary metabolite content, including flavonoids or

phenols (Sidhiq et al. 2020; Ferdyana et al. 2021), which
can act as antioxidants (Banica et al. 2020). Gamma-ray
irradiation at doses of 20-60 Gy is still relatively low,
meaning that the resulting free radicals can be reduced,
leading to a low possibility of nitrogen base mutations. The
changes occurring in the DNA may also relate to functional
alterations; the mutations produced can lead to the
formation of new alleles and increase the dissimilarity
between mutant plants and control plants. Changes in DNA
can manifest as base breaks, translocations, or nitrogen
base deletions (Shu et al. 2012), resulting in the emergence
of new DNA structures or the loss of DNA bands, which
are detected as polymorphisms in molecular markers. This
study's results demonstrate that RAPD markers can detect
changes occurring in E. purpurea plants subjected to
gamma-ray irradiation, also resulting in groupings of plants
based on their similarity distances, which can be used as a
basis for breeding and developing new varieties.

In conclusion, gamma irradiation at doses of 20 Gy, 40
Gy, and 60 Gy induces significant genetic variation in E.
purpurea as revealed by RAPD markers. A total of nine
primers, including OPA-10, OPA-16, and OPA-18,
generated 58.04% polymorphism, with Dice similarity
coefficients ranging from 63.7% to 84.4%. The highest
genetic dissimilarity was observed at the 60 Gy dose,
indicating a dose-dependent increase in genetic divergence.
UPGMA clustering analysis successfully separated plants
into distinct groups based on irradiation dose, further
supporting the dose-dependent nature of the genetic variation
induced. These results suggest that gamma irradiation can
enhance the genetic diversity of E. purpurea, providing
valuable genetic resources for breeding programs aimed at
improving agronomic traits and phytochemical content.
The findings also provide promising preliminary evidence
for the potential use of gamma-induced genetic variation in
E. purpurea, further research is required with larger sample
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sizes, multiple accessions, and multi-generational analysis
to confirm the stability of the mutations and assess the
practical utility of these mutants for breeding. Future
studies should also integrate agronomic and phytochemical
evaluations to determine the full potential of gamma
irradiation in enhancing desirable traits for crop improvement.
Additionally, primers OPA-16 and OPB-04, which showed
strong polymorphism in this study, are recommended for
future marker-assisted selection in E. purpurea breeding
programs.
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Abstract. Srivastava A, Pandey V, Verma RK, Marwal A, Gupta R, Shahid MS, Gaur RK. 2025. Phylogeny and recombination of
papaya begomoviruses in Northern and Central-East India. Nusantara Bioscience 17: 298-312. Papaya plants exhibiting characteristic
leaf curl symptoms were surveyed in 2022 across Uttar Pradesh, Delhi, and Chhattisgarh, India. Begomovirus infection was suspected
based on symptomatology and confirmed in 11 of 47 collected samples using PCR with Begomovirus-specific primers. This study aimed
to elucidate the diversity and distribution of begomoviruses infecting papaya in these regions. Full-length viral genomes were amplified
through Rolling Circle Amplification (RCA), and associated alphasatellites and betasatellites were detected using PCR with universal
primers. The amplified viral genomes (~2.7 kb), betasatellites (~1.4 kb), and alphasatellites (~1.3 kb) were cloned and sequenced.
Sequence analysis revealed 94.57-99.46% nucleotide identity of DNA-A with known isolates of Papaya Leaf Curl Virus (PaLCuV),
Cotton Leaf Curl Virus (CLCuV), Croton Yellow Vein Mosaic Virus (CYVMYV), Tomato Leaf Curl New Delhi Virus (ToOLCNDV), and
Cotton Leaf Curl Multan Virus (CLCuMuV). The DNA-B component exhibited 98.33% identity with TOLCNDYV. Ten betasatellites
shared 86.81-99.71% identity with related species, whereas two alphasatellites showed approximately 98.5% identity with PaLCuA and
PaLCVSA. One betasatellite (PL36) displayed 86.81% identity and was identified as a novel Papaya Leaf Curl Raipur Betasatellite
(PaLCuRPRB). Furthermore, six PaLCuV isolates showing <91% identity was classified as new PaLCuV variants.

Keywords: Begomovirus, diversity, papaya leaf curl disease, phylogeny, species demarcation tool

INTRODUCTION associated with betasatellites and alphasatellites—small

DNA molecules (~1.3-1.4 kb) that rely on helper viruses

Papaya (Carica papaya L.) is an important tropical fruit  for replication (Nogueira et al. 2021). The BC1 gene of
crop of high nutritional and economic value. However, its  betasatellites is known to induce symptom expression and
production is severely constrained by several biotic stresses,  suppress host defense mechanisms. Genetic recombination
among which Papaya Leaf Curl Disease (PaLCD) is the and mutation events are major drivers of Begomovirus
most destructive. The disease manifests as interveinal evolution, host adaptation, and pathogenic variability
chlorosis, severe leaf curling, stunted growth, and poor (Fiallo-Olivé and Navas-Castillo 2023; Akram et al. 2025).
fruit quality, leading to significant yield losses (Udavatha Viruses are subjected to diverse selective pressures
et al. 2022; Varun et al. 2024). First observed in India in  resulting from the interplay between shifting fitness
1998, the causal agent was later identified as Papaya Leaf requirements and the conservation of essential functions
Curl Virus (PaLCV), a member of the Begomovirus genus  (Spielman et al. 2019; Butkovi¢ and Gonzéalez 2022).
transmitted by the whitefly Bemisia tabaci (Gennadius, Because different crop species cultivated across diverse
1889) (Saxena et al. 1998; Soni et al. 2022). Its efficient  agro-climatic zones possess distinct genetic backgrounds
transmission and broad host range have contributed to the and immune systems, Begomoviruses likely encounter
widespread occurrence of PaLCD across tropical and  geographically variable host immune responses.

subtropical regions. Consequently, virus sub-strains circulating in India may
Begomoviruses possess circular single-stranded DNA  undergo region-specific selective pressures.
genomes of approximately 2.7 kb, which may occur as Despite the widespread incidence of PaLCD in India,

monopartite (DNA-A) or bipartite (DNA-A and DNA-B) comprehensive information on the molecular diversity,
components. These genomes encode essential proteins evolutionary dynamics, and recombination patterns of
required for replication, transcription, and movement PaLCV and its associated satellites remains limited
within host cells. Many monopartite Begomoviruses are  particularly in northern and central India. Understanding
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this variability is crucial for identifying emerging viral
strains and devising effective management strategies.
Therefore, the present study investigates the genetic diversity,
recombination events, and phylogenetic relationships of
PaLCV and its associated satellites infecting papaya in
Uttar Pradesh, Delhi, and Chhattisgarh. These findings
provide new insights into the molecular epidemiology of
PaLCD and offer a foundation for developing region-
specific disease management approaches.

PaLCD severely impacts papaya plant health and
productivity, causing leaf curling, distortion, stunted
growth, and fruit yield losses ranging from 40 to 100% in
severely affected regions, including the United States and
Mexico (Srivastava et al. 2022a). Symptom severity varies
with the host genotype, environmental factors, and virus
strain. The complex genomic organization of Begomoviruses
, coupled with their extensive host and vector range, makes
PaLCD management particularly challenging. Integrated
management strategies currently include whitefly control,
the use of resistant cultivars, removal of infected plants,
adoption of appropriate cultural practices, and
implementation of monitoring and early detection programs
(Nadeem et al. 1997; Saxena et al. 1998).

PaLCD represents a complex viral disease system
caused by multiple begomoviral species, including Papaya
Leaf Curl Virus (PaLCuV), Papaya Leaf Curl China Virus
(PaLCuCNV), Papaya Leaf Curl Guandong Virus
(PaLCuGDYV), Chili Leaf Curl Virus (ChiLCV), Tomato
Leaf Curl Virus (ToLCV), Pedilanthus Leaf Curl Virus
(PeLCuV), and Papaya Leaf Crumple Virus (PaLCrV),
often in association with betasatellites. Among these,
Indian isolates of PaLCuV constitute the major component
of the disease complex affecting papaya, related crops, and
several weed species (Hallan et al. 1998). Although
sporadic studies have reported Begomovirus infections in
papaya, this study provides the first comprehensive account
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of the diversity and distribution of Begomoviruses
infecting papaya in northern and central India.

MATERIALS AND METHODS

Virus isolates: Detection and characterization

Papaya plants exhibiting typical leaf curl symptoms,
including wrinkled and twisted leaves with yellow veins,
were observed (Figure 1). The petioles appeared short,
thick, and twisted. Symptomatic plants either lacked fruits
or bore small, misshapen ones. A total of forty-seven
symptomatic and one non-symptomatic papaya leaf
samples were collected from different locations across
Chhattisgarh, Delhi, and Uttar Pradesh, India. The
collected leaf samples were designated as PL-1 to PL-47
and stored at 4°C in the laboratory for further analysis
(Table 1). Total genomic DNA was extracted from each
sample using the CTAB method (Doyle and Doyle 1990).
PCR amplification was performed using Begomovirus-
specific primer sets for virus detection. Out of forty-seven
samples, eleven tested positive and were selected for
Rolling Circle Amplification (RCA) to obtain the complete
viral genome. Samples were further screened for the
presence of DNA-B, betasatellites, and alphasatellites using
universal primer pairs. One sample was positive for DNA-
B, ten for betasatellites, and two for alphasatellites (Table
2), and these were used for complete genome sequencing.
RCA products were subjected to restriction digestion to
release begomoviral genome components, which were
subsequently cloned into the pTZ57RT vector and

transformed into Escherichia coli DH5a cells. The cloned
products were fully sequenced using an ABI automated
sequencer (BioKart, Bangalore, India).

Figure 1. Papaya plants showing different symptoms of Begomovirus infection under field conditions: A. Vein thickening, Blistering; B.
Leaf Curl, Interveinal Chlorosis; C. Vein enation, Distorted petioles, Upward/Downward Curling; D. Yellow mosaic patterns; E.

Healthy stocks
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Table 1. Geographical locations of symptomatic papaya leaf isolates collected from papaya and RCA representative isolates used for
full length genome sequencing

SI. No. Location of collected isolates State Name assigned PCR/RCA result Sequenced

1. Gorakhpur (Nakha Jangle) Uttar Pradesh PL1 Positive MZ605904 -
MZ605905

2. Gorakhpur (Transport Nagar) Uttar Pradesh PL2 Negative -

3. Gorakhpur (Amrood mandi) Uttar Pradesh PL3 Negative -

4. Gorakhpur (Belwar) Uttar Pradesh PL4 Negative -

5. Gorakhpur (D.D.U. Campus) Uttar Pradesh PLS5 Negative -

6. Gorakhpur (Gida) Uttar Pradesh PL6 Positive MZ669217 -
MZ606364

7. Gorakhpur (Singhariya) Uttar Pradesh PL7 Negative -

8. Gorakhpur (Salempur) Uttar Pradesh PL 8 Negative -

9. Gorakhpur (Kunraghat) Uttar Pradesh PL9 Negative -

10. Bastar Chhattisgarh PL 10 Positive 0Q440383 -
0Q440384 -
0Q440385

11. Bastar Chhattisgarh PL 11 Negative -

12. Deoria Uttar Pradesh PL 12 Negative -

13. Delhi Delhi PL 13 Positive OR489166 -
0Q440377

14. Delhi Delhi PL 14 Negative -

15. Delhi Delhi PL 15 Negative -

16. Gonda Uttar Pradesh PL 16 Negative -

17. Gonda Uttar Pradesh PL 17 Negative -

18. Durg Chhattisgarh PL 18 Negative -

19. Durg Chhattisgarh PL 19 Negative -

20. Durg Chbhattisgarh PL 20 Positive 0Q134774 -
0Q134775

21. Varanasi Uttar Pradesh PL 21 Negative -

22. Varanasi Uttar Pradesh PL 22 Negative -

23. Varanasi Uttar Pradesh PL 23 Negative -

24, Khalilabad Uttar Pradesh PL 24 Negative -

25. Khalilabad Uttar Pradesh PL 25 Negative -

26. Khalilabad Uttar Pradesh PL 26 Negative -

27. Khalilabad Uttar Pradesh PL 27 Positive 0Q168370 -
0Q168371

28. Mabharajganj Uttar Pradesh PL 28 Negative -

29. Maharajganj Uttar Pradesh PL 29 Positive 0Q091756 -
0Q091757

30. Mabharajganj Uttar Pradesh PL 30 Negative -

31. Nautanwa Uttar Pradesh PL 31 Positive 0Q290944 -
0Q290945

32. Nautanwa Uttar Pradesh PL 32 Negative -

33. Nautanwa Uttar Pradesh PL 33 Negative -

34. Nautanwa Uttar Pradesh PL 34 Negative -

35. Raipur Chhattisgarh PL 35 Negative -

36. Raipur Chbhattisgarh PL 36 Positive 0Q290942 -
0Q290943

37. Raipur Chbhattisgarh PL 37 Negative -

38. Bhilai Chbhattisgarh PL 38 Negative -

39. Ambikapur Chbhattisgarh PL 39 Negative -

40. Berla Chbhattisgarh PL 40 Negative -

41. Raigarh Chbhattisgarh PL 41 Negative -

42. Bilaspur Chhattisgarh PL 42 Negative -

43. Bilaspur Chbhattisgarh PL 43 Positive 0Q440378 -
0Q440379 -
0Q440380

44. Kurud Chbhattisgarh PL 44 Negative -

45. Mahasamund Chbhattisgarh PL 45 Positive 0Q440381 -
0Q440382

46. Mahasamund Chbhattisgarh PL 46 Negative -

47. Mahasamund Chhattisgarh PL 47 Negative -
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Table 2. PCR primers and amplification condition used for detection and characterization of Begomoviruses infecting papaya
PCR condition

Primer Imtlal—. No. of Denaturation Annealing Extension Fma.l Remarks Reference

denaturation cycles extension

Pallv1978/PAR1c496 94°C for 3 min 35 94°C for 1 min 55°C for2 72°Cfor2 72°C for DNA-A Wyatt and
min min 10 min Brown 1996

DNABLC1/DNABLV2 94°C for 3 min 35 94°C for  min 50°C for1 72°Cfor2 72°C for DNA-B Green et al.
min min 10 min 2001

Beta01/Beta02 94°C for 3 min 35 94°C for  min 52°Cfor1 72°Cfor2 72°C for Betasatellite Bull et al.
min min 10 min 2003

DNA 101/DNA102 94°C for 3 min 35 94°C for I min 52°Cfor1 72°Cfor2 72°C for Alphasatellite Xie et al.
min min 10 min 2010

Sequence analysis

The complete genomes of Begomoviruses and their
associated satellites were sequenced and analyzed.
Sequences showing the highest BLAST alignment scores
with the present isolates were retrieved from the National
Center for Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov) for comparative analysis.
Open Reading Frames (ORFs) were identified using the
ORF Finder tool (https://www.ncbi.nlm.nih.gov/orffinder/).
To determine pairwise sequence identities between the
newly identified isolates and known sequences, the Sequence
Demarcation Tool (SDT vl1.2) was employed. Multiple
sequence alignments were performed using the MUSCLE
algorithm for both DNA-A and betasatellite datasets,
independently and in combination (Mubhire et al. 2014).

Phylogenetic analysis

Bayesian phylogenetic analyses were performed using
BEAST v1.10 (Suchard et al. 2018) with Markov Chain
Monte Carlo (MCMC) parameters. Prepared datasets
comprising DNA-A, DNA-B, betasatellites, and alphasatellites
were analyzed to generate Maximum Clade Credibility
(MCQC) trees. These analyses aimed to elucidate evolutionary
relationships and potential host adaptation patterns among
the Begomoviruses. The resulting trees were visualized and
annotated using the Interactive Tree of Life (iTOL) platform,
version 6.5 (https://itol.embl.de) (Letunic and Bork 2021).

Recombination analysis

Recombination plays a key role in the evolution and
epidemiology of plant viruses. To assess the presence and
frequency of recombination events within the Begomovirus
genomes, two complementary approaches were employed.
First, phylogenetic network reconstruction was performed
using the Neighbor-Net method implemented in SplitsTree
v4 (Huson and Bryant 2006). The Pairwise Homoplasy
Index (PHI) test integrated in SplitsTree was used to detect
recombination signals, with significance determined at p <
0.05. Recombination between and within genetic groups
was considered significant when the PHI test yielded a
corrected p < 0.05. Second, to validate recombination
events and identify putative breakpoints and parental
sequences, the RDP v4.1 software package was used. This
package integrates seven algorithms: RDP, Bootscan,
Geneconv, MaxChi, Chimaera, SiScan, and 3Seq (Martin
et al. 2015). Analyses were conducted using predefined
detection thresholds, with p > 0.05 set as the upper

Bonferroni-corrected limit. Recombination breakpoints
supported by at least three independent algorithms were
considered reliable to minimize false positives.

RESULTS AND DISCUSSION

Survey and identification of Begomovirus

Typical Begomovirus-like symptoms were observed in
papaya plants at forty-seven locations across Chhattisgarh,
Delhi, and Uttar Pradesh, India. Field surveys indicated
that outbreaks of Begomovirus-associated diseases in
papaya were frequently linked to an increased distribution
of the whitefly vector, B. tabaci. Infected plants exhibited
diverse symptoms, including vein clearing and thickening,
zigzag and enated veins, downward and upward leaf
curling, leaf rolling, yellowing, leathery texture, distorted
petioles, and overall leaf deformation (Figure 1). A total of
forty-seven symptomatic and one non-symptomatic papaya
leaf samples (designated as PL-1 to PL-47) were collected
for analysis. Genomic DNA was extracted from both
infected and healthy samples using the CTAB method.
PCR amplification with universal Begomovirus primers
produced the expected 1.2 kb amplicon in eleven samples
(PL-1, PL-6, PL-10, PL-13, PL-20, PL-27, PL-29, PL-31,
PL-36, PL-43, and PL-45). Further analysis detected
betasatellites (Beta01/Beta02) in ten samples (PL-1, PL-6,
PL-10, PL-13, PL-27, PL-29, PL-31, PL-36, PL-43, and
PL-45) and alphasatellites (UN101/UN102) in two samples
(PL-10 and PL-43). One sample (PL-20) produced a 1.2 kb
amplicon with DNA-B-specific primers, confirming the
presence of a bipartite Begomovirus. Positive samples were
subjected to Rolling Circle Amplification (RCA) to obtain
complete viral genomes and associated satellite
components. RCA products were digested with BamHI
(DNA-A) and Xbal (DNA-B) to generate linear fragments
of approximately 2.8 kb and 1.3 kb, respectively. The
digested products, along with amplified satellite molecules,
were purified and cloned into the pTZS57RT plasmid as
described by Sahu et al. (2018) (Figure 2). Recombinant
plasmids were transformed into E. coli DH5a cells, and
positive clones were confirmed through PCR and
restriction analysis. The confirmed clones were sequenced
bidirectionally, and consensus sequences were assembled
into circular contigs using standard bioinformatics tools.
All sequences were submitted to the NCBI GenBank
database (Table 3).


https://www.ncbi.nlm.nih.gov/orffinder/

302

Sequence datasets and alignment

Query sequences from each isolate were compared with
available Begomovirus sequences in the GenBank database
using the BLASTn algorithm, and those showing the
highest nucleotide identity were retrieved for further
analysis. Open Reading Frames (ORFs) in each viral
genome were identified using the ORF Finder tool (Table
4). Four datasets DNA-A, DNA-B, alphasatellites, and
betasatellites were aligned using the ClustalW algorithm
implemented in MEGA X (Kumar et al. 2018). Pairwise
nucleotide sequence identities were determined using the
Sequence Demarcation Tool (SDT), which corroborated
the BLASTn results. The SDT analysis provided detailed
percentage identity values among isolates from different
geographical regions, confirming close relationships among
several sequences (Figure 3; Table 5).

Relationship between papaya-infecting present
Begomovirus isolate with known Begomoviruses
Complete genome sequences of the eleven
Begomovirus isolates were compared with representative
sequences of known Begomoviruses. Based on species
demarcation and strain classification criteria, six isolates
(PL-1, PL-6, PL-13, PL-20, PL-36, and PL-43) shared
>93.5% nucleotide identity with Papaya Leaf Curl Virus
(PaLCuV) isolates infecting various crops, and were thus
classified as new variants of PaLCuV. Two isolates (PL-31
and PL-45) shared 97% nucleotide identity with Tomato
Leaf Curl New Delhi Virus (ToOLCNDV), while isolates
PL-10 and PL-29 exhibited >96% identity with Cotton Leaf
Curl Multan Virus (CLCuMuV) and Cotton Leaf Curl
Virus (CLCuV), respectively. Another isolate (PL-29)
showed >96% identity with Croton Yellow Vein Virus
(CYVV) infecting Crofon glandulosus L.. In accordance
with the current species demarcation criteria, six isolates
were classified as PaLCuV strains, two as ToLCNDV
strains, two as CLCuMuV and CLCuV strains, and one as a

M PL-1 PL-6 PL-10 PL-13 PL-20 PL-27 PL-29 PL-31 PL-36 PL-43 PL-45 C PL-20)
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CYVV strain. All isolates and their associated subviral
components exhibited >91% nucleotide identity with
previously reported Begomoviruses , except for the
betasatellite of isolate PL-36, which showed only 86.81%
identity =~ with  Papaya Leaf Curl Betasatellite
(PaLCuB/IN:ND:03, AY244706). This distinct sequence
was identified as a novel subviral component and
designated Papaya Leaf Curl Raipur Betasatellite
(PaLCuRPRB). Among the six PaLCuV isolates, pairwise
identity analysis revealed that isolate PL-6 shared 77.10%,
PL-13 shared 80.10%, PL-20 shared 78.30%, PL-36 shared
78.60%, and PL-43 shared 81% nucleotide identity with
PL-1. Although these isolates shared >91% identity with
other reported PalLCuV isolates, the relatively lower
identity among themselves (<91%) suggests that they
represent novel PaLCuV variants, a conclusion supported
by SDT analysis.

Phylogenetic analysis

Phylogenetic  analyses of DNA-A, DNA-B,
betasatellite, and alphasatellite sequences were conducted
using Markov Chain Monte Carlo (MCMC) methods with
1,000 bootstrap replicates. The resulting phylogenetic trees
revealed that all eleven Begomovirus isolates from Uttar
Pradesh, Delhi, and Chhattisgarh formed distinct clusters.
As expected from the maximum-likelihood and Bayesian
analyses, the newly characterized sequences grouped with
known Begomoviruses infecting similar hosts (Figure 4).
Notably, six papaya leaf curl isolates (PL-1, PL-6, PL-13,
PL-20, PL-36, and PL-43) clustered closely with
previously reported monopartite Begomoviruses from
different regions of India. The Maximum Clade Credibility
(MCC) dendrogram further indicated clear segregation of
isolates based on host specificity, suggesting co-adaptation
of associated betasatellites with their respective helper
viruses (Saleem et al. 2016).

M _ C

PL-1 PL-6 PL-10 PL-13 PL-20 PL-27 PL-29 PL-31 PL-36 PL-43 PL-45]

—

CLELULLLEE

3.0 kb — b 2.7 kb
L5 kb

B e e e e 1.3kb
1.1 kb

PL-1 PL-6 PL-10 PL-13 PL-27 PL-29 PL-31 PL-36 PL-43 PL-45 C PL-10 PL-43

1.1 Kb

UC PL-1 PL-6 PL-10 PL-13 PL-20 PL-27 PL-29 PL-31 PL-36 PL-43PL-45 M

UC = UNCUT ; M= Marker (1 kb) ; Vector = pTZ57RT D
Restriction Enzyme =Xbal/ BamH1

Figure 2. Agarose gel detection of papaya leaf curl disease in papaya leaf samples: A. PCR positive sample (DNA-A; DNA-B); B. PCR
positive sample (Betasatellite; Alphasatellite); C. RCA positive sample; D. Restriction Digestion using Xbal/ BamH]1
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Recombination analysis

Neighbor-Net phylogenetic network analysis revealed
that the eleven Begomovirus isolates were grouped into
distinct lineages corresponding to their recombination
patterns. PHI tests conducted on multiple datasets indicated
statistically significant recombination signals (p < 0.05),
confirming the occurrence of recombination among and
within genetic groups. For all genomic datasets,
recombination was deemed significant (p = 0.00),
suggesting that the viral genomes may have originated
from parental Begomoviruses infecting diverse crops
(Figure 5). To further wvalidate these findings,
recombination events were analyzed using the RDP v4.1
software package, which integrates seven detection
algorithms. The analyses identified multiple putative
recombination breakpoints and parental sequences,
providing evidence of past recombination events (Figure 6;
Table 6). Each isolate exhibited unique recombination
profiles involving both major and minor parental
sequences. These events are likely to have contributed to
the adaptive evolution and diversification of papaya-

Discussion

Papaya (C. papaya) is a significant tropical fruit crop
valued for its nutritional and economic importance.
However, its productivity is severely affected by various
biotic stressors, among which Papaya Leaf Curl Disease
(PaLCD) is the most devastating (Udavatha et al. 2022;
Varun et al. 2024). The disease is caused by Papaya Leaf
Curl Virus (PaLCuV), a member of the Begomovirus genus
(family Geminiviridae), transmitted by the whitefly B.
tabaci. Since its first report in India in 1998 (Saxena et al.
1998), PaLCD has emerged as a serious threat to papaya
cultivation across multiple states. The present study
provides a comprehensive molecular characterization of
Begomoviruses infecting papaya in key papaya-growing
regions of India, revealing remarkable genetic
heterogeneity and evolutionary complexity underlying
PaLCD. Field surveys across Chhattisgarh, Delhi, and Uttar
Pradesh recorded variable disease incidence, which
correlated with high whitefly abundance a well-known
determinant of Begomovirus transmission (Srivastava et al.
2022b).

infecting Begomoviruses in India.

Table 3. Features and accession number of positive samples (sequenced) of Begomovirus isolates infecting papaya crop

Begomoviruses and associated component

Sample DNA-A DNA-B Betasatellite Alphasatellite Accession no. Isolate
PL1 Papaya Leaf Curl B Papaya Leaf Curl MZ605904 - Gorakhpur_avl
Virus (PaLCuV) Zetasatellite MZ605905
(PaLCuB)
PL6 Papaya Leaf Curl _ Papaya Leaf Curl _ MZ669217 - Gorakhpur av2
Virus (PaLCuV) Betasatellite MZ606364
(PaLCuB)
PL 10  Cotton Leaf Curl B Tomato Leaf Curl Papaya Leaf Curl 0Q440383 - Bastar RAV
Multan Virus Bangladesh Vishakapuri 0Q440384 -
(CLCuMuV) Betasatellite Alphasatellite 0Q440385
(ToLCBDB) (PaLCVSA)
PL 13  Papaya Leaf Curl B Tomato Leaf Curl _ OR489166 - Delhi RAV
Virus (PaLCuV) Bangladesh 0Q440377
Betasatellite
(ToLCBDB)
PL20  Papaya Leaf Curl Tomato Leaf B 0Q134774 - Durg RAV
Virus (PaLCuV) Curl New 0Q134775
Delhi Virus
(ToLCNDV)
PL27  Croton Yellow Vein Papaya Leaf Curl _ 0Q168370 - Kahlilabad RA
Mosaic Virus Betasatellite 0Q168371 \%
(CYVMV) (PaLCuB)
PL 29  Cotton Leaf Curl _ Cotton Leaf Curl _ 0Q091756 - Maharajganj R
Virus (CLCuV) Betasatellite 0Q091757 AV
(CLCuB)
PL 31 Tomato Leaf Curl _ Tomato Leaf Curl _ 0Q290944 - Nautanwa_RAV
New Delhi Virus Betasatellite 00Q290945
(ToLCNDV) (ToLCB)
PL36  Papaya Leaf Curl _ Papaya Leaf Curl _ 0Q290942 - Raipur RAV
Virus (PaLCuV) Betasatellite 0Q290943
(PaLCuB)
PL 43  Papaya Leaf Curl _ Papaya Leaf Curl Papaya Leaf Curl 0Q440378 - Bilaspur RAV
Virus (PaLCuV) Betasatellite Alphasatellite 0Q440379 -
(PaLCuB) (PaLCuA) 0Q440380
PL45  Tomato Leaf Curl _ Cotton Leaf Curl 0Q440381 - Mahasamund_R
New Delhi Virus Betasatellite 0Q440382 AV
(ToLCNDV) (CLCuB)




Table 4. ORFs details of sequenced Begomovirus isolates from diseased papaya crops

ORFs

PL1 PL6 PL 10 PL 13 PL 20 PL 27 PL 29 PL 31 PL 36 PL 43 PL 45

DNA-A

CP (AV1) 307-1077 310-1080 280-1047 290-1060 307-1077 307-1077 293-1063 281-1060 304-1059 310-1080 287-1057

pre-CP (AV2) 147-503 150-506 120-485 130-486 147-503 147-503 133-480 121-459 144-500 150-506 127-465

Rep (AC1) 1526-2611 1529-2614 1496-2581 1558-2616 1531-2616 1526-2611 1521-2591 1516-2586 1529-2614 1529-2533 1506-2597

TrAP (AC2) 1219-1623 1222-1626 1147-1599 1368-1628 1224-1628 1219-1623 1205-1615 1194-1613 1222-1626 1222-1626 1199-1603

REn (AC3) 1200-1478 1077-1481 1050-1454 1057-1461 1079-1483 1074-1478 1060-1464 1064-1474 1077-1481 1077-1481 1054-1464

C4 (AC4) 2161-2460 2200-2457 2128-2430  2202-2459 2202-2459 2197-2454  2138-2446 2253-2429 2200-2457 2200-2457 2264-2440
Betasatellite

BC1 189-557 201-557 202-558 202-558 _ 221-577 194-550 192-572 201-557 200-556 195-551
DNA-B

BCl1 _ _ _ 1303-2148 . _ _ . .

BV1 _ _ _ 440-1246 . _ _ . .
Alphasatellite

REP 65-1012 89-1036




Table 5. Results of nucleotide BLAST (BLASTn), and Sequence Demarcation Tool (SDT) of sequenced Begomovirus isolates from diseased papaya crop estimating homology score with other
Begomovirus isolate

Sample Virus isolate Accession Maximum nucleotide % identity Maximum whole genome nucleotide % Name assigned based on nucleotide sequenced
p number with existing isolate BLAST identity with existing isolate SDT identity among each other <91%
PL 1 PalL.CuV/avl_GKP MZ605904 KY800906 98.63 KY800906 99.40 Papaya Leaf Curl Gorakhpur 1 Virus
PaLCuV/IN: ND:17 PaLCV/IN: ND:17 (PaLCuGKP1V)
PalLCuB/av1 MZ605905 JX987089 98.83 JX987089 99.30
PaL.CuB/IN: NBRI:21 PaLCuB/IN: NBRI:21
PL6 PalL.CuV/av2_GKP MZ669217 JN807765 98.91 JN807765 98.90 Papaya Leaf Curl Gorakhpur 6 Virus
PaLCuV/IN: Lkw:13 PaLCV/IN: Lkw:13 (PaLCuGKP6V)
PaLCuB/av2 MZ606364 JX050199 97.82 JX050199 99.30
PaLCuB/IN: IYV: Del:12 PaLCuB/IN: IYV: Del:12
PL 10 CLCuMuV/Bastar RAV ~ 0Q440383 JN558358 96.85 IN558358 97.50
CLCuMuV/IN:10 CLCuMuV/IN:10
ToLCBDB/BSTR_RAV 0Q440384 KX302716 94.17 KX302716 93.40
ToLCBDB/IN:GU2B3:11 ToLCBDB/IN:GU2B3:11
PaLCVSA/BSTR_RAV 0Q440385 ON054962 98.16 ON054962 99.80
PaLCVSA/IN: PVS2:18 PaLCVSA/IN: PVS2:18
PL 13 PaLCuV/DL_RAV OR489166 MNB839534 94.57 MN839534 94.50 Papaya Leaf Curl Delhi Virus
PaLCuV/PAK: WA1:18 PaLCuV/PAK: WAL1:18 (PaLCuDLYV)
ToLCBDB/DL_RAV 0Q440377 KX302716 91.57 KX302716 94.57
ToLCBDB/IN:GU2B3:11 ToLCBDB/IN:GU2B3:11
PL 20 PaLCuV/Durg RAV 0Q134774 FJ593629 98.95 FJ593629 99.30 Papaya Leaf Curl Durg Virus
PaLCuV/IN: Pt:08 PaLLCuV/IN: Pt:08 (PaLCuDGV)
ToLCNDV/Durg RAV 0Q134775 MT161675 98.33 MT161675 99.40
(DNA-B) ToLCNDV/BD: PapND71:16 ToLCNDV/BD: PapND71:16
PL 27 CYVV/KLD_RAV 0Q168370 FN543112 97.88 FN543112 99.71
CrYVMV/PAK:06 CrYVMV/PAK:06
PaLCuB/KLD_RAV 0Q168371 MH359169 99.71 MH359169 99.70
PaLCuB/IN:18 PaLCuB/IN:18
PL 29 CLCuV/ MHJ RAV 0Q091756  GU440580 98.44 GUA440580 99.20
CLCuV/IN: Lko: 2:06 CLCuV/IN: Lko: 2:06
CLCuB/MHJ_RAV 0Q091757 GQ369731 98.53 GQ369731 98.50
CLCuB/IN: LKO:08 CLCuB/IN: LKO:08
PL 31 ToLCNDV/NTW_RAV 00290944 MHS520664 97.84 MHS520664 99.00
ToLCNDV/PAK: ARG:12 ToLCNDV/PAK: ARG:12
ToLCuB/NTW_RAV 0Q290945 MT385292 99.33 MT385292 99.60
ToLCuB/IN: GKP04:20 ToLCuB/IN: GKP04:20
PL 36 PaLCuV/RPR_RAV 00290942 KY926899 99.46 KY926899 99.60 Papaya Leaf Curl Raipur Virus
PaLCuV/PAK:RM428:16 PaLCuV/PAK:RM428:16 (PaLCuRPRYV)
PaLCuB/RPR_RAV 00290943  AY244706 86.81 AY244706 88.00 Papaya Leaf Curl Raipur Betasatellite
PaLCuB/IN: ND:03 PaLCuB/IN: ND:03 (PaLCuRPRB)
PL 43 PaLCuV/BLS RAV 0Q440378 Y15934 98.37 Y 15934 98.30 Papaya Leaf Curl Bilaspur Virus
PaLCuV/IN:97 PalLCuV/IN:97 (PaLCuBLSV)
PaLCuB/BLS_RAV 0Q440379 GU370715 97.47 GU370715 98.47
PaLCuB/IN: PRM:05 PaL.CuB/IN: PRM:05
PaLCuA/BLS _RAV 0Q440380 JQ322970 98.49 JQ322970 99.20
PaLCuA/IN: CLCuV:10 PaL.CuA/IN: CLCuV:10
PL 45 ToLCNDV/MAHA RAV  0Q440381 DQ989325 98.89 DQ989325 98.10
ToLCNDV/IN: PD:06 ToLCNDV/IN: PD:06
CLCuB/MAHA RAV 0Q440382 J1X217745 97.10 JX217745 95.10

CLCuB/IN:10

CLCuB/IN:10




Table 6. Recombination analysis of breakpoint and its putative parental sequences listed based on best method having minimum p-Value for each recombinant isolate of Begomoviruses isolated
from papaya

Breakpoint and its putative parental sequences listed based on best method having minimum p-Value

Present isolates . .
for each recombinant isolate

Carica . Breakpoints Parent

papaya Begomovirus Events Recombinant Method p-value

(sample) (Total) (Yes/No) Begin End Minor Major

PL 1 MZ605904 5 YES 2076 1159 MF574143 ChiLCINV/IN: ~ HM 140364 ChiLCV/IN: R,G,M,S, 4.42E-07
PaLCV/IN:GKP:av1:21 Meerut:17 DU:09 3S
MZ605905 7 YES 189 495 MN839536 PaLCuB/Pak: MF374787 PaLCuB/IN: R,G,M,S,3S 3.02E-20
PaL.CuB/IN: GKP: av1:21 WA22:19 betaRad07:17

PL6 MZ669217 32 YES 1548 1900 KU376493 KY026598 PaLCV/IN: R,G,M,S,3S 4.25E-08
PaLCV/IN:GKP:av2:21 PaLCV/IN:CN2:15 Rad07:15
MZ606364 3 YES 622 801 MG686555 PaLCuB/IN: LT600718 PaLCuB/Pak: R,G,M,S, 35 1,03E+01
PaLCuB/IN: GKP: av2:21 kang:17 IH51:16

PL 10 0Q440383 18 YES 1517 2581 AJ002459 CLCuMuV/UK:  AJ002447 R,G,M,S,38 1.38E-19
CLCuMuV/IN: Bstr: RAV:21 0lc311:97 CLCuMuV/PAK: clc62:97
0Q440384 3 YES 1264 601 MZ151263 ToLCBDB/IN:  MZ172977 R,G,M,S,3S 3.52E-14
ToLCBDB/IN: Bstr: RAV:21 CHBS:21 ToLCBDB/IN:ZN:KOD:19
0Q440385 6 YES 1310 488 0Q4403377 ToLCBDB/IN:  MN417113 ToLCBDB/IN: R,G, M, S,3S 4,38E-11
PaLCVSA/Bstr: RAV:21 DL: RAV CHL44:14

PL 13 OR489166 19 YES 2742 1499 MNR839534 PaLCuV/PAK:  LT009395 PaLCuV/PAK: R,G,M,S,35 2.56E-34
PaLCuV/IN: DL: RAV:21 WAI1:18 MNT: D18:12
0Q440377 4 YES 1169 633 MZ172977 MN417113 ToOLCBDB/IN: R, G, M, S, 4.27E-06
ToLCBDB/IN: DL: RAV:21 ToLCBDB/IN:ZN:KOD:19 CHL44:14 38

PL 20 0Q134774 11 YES 2600 2692 Unknown (LN886525 IN663850 CYVMV/IN: R, G, M,S, 1.49E-13
PaLCV/IN: Durg: RAV:21 CYVMV/PAK:17RS60:15)  Bhu:09 3S
?Sﬂé;g\s; /IN: Durg: 8 YES 2576 2655 Unknown (MG373560 MT161675 ToOLCNDV/BD: ?SG M,S, 4.67E-08
RAV21 ToLCGuV/IN: ND:16) PapND71:16 =

PL 27 0Q168370 14 YES 2117 2405 FN678906 CYVMV/PAK: ) R,G,M,S,38 6.19E-05
CYVV/IN: KLD: RAV:21 HY:06 Y15934 PaLCV/IN:97
0Q168371- PaLCuB/IN: ? YES 1248 2 kymaspaspaLcupAk:  JMoowm(LISOTD o RGMS, 35 128E16
KLD: RAV:21 2491:17 21:16) ) )

PL 29 0Q091756 14 YES 2551 2567 Unknown (AF195782 GU253915 ToLCPatV/IN: R,G,M,S, 3.26E-06
CLCuV/IN: MHJ: RAV:21 ToLCLAV/LA:99) Tb:09 3S
0Q091757 3 YES 1145 1297 0Q440382 CLCuB/IN: R, G, M,S, 38 1,52E-19

CLCuB/IN: MHJ: RAV:21

EU126825 PaLCuB/IN:07

Maha: RAV:21



PL 31

PL 36

PL 43

PL 45

0Q290944 6
ToLCNDV/IN: NTW:
RAV:21

0Q290945

ToLCuB/IN: NTW: RAV:21
0Q290942 11
PaLCV/IN: RPR: RAV:21

0Q290943 7
PaLCuB/IN: RPR: RAV:21

0Q440378 32
PaL.CuV/IN: BLS: RAV:21

0Q440379 5
PaLL.CuB/IN: BLS: RAV:21

0Q440380 1
PaLLCuA/IN: BLS: RAV:21

0Q440381 8
ToLCNDV/IN: MAHA:

RAV:21

0Q440382 4
CLCuB/IN: MAHA: RAV:21

YES

YES

YES

YES

YES

YES

YES

YES

1613

NOT DETECTED AS RECOMBINANT

1028

361

2569

1080

316

1412

631

2582

1088

714

2700

1158

351

1785

1264

KC914896
ToLCNDV/PAK: Mn:
05:12

Unknown (HG937524
CYVMV/IN: Z173:12)
AY244706 PaLCuB/IN:
ND:03

Unknown (JQ954859
PaLCV/IN: ASLko:11)
IN663874 PaLCuB/IN:
Salem:08

MN885461
AYVINA/PAK: R43:16

KC513822
ToLCNDV/IN:AS:12

AY744380 CLCuB/IN:04

MT316388 ToLCNDV/IN:

Matar:19

KY926899
PaLCV/PAK:RM428:16
IN663849 PaL.CuB/IN:
Bengaluru:08

Y 15934 PaLCV/IN:97

LN828709 ToLCuB/PAK:
ND16:15

JQ322970 PaLCuA/IN:
CLCuV:10

KX827602

ToLCNDV/PAK: NJ: 56:15

KT447040
CLCuMuB/IN:1YF:11

R,G,M,S, 3§

E’ G’ M’ 59
3
R,G,M,S, 3§

R,G,B, M, 5,
3S
R,G,M,S, 3§

R, G,M,S,

3s
Ea Ga Ma 5,3_5'

R,GM,S, 38

1.42E-18

4.19E-11
6.55E-70
6.14E-27
1,13E-11
6,33E-18

3.87E-11

3.01E-10

Note: R: RDP; G: Geneconv; B: Bootscan; M: MaxChi; C: Chimarea; S: SiScan; 3Seq: Sequence Triplets; The lowest p-value calculated for the underline and bold method are given in the

column
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Figure 3. Color-coded matrix of percent pair wise nucleotide identity plot and genome score of full-length genomic component of
Begomovirus isolated from diseased papaya leaves (Red Bars) using the SDT v1.2. A. DNA-A; B. Betasatellite; C. Alphasatellite; D.
DNA-B
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Figure 4. Maximum Clade Credibility Phylogenetic tree illustrating the relationship of isolate avl and av2 within and among
Begomoviruses: A. DNA-A; B. Betasatellites; C. Alphasatellite; D. DNA-B. The tree was constructed using Bayesian technique and
Tree annotator tool with BEAST v.1.10 package. Bootstrap values are shown on branches. The inner ring represents the origin and outer

ring represents the host of isolates

Genetic characterization and species demarcation

Based on sequence identity and ICTV species
demarcation criteria (Brown et al. 2015), eleven
Begomovirus isolates were identified. Among them, five
isolates showed >91% nucleotide sequence identity with
known Begomoviruses , classifying them as variants of
existing species specifically, PL-29 and PL-43 as variants
of Cotton Leaf Curl Virus (CLCuV) and Papaya Leaf Curl
Virus (PaLCuV), and PL-10, PL-13, and PL-45 as variants
of Cotton Leaf Curl Multan Virus (CLCuMuV) and Croton
Yellow Vein Mosaic Virus (CYVMYV), respectively. In
contrast, six isolates (PL-1, PL-6, PL-20, PL-27, PL-31,
and PL-36) exhibited <91% nucleotide identity in their
DNA-A component, fulfilling the ICTV threshold for novel
species classification. Accordingly, we propose these as
new Begomovirus species: papaya leaf curl Gorakhpur 1
virus, papaya leaf curl Gorakhpur 6 virus, papaya leaf curl
Delhi virus, papaya leaf curl Durg virus, papaya leaf curl
Raipur virus, and papaya leaf curl Bilaspur virus. The
discovery of these six novel Begomoviruses significantly
broadens the known genetic diversity of papaya-infecting
Begomoviruses and underscores the dynamic evolution
occurring within Indian agroecosystems. These findings
provide the first molecular evidence of emergent
Begomovirus species in papaya and highlight their potential
epidemiological importance. The molecular tools applied
here PCR-based detection, RCA amplification, and
sequence-based classification offer valuable frameworks

for monitoring viral evolution and predicting potential
outbreaks.

Recombination and viral evolution

Recombination analysis demonstrated that genome
reshuffling plays a pivotal role in Begomovirus evolution
(Mishra et al. 2022). Statistically significant recombination
events were identified through PHI tests, indicating both
intra- and interspecific exchange among isolates. Isolates
PL-6 and PL-43 displayed the highest number of
recombination breakpoints, followed by PL-13 and PL-10,
suggesting frequent genetic exchange among sympatric
virus populations. In contrast, isolate PL-31 (PaLCuB)
exhibited no evidence of recombination, implying strong
purifying selection that may constrain recombinant
persistence. These results support the hypothesis that
Begomovirus evolution is driven by a dynamic balance
between adaptive selection and recombination-mediated
diversification. The observed mosaic genome structures,
derived from mixed parental lineages, likely facilitate
enhanced host adaptability and vector transmission
efficiency. Consistent with previous findings (Kumar et al.
2015; Quadros et al. 2023; Khan and Dijkstra 2024), our
data reinforce the central role of homologous recombination,
pseudo-recombination, and mixed infections as key
mechanisms underlying Begomovirus diversification and
host-range expansion. Such processes accelerate viral
speciation and may ultimately contribute to the emergence
of epidemic outbreaks (Sattar et al. 2025).
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Figure 5. A Neighbour-net phylogenetic network generated for sequence-based data set comprising of papaya-infecting isolates and
other Begomoviruses performed using Splits Tree v.4. A. DNA-A; B. Betasatellite; C. DNA-B; D. Alphasatellite

Evolutionary and epidemiological implications infection and cross-species transmission. Understanding

The emergence of novel Begomovirus species in papaya  these evolutionary dynamics is critical for designing
reflects ongoing evolutionary pressures driven by  sustainable management strategies. Continuous molecular
ecological, agronomic, and vector-related factors. surveillance and vector population monitoring are essential
Agricultural intensification, overlapping crop cycles, and to detect emergent variants before large-scale outbreaks
climatic variations that favor B. tabaci proliferation may  occur. Integrated disease management approaches
create ecological niches conducive to viral recombination = combining resistant cultivars, vector control, and molecular
and reassortment. Moreover, intercropping practices diagnostics should be prioritized to mitigate the threat
involving Begomovirus-susceptible hosts (e.g., cotton, posed by rapidly evolving Begomoviruses in tropical fruit
tomato, and okra) further increase opportunities for co-  systems.
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Figure 6. Recombination analysis of breakpoints and its putative parental sequences showing distribution of recombination frequency
across the genome of isolated Begomoviruses from papaya. A. DNA-A; B. Betasatellite; C. Alphasatellite; D. DNA-B

This study provides the first comprehensive molecular
characterization of Begomoviruses associated with Papaya
Leaf Curl Disease (PaLCD) in the major papaya-growing
regions of Uttar Pradesh, Delhi, and Chhattisgarh, India.
Using an integrated approach involving PCR detection,
Rolling Circle Amplification (RCA), molecular cloning,
and full-length genome sequencing, we confirmed the
widespread occurrence of multiple Begomoviruses
including Papaya Leaf Curl Virus (PaLCuV), Tomato Leaf
Curl New Delhi Virus (ToOLCNDV), and their associated
satellite molecules. Notably, six PalLCuV isolates
exhibiting <91% nucleotide identity was identified as novel
species, along with a newly characterized betasatellite,
Papaya Leaf Curl Raipur Betasatellite (PaLCuRPRB),
underscoring the extensive genetic plasticity within the
Begomoviruscomplex.  The  detection of  active
recombination signals and the presence of geographically
distinct variants indicate that region-specific selection
pressures and host-virus interactions are key drivers of
Begomovirus diversification and adaptation in Indian
papaya ecosystems. Overall, these findings substantially
enhance our understanding of the molecular diversity,
evolutionary mechanisms, and epidemiology of PaLCD.
The identification of new Begomovirus species and satellite
molecules provides valuable genomic resources for refining
phylogenetic frameworks and guiding the development of
virus-resistant cultivars through molecular breeding and
biotechnology. Continued surveillance and evolutionary
monitoring will be critical for predicting future outbreaks
and implementing region-specific, sustainable disease

management strategies to safeguard papaya production in
India.

The expanding diversity of Begomoviruses infecting
papaya underscores the need for continuous molecular
surveillance and integrated disease-management strategies.
The emergence of novel Papaya Leaf Curl Virus (PaLCuV)
variants and new satellite molecules, as revealed in this
study, highlights the dynamic evolutionary potential of
these pathogens under changing agro-ecological and
climatic conditions. Future research should therefore focus
on establishing a nationwide genomic monitoring network
to track spatiotemporal variations in Begomovirus
populations and their whitefly vectors (B. tabaci). Such
real-time monitoring would facilitate early detection of
virulent strains and inform region-specific control
strategies. Advances in high-throughput sequencing and
metagenomics now provide powerful tools for dissecting
the complex viromes associated with papaya and its
neighboring host species. Comprehensive virome mapping
will be crucial for uncovering hidden virus-virus and virus-
vector interactions that drive recombination and host
adaptation. Integrating genomic data with ecological and
epidemiological modeling could enable predictive
frameworks for PaLCD outbreak risk assessment under
future climate scenarios. From a management perspective,
the development of durable resistance remains a top
priority. Emerging molecular breeding technologies such as
marker-assisted selection, RNA interference (RNAi), and
CRISPR/Cas-based genome editing offer unprecedented
opportunities to engineer broad-spectrum and sustainable
resistance against Begomoviruses and their satellites.
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Simultaneously, functional characterization of key viral
and satellite proteins, including BC1 and Rep, could
uncover molecular targets for antiviral gene silencing or
chemical inhibition. Lastly, effective control of PaLCD
will require ecosystem-based management, integrating
vector control, crop diversification, and deployment of
resistant cultivars. Strengthening collaborations among
plant virologists, molecular biologists, breeders, and data
scientists will be vital to translate genomic insights into
applied solutions for the papaya industry. Together, these
multidisciplinary efforts will pave the way toward resilient
papaya production systems and contribute to safeguarding
tropical fruit agriculture against rapidly evolving viral
threats.
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Abstract. Islam MS, Khan AA, Rubayet MT, Haque MM, Karim MA, Mian IH. 2025. Effect of phosphorus and potassium on growth and
vield parameters and disease incidence of potato. Nusantara Bioscience 17: 313-321. A study was undertaken to find out the effects of
two macronutrient elements on plant growth, tuber, and tuber disease incidence of potato (Solanum tuberosum). The major nutrient
elements were phosphorus (P) and potassium (K). The doses of nutrients were P @ 0, 20, 35, 50 kgha!, and K @ 0, 90, 140, 190 kgha''.
Data were recorded on vine number/ten hills, plant height, canopy coverage, tuber number per ten plants, and tuber weight per plot.
Disease incidence and physiological disorders such as common scab (Streptomyces scabies), dry rot (Fusarium sp.) and soft rot
(Erwinia carotovora) of potato were also assessed. The highest tuber yield of 24.05 (44.53 tha™!) and 24.12 kg plot™! (44.66 tha™!) was
obtained with 35 kgha *! P and 140 kgha'!' applied individually. When both the elements were applied together, the highest yield of 30.68
kg plot! (56.82 tha!) was obtained at 35 kg P and 140 kg K per hectare. Tuber diseases and disorders were minimal when 35 kgha'! P
and 140 kgha! K were applied together during the potato cultivation under field conditions. Based on findings of the present study, it
may be concluded that application of P and K at the rates of 37.67 and 136.69 kgha™!' along with a standard dose of N is optimum for
maximum plant growth, tuber yield and minimizing the incidence of disease and disorders of potato tuber.
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INTRODUCTION

Potato (Solanum tuberosum) is a high nitrogen (N),
phosphorus (P), and potassium (K)-demanding crop.
Deficiency of any or combinations of these nutrients can
result in retarded growth or complete crop failure in severe
cases. Phosphorus and potassium are the major nutrients
after nitrogen, which play an important role in the growth,
yield and quality of any crop (Malik and Ghosh 2002).
Phosphorus is the element that is most often limited in
soils. It is absorbed primarily as the monovalent phosphate
anion (H>POs) and less rapidly as the divalent anion
(H2PO4>). Soil pH controls the relative abundance of these
two forms (H,POy is favored at a pH below 7 and H,PO4*
above 7). Much of the phosphate is converted into organic
forms as it enters the root or after it is transported through
the xylem to the vine or leaves. Phosphorus is never
reduced in plants, where it remains as phosphate, either
free or bound in organic forms such as esters.

Phosphorus performs functions in plants, such as a
structural element forming part of the macromolecular
structures, such as nucleic acids (RNA and DNA) and in
the phospholipids of cell membranes. It also has an
important function in energy transfer, such as in the esters
of energy-rich phosphate present in the metabolic
mechanisms of the cells, within which ATP participates in
the main metabolic processes, such as photosynthesis and
respiration. Optimum plant growth is accompanied by a

demand for P to meet the demands for the functions and so
depends on the availability of P in the soil, and the ability
of the plant to absorb P from the soil. Many factors
influence the supply of P to plants. Among the most
important are the availability of P in the soil, temperature,
root density and root efficiency in P uptake.

Potato fertilization usually requires high amounts of
phosphate fertilizer (60 to 80 kgha! P) to achieve
economically acceptable yields. Young plants with a P
deficiency are bluish green in color in the early stages of
growth. Older leaves with deficiency symptoms usually
appear dark green. Phosphorus deficiency in the potato
slows apical growth, resulting in small, rigid plants;
reduces the formation of starch in the tubers causing
necrotic spots distributed in the tuber; decreases CO;
absorption capacity of leaf photosynthesis; results in an
inadequate supply of phosphates which prevents the export
of triose phosphate from the chloroplast, and therefore,
affects the synthesis of sucrose, and causes delayed
development of the tubers. Phosphorus has a direct impact
on shoot growth, root development and tuber formation in
potato. Rosen and Bierman (2008) found that the numbers
and yield of small tubers increased as the dose of P was
increased. It indicates that P may play an important role in
regulating the number of tubers per plant.

Potato has a relatively high potassium requirement (K),
which has led to the suggestion that high doses of the
element are needed for potato production. Potassium is a
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monovalent cation, and its capture is highly selective,
coupled with metabolic activity. It is characterized by high
mobility in plants at all levels; it is the most abundant
cation in the cytoplasm and, along with its accompanying
anions, makes a high contribution to the osmotic potential
of cells and tissues. This element has an important role in
water relations of the plant; furthermore, K is not
metabolized and forms easily interchangeable weak
complexes. It stimulates the activity of the enzyme
associated with starch synthesis (Mengel and Kirkby 1987).
In addition, it facilitates the translocation of assimilates to
the tubers, which ultimately increases the bulking capacity
of the tuber and its biomass. Potassium deficiency can
result in a decrease in yield, tuber size and quality (Maiti et
al. 2004). Some quality factors, such as dry tuber, specific
gravity, sugar content, flesh color and hollow heart, are
affected by K fertilization. Potassium probably exerts its
greatest effects on disease through specific metabolic
functions that alter compatibility relationships of the host-
parasite environment. Potassium in plants increases the
production of disease-inhibitory compounds, such as
phenols, phytoalexins and auxins around infection sites of
resistant plants. K deficiency leads to thinner walls and
slower growth of meristematic tissue, making it easier for
the parasites to penetrate the epidermis (Bergmann 1992).
Adequate potassium fertilizer application can be useful
because it makes potato plants adapted to environmental
stresses and may lead to increased resistance of potato to
some pests (AL-Moshileh et al. 2005).

Growth parameters, yield and yield components of
potato responded positively to P and K fertilizers, either
applied as sole or in combination. The average tuber
weight, marketable and total tuber yield were significantly
affected by P and K fertilizer levels and their interaction.
The highest tuber yield, average tuber weight, number of
tubers per plant and number of vines per hill were obtained
from application of a combined P, K fertilizer at the rate of
89.7 Kg P,0Osha! and 100 Kg K0 ha™'.

In the past, fertilizer recommendations for major food
crops were based solely on agronomic evaluations. Little or
no consideration has been given to the direct and indirect
effects of fertilizer rate on pest epidemics and their effects
on yield. But some experiments demonstrated that fertilizer
could be used to manage some diseases of the potato.
Sharma and Sood (2002) showed that the application of
potassium significantly reduced the incidence of late blight
of potato. The role of potassium in increasing crop
resistance to diseases caused by bacteria and fungi was
widely reviewed by Perrenoud (1990). In general,
potassium application improves plant health and vigour,
making infection less likely or enabling a quick recovery
(Perrenoud 1993). Potassium fertilization was found to
decrease the incidence of several diseases, such as late
blight (Phytophthora infestans), dry rot (Fusarium spp.),
powdery scab (Spongospora subterranea) and early blight
(Alternaria solani) (Perrenoud 1993; Marschner 1995).

Therefore, the study was initiated with the major
objective of investigating the effects of applying different
levels of phosphorus and potassium on tuber yield and
quality of seed potato.
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MATERIALS AND METHODS

The experiment was conducted at the Research Farm of
the Department of Plant Pathology, Gazipur Agricultural
University, Bangladesh. The soil of the experimental field
belongs to the Salna series under the Agro Ecological Zone
(AEZ)-28: Madhupur Tract (24.05° N latitude and 90.16° E
longitude) at an elevation of 8.4 m above sea level. The
texture of the soil was silty clay in the surface layer and
silty clay loam in the subsurface layer (Rahman et al.
1998). The soil contains less than 1% organic matter and
has a pH range of 6.0-6.5. The experimental site is situated
in the subtropical climate zone characterized by heavy
precipitation during the months of April-September or
scanty or no rainfall during October to March.

Materials

Potato seed tubers of variety Diamant (seed class
foundation) collected from Bangladesh Agricultural
Development Corporation (BADC) were used in this
experiment.

Land preparation, experimental design and fertilizer
application

The land was prepared using a harrow and disk plough
with laddering to obtain a good tilth. The land was leveled,
and large clods were broken into small pieces. Weeds and
other stubble were removed. After final land preparation,
experimental unit plot of size was 2.25 m x 2.40 m were
prepared. The experiment was laid out in a factorial
Randomized Complete Block Design (factorial RCBD)
with three replications. Blocks were spaced 1 m apart, and
an equal 1 m spacing was maintained between plots. The
soil of the experimental plot was fertilized at the rate of
Urea 300 kg, Gypsum 100 kg, Magnesium sulphate 60 kg,
Zinc sulphate 10 kg as recommended by BADC
(Anonymous 2008). Cow dung was added with the soil at
the rate of 10 tha™! during land preparation. Half of the urea
and full dose of all other fertilizers were used at the time of
planting of seed potato. The rest of the urea was added to
the soil of growing potato plant as top dressing after 35
days of planting of seed potato.

Treatment

Phosphorus (P) was applied at the rate of 0, 20, 35 and
50 kgha'! and potassium (K) was applied 0, 90, 140 and
190 kgha! with 3 replications. Number of treatments was
16, viz. P)Ko =0 kg P ha'! + 0 kg K ha™!, PoKgo = 0 kg P ha
'+ 90 kg K ha'!, PoKiso = 0 kg P ha! + 140 kg K ha’!,
PoKigo=0 kg Pha'!+ 190 kg K ha", PyKo =20 kg Pha'+
0 kg K ha“, PyoKgo =20 kg Pha'!+90 kg K ha", P2oKi40 =
20 kg P ha! + 140 kg K ha'!, P»Ki9 = 20 kg P ha'! + 190
kg K ha'!, P3sKo = 35 kg P ha! + 0 kg K ha™!, P3sKqo = 35
kg P ha'! + 90 kg K ha'!, P3sK 40 = 35 kg P ha'! + 140 kg K
ha‘l, P3sKi90 = 35 kg P ha' + 190 kg K ha‘l, PsoKo =50 kg
P ha' + 0 kg K ha!, PsoKgp = 50 kg P ha! + 90 kg K ha™!,
Ps5oKi40 = 50 kg P 1’121_l + 140 kg K ha“, Ps5oKi90 = 50 kg P
ha! + 190 kg K ha'!. The P was used as TSP (Triple super
phosphate) and K as MP (Muriate of Potash). The whole
amount of phosphorus and half of the potassium were used
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at the time of planting of seed potato. The rest of the
potassium was added to the soil of growing potato plant as
top dressing after 35 days of planting of seed potato.

Seed sowing and intercultural operations

Seed tubers were kept under defused light for sprouting.
Sprouted tubers were planted in 5-7 cm depth furrows. The
plant spacing was maintained as row to row 60 cm and
tuber to tuber 15 cm distance. Four lines were
accommodated in each unit plot. Each plot contained 60
seed tubers at the rate of 15 tubers per line. First irrigation
was done one week after planting which was continued
several times as required. After 20 days of planting
weeding was done. To control the fungal disease especially
late blight, Dithane M-45 at the rate of 2.5 kgha! and to
control aphid Admire at the rate of 1000 mlha"! were
applied as foliar spray in the potato field with 10 days
interval after 20 days of planting until haulm killing.

Crop harvesting, data collection and recording data

Haulm killing was done in 80 days after planting. It was
done with a view to avoid spreading viruses and for
hardening of tuber skin. After ten days of haulm killing
potato tubers were harvested manually and care was taken
to avoid injuries to potato during harvest. Ten plants were
selected randomly from each plot and following data on
plant growth characters and yield such as number of
vines/hill, plant height (cm), canopy coverage, number of
tuber/plant, yield/plot (kg) were taken. Total yield (tha™')
was calculated based on yield/plot.

Number of vines per hill
Number of vines per hill was recorded 60 days after
planting.

Plant height
Plant height was recorded 60 days after planting. It was
measured from soil surface to tip of the plant.

Canopy coverage

Canopy coverage was recorded in 45 days after of
planting. It was measured by a wooden frame with 60 cm x
15 cm sized.

Grading of potato tubers

Seven days after harvesting, all healthy potato tubers
per plot were counted and measured. And then graded by
four standard grading size followed by BADC (2015): The
grades were A (> 28-41 mm), B (> >41-56 mm), under size
(20-28 mm) and over size (>56-60 mm).

Data on disease and physiological disorders

Disease and physiological disorders data of harvested
potato tubers were taken after seven days of harvest based
on total number of potato and their weight of a plot. The
disease was identified by visual symptoms; if necessary, it
was confirmed pathologically. Data on different diseases
and disorders such as common scab, soft rot, dry rot, heat
injury, secondary growth, and greening were recorded
based on number and weight of infected tubers and
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expressed in percentage of incidence following formula
given below:

number /weight of infected tuber
number /weight oftotal tuber

% disease incidence = x 100

Statistical analysis

Data were analyzed using Statistix 10. All recorded
parameters were subjected to ANOVA, and treatment
means were separated using Fisher’s LSD at the 5%
significance level. Graphs were prepared as needed, and SE
(5%) was included when required.

RESULTS AND DISCUSSION

Main effect of phosphorus (P) on plant growth and
yield attributes

The main effect of phosphorus (P) on vine number per
10 hills, plant height, canopy coverage, tuber number per
10 plants and tuber yield/plot was significant (P=0.05).
Application of phosphorus gave a significant increase in
those parameters compared to control (Py). The maximum
increase was obtained with 35 kgha! (Pss) followed by 50
kgha™! (Pso) (Figure 1).

Like P, main effect of K on vine number per ten hills,
plant height, canopy coverage, tuber number/10 plants and
tuber yield/plot were significant (P=0.05). Application of K
at 90, 140 and 190 kgha™! (Koo, Kiso and Kig)) caused a
significant increase in all the parameters over 0 kgha! of K
(Ko) with few exceptions (Figure 2).

Vine number per 10 hills

Main effect of P: The main effect of phosphorus
fertilization was statistically significant on vine number per
10 hills. The significantly highest 60 vines per 10 hills was
obtained at 35 kg P ha'' (P3s) which was statistically similar
with P2. The lowest vine number per 10 hills was observed
at the control (45) which was significantly different from
other treatments (Figure 1).

Main effect of potassium: The highest 58.30 vines per
10 hills was obtained at 140 kg K ha™' (Kis) which was
statistically similar with Kj90. The lowest was observed at
the control (Ko) (47.50), which was statistically similar
with Koo (Figure 2).

Interaction effect: The statistically highest 70 vines per
10 hills was obtained from interaction effect of phosphorus
and potassium at the rates of 20 kg P ha! and 190 kg K ha'!
(P20Ki90) which was statistically similar with P3s5Kj40,
P35K9o, P20K140, P35K190 and P50K140. The lowest vine
number per 10 hills was observed at the control (PoKy)
which was statistically similar with PoKgg, Ps0Ko, PsoKoo,
P20Koo, P20Ko, PoKi9o and PoKi4o (Table 1)

Plant height

Main effect of phosphorus: The tallest plant was
recorded 66.8 cm at 35 kg P ha! (P3s) and the shortest plant
was found 49.30 cm in control plot which were statistically
different from other treatments (Figure 1).

Main effect of potassium: The tallest plant was
recorded 64.80 cm at 190 kg K ha! (Ki40) and the shortest
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plant was found 50.0 cm in control plot which was
statistically different from other treatments (Figure 2).

Interaction effect: In the interaction effect of P & K, the
tallest plant (77.0 cm) was observed at 35 kg P ha™! and 140
kg K ha! (P3sKi40) which was significantly different from
other treatments. The shortest plant (43.33 cm) was found
in control (PoKo) which was significantly different from
others treatment combinations (Table 1).

Canopy coverage (%)

Main effect of phosphorus: The maximum canopy
coverage was recorded 88.4% at 35 kg P ha™! (P35) and the
minimum canopy coverage was found 68.6% in control
plot which was statistically different from other treatments
(Figure 1).

Main effect of potassium: The maximum canopy
coverage was observed 82.3% at 140 kg K ha! (Ki40) and
the minimum canopy coverage was found 71.0% in control
plot which was statistically different from other treatments
(Figure 2).

Interaction effect: Significantly, the highest canopy
coverage of 95.3% was observed under the treatment
combination P3sK;4. The minimum canopy coverage of
65.0% was found under control (PoKo), which was
significantly different from other treatments (Table 1).

Tuber number per 10 plants

Main effect of phosphorus: The maximum tuber number
per ten plants was recorded 78.80 at 35 kg P ha™! (P3s) and
the minimum tuber number per ten plants was found 61.5
in control plot which was statistically different from other
treatments (Figure 1).

Main effect of potassium: The maximum tuber number
per ten plants was recorded 73.2 at 190 kg K ha™!' (K;90) and
the minimum tuber number per ten plants was found 67.5
in control plot which was statistically different from other
treatments (Figure 2).

——Vine number /10 plants Plant height (cm)
——Tuber number/10 plants ——Yield/plot (Kg)

Canopy coverage (%o)

100
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2 V«——”I—/’I\I
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1338

Py Py P35 Pso
Levels of P

Figure 1. Effect of phosphorus (P) on growth and yield attributes
of potato at different levels (Po: No phosphorus, P2o: 20kg P ha™,
P3s: 35 kg P ha'!, Pso: 50 kg P ha'!)
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Table 1. Interaction effect of phosphorus (P) and potassium (K)
on growth and yield attributes of potato

Level of P
Dose of K Po* P20 P3s Pso
Vine number /10 plants
Ko* 40.0 ¢! 50.0cde 533 bcd 46.7 de
Koo 40.0e 50.0cde 63.3 ab 50.0 cde
Ki40 50.0cde  60.0 abc 633 ab 60.0 abc
Kigo 50.0cde 70.0a 60.0 abc  53.3 bed
Plant height (cm)
Ko 433 k! 47.0] 55.3 gh 543 h
Koo 47.0j 49.7 1 64.7 d 58.0f
K40 50.01 62.0¢ 77.0 a 61.0¢
Kigo 57.0 fg 67.7c 703 b 64.3 d
Canopy coverage (%)
Ko 65.0 ! 67.0 1 82.0 de 70.0 h
Koo 66.7 ij 73.0g 87.0c¢c 747 g
K40 69.7h 81.0e 953a 83.0d
Ki9o 730¢g 76.7f 89.3b 773 f
Tuber number/10 plants
Ko 60.7 i! 64.4 h 76.9 ¢ 67.8 fg
Koo 6141 67.0g 79.3 ab 71.0 de
Kiso 6131 69.4 ef 81.0a 77.7 be
Koo 62.6 hi 73.2d 78.1bc  79.2 abc
Yield/Plot* (Kg)
Ko 11.94 k! 13.95] 1792 ¢ 16.53 h
Koo 13.14] 1993 f 23.09de 22.76e
K40 15341 2376 cd  30.68 a 26.70 b
Kigo 13.89 2021 f 2450c  23.11de

Note: *P0: No phosphorus, P20: 20 kg P ha’!, P35: 35 kg P ha’l,
P50: 50 kg P ha'!, *KO0: No potassium, K90: 90 kg K ha’!, K140:
140 kg K ha!, K190: 190 kg K ha'!, : Plot size 2.25 m x 2.40 m:
5.4 m?, 1: Figures under the same parameter within same row and
column are averages of three replications and having a common
letter(s) do not differ significantly (P=0.05) by LSD test

——Vine number /10 plants Plant height {cm) Canopy coverage (%)
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Figure 2. Effect of potassium (K) on growth and yield attributes
of potato at different levels (Ko: No potassium, Koo: 90 kg K ha'l,
Ki40: 140 kg K ha'!, Ki90: 190 kg K ha'!)
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Interaction effect: Among the treatment combinations
P35Ki40 gave the maximum tuber number of 81.0 followed
by 79.3 obtained from P35Koo. The lowest number of 60.7
tubers per ten plants was observed under control (PoKy),
which was statistically like PoKgg, PoKi40 and PoKigo (Table

).

Yield per plot

Main effect of phosphorus: The highest yield per plot
was recorded 24.05 kg in main effect of P at 35 kgha! and
the lowest yield per plot was found 13.58 kg in control plot
which was statistically different from other treatments
(Figure 1).

Main effect of potassium: The average highest yield per
plot was recorded 24.12 kg in main effect of K at 140 kgha-
' and the lowest yield per plot was found 15.08 kg in
control plot which was statistically different from other
treatments (Figure 2).

Interaction effect: The average highest yield per plot
30.68 kg was observed in P 35 K 140 kgha™! applied plot.
The lowest yield per plot 11.94 kg was recorded in control
P 0 K 0 kgha! which was statistically different from other
treatments (Table 1).

Grading of healthy seed tuber

Occurrence of grade-B tuber was maximal followed by
grade-A, undersized and oversized potato. Main effect of P
as well as K on tuber grade was significant. Interaction
effect of two elements was also significant (P=0.05).

Grade A (diameter >28-41 mm)

Main effect of phosphorus: Occurrence of grade-A
tuber ranged 23.45-30.08%. Significantly the highest
30.08% grade-A seed tuber was harvested from treatment
P20. The lowest 23.45% tuber was found under control plot,
which was statistically like P3s and Pso (Figure 3).

Main effect of potassium: Significantly the highest
27.82% grade-A tuber was recorded at 190 kg K ha!. The
lowest 23.63% grade-A seed tuber was found at K;49. The
occurrence of grade-A tuber at Koo and Ko were 23.67 and
26.13%, respectively (Figure 4).
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Figure 3. Main effect of P on occurrence of different grades of
tubers (Po: No phosphorus, P2o: 20 kg P ha’!, P3s: 35 kg P ha’l,
Pso: 50 kg P ha'!)
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Interaction effect: Among 16 treatment combinations
with P and K, significantly the highest 33.97% grade-A
seed tuber was recorded from treatment combination
P20Ki90. The second highest 30.31% occurrence of grade-A
tuber was recorded from treatment combination P20Ko,
which was statistically like PoKigo, P20Koo, P20Kis0 and
PsoKo. The lowest grade-A seed tuber of 19.13% was
recorded in control plot (PoKo), which was statistically
similar to PsoK40 and P3sKoo (Table 2).

Grade B (diameter >41-55 mm)

Main effect of phosphorus: Occurrence of grade-B
tubers ranged 44.02-58.12% under P alone. The highest
grade-B seed tuber was recorded at P35 followed by Pso and
P»o. Their differences were significant (Figure 3).

Main effect of potassium: Occurrence of grade-B tubers
ranged 43.98-57.69% under different levels of K alone.
The highest grade-B seed tuber was recorded at Kiogo
followed by Koo, Ki40. Significantly the lowest percentage
of grade-B tuber was found in control plot compared to
other three treatments (Figure 4).

Interaction effect: Under sixteen different treatment
combinations of P and K, occurrence of grade-B tuber
ranged 39.74-66.32%. Significantly the highest occurrence
of grade-B tuber was found under treatment P»0Kigo. The
second highest occurrence of 61.60% was recorded from
PsoKi40, which was statistically similar to P3sKoo, P3sKia40,
and P3sKi90. The lowest occurrence of grade-B seed tuber
was recorded at PoKi40, which was statistically similar to
onKo, PsoKo and PoK() (Table 2)

Undersize (diameter 20-28 mm)

Main effect of phosphorus: The highest percentage of
9.62% undersize seed tuber was produced at 20 kg P ha™!,
which was statistically like 35 kg P ha’!. The lowest was
found at 50 kgha'! (Figure 3).

Main effect of potassium: Significantly the highest
occurrence of 10.50% undersize seed tuber was found in
control plot (Ko). The lowest of 6.68% undersize seed tuber
was recorded at 140 kgha'!, which was significantly
different from other treatments (Figure 4).
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Figure 4. Main effect of K on occurrence of different grades of
tubers (Ko: No potassium, Koo: 90 kg K ha”!, Ki4o: 140 kg K ha™,
Kigo: 190 kg K ha'!)
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Figure 5. Pathogenic diseases of potato: A. Common scab lesion
on potato tuber surface, B. Soft rot disease in potato tuber, C. Dry
rot symptoms on the potato tuber

Table 2. Effect of treatment combinations of P and K on
occurrence of different grades of tubers

Level of P
Dose of K Po* P P P
% Grade-A (>28-41mm)
Ko* 19.13 f! 30.31b 26.85 cd 28.22 be
Koo 22.55¢ 28.13 be 21.48 ef 22.51e
Kiao 22.54 ¢ 2793 bcd 22.8¢ 21.24 ef
Kiso 29.6 b 3397 a 2545d 22.26¢€
% Grade-B (>41-55 mm)
Ko 42.4114"  40.68ij 50.84 ef 42.01ij
Koo 4624 gh 52.62¢ 60.55 be 56.71d
Kiao 39.74 43.87 hi 61.57b 61.6b
Kiso 47.68 fg  66.32a 59.51bed 5723 cd
% Under size (20-28mm)
Ko 7.21 def'  13.09a 1293 a 8.76 bed
Koo 835bcd 991D 9.72b 7.8 cde
Kiao 7.82cde  6.53ef 6.01 f 6.37 ef
Kiso 11.85a 8.93 be 6.59 ef 7.23 def
% Over size (>55-60mm)
Ko 0fl! 0f 0f 0f
Koo 0f 0f 327 cd 1.52¢
K40 0f 0f 5.84a 3.69 be
Kigo 0f 2.65d 2.84 cd 4.25b

Note: *P0: No phosphorus, P20: 20 kg P ha’!, P35: 35 kg P ha’l,
P50: 50 kg P ha!, KO: No potassium, K90: 90 kg K ha!, K140:
140 kg K ha’, K190: 190 kg K ha’!, 1: Figures under the same
parameter within row and column are averages of three
replications and having a common letter(s) do not differ
significantly (P=0.05) by LSD test

Interaction effect: The highest occurrence of 13.09%
undersize seed tuber was found in treatment combination
P20Ko, which was statistically like P3sKo and PoKi9. The
lowest undersize seed was recorded at P3sK;49, which was
statistically like PsoKi40, P20K 140, P35Ki90, PoKo and PsoKigg
(Table 2).
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Oversize (diameter >55-60 mm)

Main effect of phosphorus: No oversize seed tuber was
recorded under control (0 kg Kha'). Occurrence of
oversize tuber was only 0.66-2.99%. The largest seed tuber
was harvest from plot, which received 35 kg Pha™! followed
by Pso (Figure 3).

Main effect of potassium: Production of oversize potato
tuber was found at Koo, K140 and Kj9o. The highest of 2.44%
oversize seed tuber was found at 190 kg K ha! which was
statistically like K40 (Figure 4).

Interaction effect: The highest occurrence of 5.84%
oversize seed tuber was observed at P3sKi4 which was
statistically different from other treatment combinations.
On the other hand, no oversize seed was recorded in PsoKo,
P3sKo, P2oKi0, P20Koo, P20Ko, PoKiso, PoKi40, PoKgo and
control (PoKy) (Table 2).

Incidence of diseases and disorders

After harvesting, various pathogenic diseases and
disorders were recorded in tubers harvested from the
experimental field under different treatments. The diseases
were Common scab (Streptomyces scabies), Soft rot
(Pectobacterium  carotovorum  subsp.  carotovorum
formerly Erwinia carotovora ssp. carotovora) and dry rot
(Fusarium sp.). Common scab attacks vines, stolons and
roots of potato plants. Initially, young and rapidly growing
tubers were attacked by the bacteria, stimulating the growth
forming corky tissue. Potato scab symptoms included dark
brown, pithy patches which were raised and “warty” on
tubers. Soft rot was characterized by water-soaked, rotted
tuber areas with softened tissues, often accompanied by
leakage and a foul odor. Healthy tissue was initially distinct
from the macerated, creamy infected portion, but the
infection eventually spread to the entire tuber. Dry rot is a
devastating post-harvest disease for seed potatoes. It
appeared on the harvested tuber and the skin of the affected
tuber became wrinkled. The rotted areas were brown, grey
or black and the rot created depressions in the surface of
the tuber (Figure 5).

Common scab incidence was highest in the control (P0)
and decreased significantly with P application, with the
lowest incidence at P35 followed by P20 and P50 (Figure
6). Similarly, incidence was highest at KO and was
significantly reduced by K application; the lowest
incidence occurred at K140, which differed significantly
from all other treatments (Figure 7).

Soft rot and dry rot incidence was low, ranging 0.22—
0.82% and 0.77-2.72% under the main effect of P, and
0.19-0.86% and 1.32-2.16% under K, respectively.
Therefore, detailed results are not presented, but both were
included in total diseased tubers (Figures 5 and 6).

Interaction effect of P and K on total disease incidence
Significantly the highest disease incidence was found
under control (PoKo). Application of P and K together at
different treatment combinations caused significant
reduction in total disease incidence compared control. The
lowest disease incidence was found at P3sKis. The
minimum disease incidence was observed at P3s with all
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levels of K. Similarly, minimum total disease incidence
was recorded at K140 with different levels of P (Figure 8).

Incidence of different disorders

Different disorders such as heat injury, secondary
growth and greening were recorded in harvested potato
tubers (Figure 10). Incidence of disorders was very low
(Figure 9). So, the details are not given.

Estimation of optimum level of phosphorus and
potassium

Regression analysis was done, and optimum and
economic dose of fertilizer were calculated using the
formula Y = -b/2¢c from the response curve (Gomez and
Gomez 1984). Dobermann and Fairhurst (2000) stated that
the optimum rate of fertilizer application to a crop is that
rate which produces the maximum economic returns at the
minimum cost, and this can be derived from a nutrient
response curve. The large and significant R? value in case
of P and K of regression indicates that the quadratic
response fitted the data. Response curve shows that yield
increased with the increasing of nutrients at certain level
and thereafter yield decreased.

—+— Common scab —— Soft rot

Dry rot

—
(]
L

Incidence of diseases (%)

Py Pao Pss Pso

Levels of phosphorus

Figure 6. Incidence of common scab, soft rot and dry rot diseases
at different levels of irrigation

—+— Commen scab ——— Soft rot Dry rot

Incidence of diseases (%6)

Kiso Kisg

Levels of potassium

Figure 7. Incidence of common scab, soft rot and dry rot diseases
at different levels of fertilization
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Figure 8. Interaction effect of P and K on incidence of total
diseases
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Figure 9. Interaction effect of P and K on incidence of total
disorders
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Figure 10. Different physiological disorders of potato: A. Heat
injury symptom on potato tuber, B. Secondary growth symptom
on potato tuber, C. Greening symptom on potato tuber
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Findings of present study show that potato tuber yield
increased with increasing level of phosphorus to a certain
limit and then decreased by further increase of nutrients
level (Figure 11). But the increment of yield was prominent
in case of P and the highest yield (42.05 tha'') was obtained
from 35 kg P ha'. P has distinct effect on the yield.
However, further application of P yield began to decrease.
It was indicating the detrimental effect of over fertilization.
The reason might be medium P status in soil. From the
regression equations optimum dose of phosphorus fertilizer
is 37.67 kgha™! for better yield (Table 3).

In case of potassium, yield of potato tuber increased by
increasing level of potassium fertilizer to a certain limit and
then decreased with further increase of potassium level
(Figure 12). But the increment of yield was prominent in
case of K and the highest yield (41.34 tha!) was obtained
from 140 kg K ha'l. K levels have positive effect on the
yield. Further application of K yield began to decrease. The
reason might be medium K status in soil. From the
regression equations optimum dose of potassium fertilizer
is 136.69 kgha™! for better seed tuber yield (Table 3).

Discussion

The main effects of P and K, as well as their interaction,
significantly influenced growth and tuber yield attributes,
including vine number (per 10 hills), plant height, canopy
coverage, tuber number (per 10 plants), and yield per plot.
Total tuber yield increased with higher P and K rates up to
35 kg P ha! and 140 kg K ha™', producing the highest
main-effect yields (44.53 t ha™' at P35 and 44.66 t ha™' at
K140). The maximum yield (56.82 t ha™') occurred under
the interaction P35 x K140, indicating that yield responded
more strongly to combined P and K than to individual
applications. Increased P and K, alone or combined, may
also improve soil chemical properties (CEC, EC, pH, Ca*,
Mg?*, and K*). These results agree with previous studies
showing positive effects of P and K on vine number, tuber

y=-0.0148x2 +!1.1154x — 18.646
25 R*=D.09583

Potato Tuber Yield (t hal)

0 10 20 30 40 50 60

Phosphorus level (kg ha'l)

Figure 11. Relationship between phosphorus levels with potato
tuber yield
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number, tuber weight, and final yield (Zelalem et al. 2009;
Ayalew and Beyen 2012; Aarakit et al. 2021).

Fleisher et al. (2012) reported that effects of P on
canopy branching were associated with plant N status. N
uptake correlated with P and K fertilizer. Application of
NPK significantly increased the dry weight of potato
(Zelalem et al. 2009; Eleiwa et al. 2012).

Total tuber number per plant increased with the P x K
interaction. Previous studies also show that higher P can
increase the number and yield of small tubers, indicating its
role in tuber set (Rosen and Bierman 2008). Similarly,
NPK application significantly increases tuber number and
yield, with higher nutrient supply improving average tuber
weight and harvest yield parameters (Jenkins and
Mahmood 2003; Adhikari and Sharma 2004; Zelalem et al.
2009; Eleiwa et al. 2012).

Table 3. Regression equation and optimum dose of phosphorus
and potassium fertilizer

. Seed Yield . Optimum
Nutrients . Regression
tuber increased . dose of
levels . equation and ore
(kgha'!) yield over R? value fertilizer
(tha!)  control (kgha™)
Phosphorus levels
Po 1920 - y = -0.0148x>
P20 32.87  71.19% + 1.1154x + 3767
Pss 42.05  118.96% 18.646 '
Pso 36.59  90.52% R2=0.9583
Potassium levels
Ko 2279 - y = -0.0008x>
Koo 32.54  42.77% + 0.2187x + 136.69
Kiao 4134  81.38% 22.227 ’
Koo 34.03 49.31% R?=0.8486

Note: Po: No phosphorus, P2o: 20 kg P ha'!, P3s: 35 kg P ha'!, Pso:
50 kg P ha'!, Ko: No potassium, Koo: 90 kg K ha!, Ki40: 140 kg K
hal, Kio0: 190 kg K ha’!

25 v =-0.0008x? + 0.2187x +22.227
R =0.8486

Potato Tuber Yield (t ha'!)

0 50 100 150 200

Potassium level (kg ha'l)

Figure 12. Relationship between potassium levels with potato
tuber yield
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Significant increase in tuber yield of potato because of
K application is well documented (Moinuddin et al. 2005;
Zameer et al. 2010). In fact, potato has a higher potassium
requirement for optimum production as it produces much
more dry matter in short growth duration. Similar root-
yield responses to K application have also been reported by
Liu et al. (2024). It produces large amounts of starch due to
K-mediated carbohydrate metabolism (Singh and Trehan
1998). Thus, K helps the potato tubers to attain large size
and heavier weight. This is an evident of the current study,
as results observed a progressive increase in aggregate
tuber yield. These results are consistent with the findings of
Moinuddin and Shahid (2004), Moinuddin et al. (2005) and
Abd-El-Latif et al. (2011) who showed an increase in tuber
yield with a progressive application of K fertilizer from 0
to 225 kg K,0 ha™! and from 72 to 120 kg KO ha™’.

Some authors reported that proper application of
fertilizer, especially K, helps in minimizing the diseases of
potato (Imas and Bansal 2012). The results of the present
experiment also suggest that application of P and K in
combination  positively  influences  diseases  and
physiological disorders of potato tubers.

Conclusions, the present study revealed that the
maximum yield and minimum disease incidence such as
common scab, soft rot and dry rot were obtained from the
combined application of P, K at the rate of 35 and 140
kgha!. However, the regression analysis suggested that
application of P and K at the rates of 37.67 and 136.69
kgha'!, respectively provide maximum healthy seed tuber
yield. Therefore, it is recommended to apply 37.67 and
136.69 kgha™! along with standard dose of N for production
of good quantity as well as quality potato seed tubers.
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Abstract. Dewi AP, Wulansari TYI, Senjaya SK, Arifiani D, Wanda IF, Lisnawati Y, Sunardi, Prawestri AD, Martiansyah I, Evana,
Satrio RD, Hartono AMNK, Suyoko, Yuswandi AY, Syukur M, Sari DK, Rasyl CA. 2025. Updated information on qualitative leaf
anatomical characters of Eusideroxylon zwageri from East Kalimantan, Indonesia. Nusantara Bioscience 17: 322-336. Eusideroxylon
zwageri, the sole species of its genus (Eusideroxylon) and one of the most economically and culturally significant timbers of Borneo
known as Bornean ironwood or “kayu ulin”, has been extensively studied for its ecology, genetics, and conservation, yet its foliar
anatomy remains poorly documented. This study provides an updated qualitative assessment of leaf anatomical characters of E. zwageri
based on 66 accessions representing five subpopulations in East Kalimantan, Indonesia. Transverse and paradermal sections of the
lamina, midrib, and petiole were prepared following standard microtechnique procedures, and 37 anatomical traits were recorded. The
results showed that most foliar anatomical features of E. zwageri are consistent with the Lauraceae family. A single character appears
diagnostic for E. zwageri—osteosclereids present in the mesophyll of the lamina. Several anatomical features of E. zwageri indicate
functional adaptation, including superficial stomata (related to efficient CO: intake), sclereids (contributing to the hardness and
durability of the wood), oil cell distribution (which helps prevent pest attacks), suggesting functional adaptations related to gas exchange
efficiency, mechanical reinforcement, and defense against herbivory. Nevertheless, understanding pronounced lignification of
sclerenchyma and sclereids may constrain regeneration, posing challenges for conservation. These updated anatomical data provide a
foundation for future taxonomic, ecological, and conservation research, particularly in developing propagation strategies to support
large-scale restoration of this Vulnerable species.

Keywords: Anatomical markers, conservation, Lauraceae, sclereids, taxonomy

INTRODUCTION valuable timber commodities due to its exceptional

durability. Its wood is widely used in marine constructions,

Eusideroxylon zwageri Teijsm. and Binn. was first
described in 1863 in the publication Natuurkundig
Tijdschrift voor Nederlandsch-Indié. Vol. 25 (Koninklijke
Natuurkundige Vereeniging in Nederlandsch Indi€., and
Natuurkundige Vereeniging in Nederlandsch Indi¢ 1850).
E. zwageri became the sole species of the genus
Eusideroxylon after the other species, E. melagangai, was
recognized under a different genus, Potoxylon melagangai
(Symington) Kosterm. (Kostermans 1978). In Indonesia, E.
zwageri is considered one of the most economically

including pilings, wharfs, docks, sluices, dams, and ships
(keels, ribs, and decking) (Slik 2009). It is also widely
utilized in heavy constructions for bridges, power line
poles, masts, piles, and house posts (Slik 2009). Culturally,
E. zwageri plays a significant role among the Dayak
people, whose iconic long houses are constructed using
ironwood as the main structural frame and pillars (Slik
2009; Suciyati et al. 2021). Local tribes considered the tree
sacred and believed to possessed mystical powers (Slik
2009; Zahorka 2020). Ecologically, E. zwageri is favored
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as a nesting tree by orangutans in its natural habitat
(Sayektiningsih and Rayadin 2011).

The species is classified under the family Lauraceae,
and phylogenetic study indicates that it is closely related to
Cryptocarya, Beilschmiedia, and Potameia (Chanderbali et
al. 2001). The species has been categorized as Vulnerable
(VU) according to the IUCN Red List Assessment (Asian
Regional Workshop (Conservation and Sustainable
Management of Trees, Viet Nam, August 1996) 1998).
Consequently, research efforts on E. zwageri have
primarily focused on several key areas, including habitat
distribution, plant association, and carbon dating
(Kurokawa et al. 2003; Arbain 2015; Prayoga et al. 2019;
Saputro et al. 2022; Sunardi et al. 2022), plant development
and propagation (Hakim 2008; Purba et al. 2019), and
population genetics (Rimbawanto et al. 2006; Md-Isa et al.
2021; Ridzqya et al. 2024). Despite this extensive body of
work, comparatively few studies have focused on the
morphology (Sidiyasa et al. 2013; Irawan et al. 2016; Aiso-
Sanada et al. 2020; Dewi et al. 2023) and anatomical
characters of E. zwageri (Gusmalawati et al. 2014; Dewi et
al. 2023). The pioneering anatomy reference, “Anatomy of
the Dicotyledons” by Metcalfe and Chalk (1957), describes
the anatomy of many families, including Lauraceae.
However, it does not provide information on the anatomy
of Eusideroxylon.

Despite the ecological and cultural importance of E.
zwageri, its foliar anatomy remains poorly documented.
Existing studies have focused primarily on stem structure
or reported only scattered quantitative leaf traits, and no
research has provided an integrated description of the
lamina, midrib, and petiole across multiple subpopulations.
Moreover, potential intraspecific variation in leaf anatomy
has never been examined, and diagnostic characters for
species-level delimitation within Lauraceae remain
unresolved. This knowledge gap limits our understanding
of the species’ adaptive biology, taxonomic placement, and
regeneration constraints, hindering efforts to improve
propagation and conservation of this Vulnerable tree
species.

While numerous studies have focused on the genetic
diversity and conservation strategies of E. zwageri
(Widyatmoko et al. 2011; Md-Isa et al. 202I;
Sukartiningsih et al. 2025), anatomical aspects, particularly
leaf anatomy, remain underexplored. Leaf anatomy plays a
critical role in understanding the ecological adaptability
and physiological resilience of long-lived tropical tree
species. The anatomical structure of leaves, including
cuticle thickness, stomatal density, mesophyll organization,
and vascular tissue arrangement, reflects the plant’s
adaptation to environmental stressors such as water
availability, light intensity, and temperature fluctuations
(Yang et al. 2018).

Gusmalawati et al. (2014) described the anatomical
traits of E. zwageri, but limited their description to stem
anatomy. Meanwhile, Dewi et al. (2023) only mentioned
several quantitative characters derived from leaf anatomy.
However, a comprehensive profile integrating the
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morphological and anatomical characters of E. zwageri is
still lacking. It could serve as a crucial taxonomic tool and
provide insights into its adaptive biology, and needs to be
produced.

This study aims to provide updated information on the
anatomical structure of E. zwageri by conducting a
thorough examination of the essential vegetative organ, the
leaf. Specimens were collected from East Kalimantan,
Indonesia, a region reported to harbor higher genetic
richness and broader distribution of the E. zwageri
(Sukartiningsih et al. 2025). The findings are expected to
reveal potential anatomical variations within the species,
which may serve as a key character for identification and
future taxonomic work.

MATERIALS AND METHODS

Study area

We collected 66 leaf samples during field exploration
from 2021 to 2024. The exploration sites are located in
East Kalimantan Province, Indonesia (Figure 1) and
include five subpopulations: Kongbeng Sub-district,
Modang Village, Paser Sub-district (Taman Hutan Rakyat
Lati Petangis and Tanjungpinang Village), and Kutai
National Park (Table 1). We collected anatomical samples
following Sass (1951), with several leaves collected from
each plant, ranging from two to three. We stored the
sample in 70% alcohol as the fixative solution. Herbarium
specimens and anatomical slide preparations were
deposited as collections under the management of the
Herbarium Bogoriense, Directorate of Scientific Collection
Management, Indonesian National Research and
Innovation Agency (BRIN).

Procedures
Anatomy slide preparation

We prepared the anatomical slides in the Plant
Anatomy Laboratory in Pilot Plant 4 Building, Science and
Techno Park of Dr. (H.C.) Ir. Soekarno, located in
Cibinong, Bogor, West Java, Indonesia. We followed Sass
(1951) to prepare transverse sections and applied the Cutler
(1978) method to make semi-permanent paradermal slides.
Transverse sections were made by cutting the leaves at the
center (midrib included), about 1 x 0.5 cm. The leaf
samples were treated with a dehydration solution of tert-
butanol, ethanol, and water and with Neo-Clear as a
clearing agent. The slides were stained using double
staining, 1% safranin and 2% fast green, then sections were
covered with entellan. Paradermal sections were prepared
by cutting leaves measuring 1 X 1 cm and boiling them in
nitric acid until the epidermis separated. The section was
then placed on a glass slide and stained with 2% safranin to
create a colour contrast. The sections were treated with
glycerin and covered with a cover glass; nail polish was
used to seal the edges.
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Figure 1. Map of East Kalimantan, Indonesia, showing five subpopulations of Eusideroxylon zwageri: A. Subpopulation 1: Kongbeng
Sub-district - Sungai Seleq; B. Subpopulation 2: Kutai National Park, including Mentoko, Prevab, and Sangkima research area; C.
Subpopulation 3: Kuaro Sub-district - Modang Village; D. Subpopulation 4: Paser Sub-district - Taman Hutan Rakyat Lati Petangis; E.

Subpopulation 5: Paser Sub-district - Tanjung Pinang Village

Table 1. Leaf samples of Eusideroxylon zwageri were collected from East Kalimantan, Indonesia

Subpopulation

Accession code*

Total samples

Kongbeng Sub-district

Kutai National Park (Mentoko, Prevab, Sangkima)
Kuaro Sub-district (Modang Village)

Paser Sub-district (Taman Hutan Rakyat Lati Petangis)
Paser Sub-district (Tanjung Pinang Village)
Total

GGA 21 (1-21) 21
GGA 21-N (1-4)

GGA MER (1-3)

GGA KUN (1-4)

GGA HP (1-5)

GGA HA (2-11)

DA (2405, 2408, 2413, 2463, 2487, 2494)
MOD (1-5)

DA (2369-2371)

THR (1-3)

TNJ (1-2)

[=2) —_
c\l\)wwu-o\om-hw-b

Note: *: Accession code followed by sample number

Data analysis
Observation and characterization of anatomical characters
Observations were carried out using a Nikon Eclipse
80i light microscope and XCAM Indomicro HDMI camera
(1080 PHB; 2.4 x 2.4 megapixels) using Betaview
software. Measurements were taken from at least 10 photos
of each sample. The observation was taken from three leaf
parts (lamina, midrib, and petiole) with 37 characters
(Table 3). The characters were chosen from previous
studies on Lauraceae anatomy (Metcalfe and Chalk 1957;
Metcalfe 1987; Nishida and Christophel 1999). The
characters then scored with a multivariate score. Each
character that presents only a single character state was
scored with “1”; meanwhile, characters with multiple
variations of character state were scored with various
numbers. The list of scoring characters is shown in Table 2.

Principal Component Analysis (PCA) of leaf anatomical
characters

Principal Component Analysis (PCA) was conducted
using PAST version 5.2.2 (Hammer et al. 2001) to explore
patterns of variation and clustering among samples based
on 18 scored anatomical leaf characters with multiple
character states. All data were standardized before analysis
to eliminate scale bias among variables. PCA was used to
reduce dimensionality while retaining the maximum
variance in the dataset. The resulting principal components
were visualized using 2D and 3D scatter plots to observe
sample distribution and grouping. To identify which
characters contributed most to the clustering, loading plots
were examined, highlighting the variables with the
strongest influence on the principal components.
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Table 2. Anatomical leaf characters with discrete states used in principal component analysis

No. Character description Character states and scores

1 Stomatal type (1) Dominant tetracytic; (2) Tetracytic with anomocytic variation

2 Adaxial epidermis trichome (1) Present; (2) Absent

3 Spongy mesophyll density (1) Dense; (2) Less dense

4 Crystal in the lamina (1) Present; (2) Absent

5 Sclereid in the lamina (1) Present; (2) Absent

6 Adaxial midrib shape (1) Slightly convex with entire margin; (2) Flat with entire margin
(micromorphology section)

7 Abaxial midrib shape (1) Convex and rounded, with undulate to wavy margin; (2) Convex and rounded,
(micromorphology section) with entire margin; (3) Convex and triangular, with undulate to wavy margin

8 Adaxial epidermis cell shape (in the (1) Square; (2) Square and oval
midrib)

9 Abaxial epidermis cell shape (in the (1) Oval; (2) Square and oval
midrib)

10 Trichome type (in the midrib) (1) Unicellular, scattered; (2) Absent

11 Vascular bundle shape in the midrib (1) Flat/convex adaxial and U-shaped to % rounded abaxial; (2) Flat/convex adaxial
(adaxial-abaxial) and V-shaped to triangular abaxial; (3) Flat/convex adaxial and rounded abaxial

12 Sclereid in the midrib (1) Present; (2) Absent

13 Crystal in the midrib (1) Present; (2) Absent

14 Petiole morphological shape (1) Rounded with flat canal; (2) Oval with flat canal; (3) Rounded and oval with flat

canal
15 Vascular bundle type in the petiole (1) Single, closed system with oval shape; (2) Double, closed system with oval shape

16  Unicellular trichome density in the
petiole

17 Crystal in petiole

18  Number of oil cell layers below the
epidermis

(1) Present (dense or scattered); (2) Absent

(1) Present; (2) Absent
(1) 1-2 layers; (2) More than 2 layers

RESULTS AND DISCUSSION

Results

The leaf is the most noticeable vegetative organ in
almost all Spermatophyta; it is the primary organ
responsible for photosynthesis. The morphological and
anatomical characters of leaves often reflect a species' life
cycle and functional responses to environmental
conditions. Consequently, detailed examination of leaf
traits provides key insights into how a species interacts
with its habitat and adapts to ecological pressures. In this
study, we observed 37 characters from three leaf parts:
lamina, midrib, and petiole (Table 3). All samples were
collected from lowland tropical rain forests, with the
highest elevation where E. zwageri was found is Modang
village (c. 400-500 m asl). Generally, the qualitative
characteristics of different organ parts from different
accession numbers are similar due to the conservative
character commonly found in the woody plant species. Our
findings show that the lamina has 13 consistent characters
and 5 variable characters; the midrib has 2 consistent
characters and 8 variable characters; and the petiole has 4
consistent characters and 5 variable characters.

The study examined 37 anatomical characters of the
lamina, midrib, and petiole to capture the full range of
foliar structural diversity in E. zwageri. The selection of

these characters reflects the traits most consistently used in
Lauraceae systematics, as shown in the comparative data in
Table 3, including stomatal configuration, mesophyll
arrangement, vascular bundle morphology, sclereid types,
and the presence of crystals and oil cells. These characters
represent both conservative and variable components of
leaf architecture, as illustrated in Figure 7, where the
lamina shows the highest number of stable traits. At the
same time, the midrib and petiole display greater variation
across accessions. By incorporating characters that are
taxonomically informative and anatomically diverse, the
dataset enables a comprehensive qualitative assessment and
provides a robust framework for detecting potential
intraspecific variation among subpopulations.

General anatomy description of Eusideroxylon zwageri

Leaf. Stomata are superficial, hypostomatic, mostly
tetracytic (paratetracytic, anomotetracytic) and anomocytic,
with some paracytic (hemiparacytic, brachyparacytic,
paratetracytic) variation present (Figure 2). The abaxial
epidermis shows straight to rounded anticlinal cell walls;
the shape of cells is irregular (in paradermal) and square
and rectangular (in transverse section). The adaxial
epidermis shows a straight anticlinal cell wall; the shape of
cells is square to polygonal (in paradermal section) and
square (in transverse section) (Figure 3).



Table 3. Observation of thirty-seven anatomical characters of the lamina, midrib, and petiole of Eusideroxylon zwageri compared with other genera of Lauraceae

No Anatomical characters  Eusideroxylon zwageri Cinnamomum Beilschmiedia Cryptocarya
Leaf
1 Stomatal position through  Superficial Sunken>%!7 Sunken'4, raised and superficial’ Superficial (Based on picture)?
the epidermis
2 Stomatal type Mostly tetracytic, and anomocytic, Anomocytic?, laterocytic, Paracytic'4 Paracytic and anomocytic®!3
sometimes paracytic brachyparacytic®
3 Presence of stomata Hypostomatic Hypostomatic? Hypostomatic'* Hypostomatic'’
4 Type of abaxial epidermis Straight to rounded Straight to undulate? Angular, rounded, undulate, branched,  Usually straight to moderately
anticlinal cell wall and sinuous'* curved, but sometimes
undulate'?
5 Abaxial epidermis shape  Irregular shape Rectangle, isodiametric, tetragonal ~ Angular, roundish to irregular shape'*  Angular, roundish to irregular
(in paradermal section) to polygonal or tabloid with shape!®
different sizes or sinuous?
6 Abaxial epidermis shape ~ Square and rectangle Square and rectangle'®, some Square'? Rectangle, some species have a
(in transverse section) possess papillae, varying from papillate structure®
dome-shaped to club-shaped*
7 Type of adaxial epidermis  Straight Straight to curved? sinuous!® Angular, sinuous, branched!? Usually straight to moderately
anticlinal cell wall curved, but sometimes
undulate'®
8 Adaxial epidermis shape  Square to polygonal Polygonal, angular, roundish? to Polygonal, angular, roundish to irregular Polygonal, angular, roundish to
(in paradermal section) irregular shape!® shape!? irregular shape!®
9 Adaxial epidermis shape ~ Square Square and rectangle®!'® Square'? Square and rectangle®
(in transverse section)
10 Abaxial epidermis Unicellular trichome, with peg-like Some species have unicellular 4, Simple with a poral base!* Some species have unicellular
trichome attachment and radial basal cell unbranched, non-glandular, solitary, trichome?®
and have an acute apex?
11 Adaxial epidermis Unicellular trichome with peg-like Some species have unicellular Simple with a poral base'? Present in some species®
trichome attachment and a radial basal cell is rarely ~ trichomes>*!%
present
12 Cuticle Slightly thick cuticle present Present both surface? Present both surface' Present both surfaces
13 Palisade mesophyll Dorsiventral Dorsiventral? Dorsiventral'4 Dorsiventral'®
14 Number of palisade Mostly 2-3 layers, rarely 1 or 4 layers Mostly 1 layer>*, rarely 2-3 layers* Mostly 1-2 layers of palisade tissue, but 2-3 layers of palisade tissue'®
mesophyll layers some species have 3 layers'*
15 Spongy mesophyll Dense or slightly dense rarely lose Dense or slightly dense (based on ~ Dense or slightly dense (based on Dense, less dense, in some
pictures’-1?) picture!?) cases, contains large lacunae'®
16 Crystal Mostly absent; raphide or prismatic crystal ~ Present in the mesophyll and around Acicular to rhomboid crystal found in B. Crystal found in parenchyma

is rarely present in the spongy mesophyll or

around the vascular bundles

the vascular bundle. The form of
crystals is variable?

tawa'?

cells of Cryptocarya aft.
aschersoniana Mez®



17 Sclerenchyma

18 Idioblast and oil cells

Midrib

1 Adaxial midrib
morphology

2 Abaxial midrib
morphology

3 Adaxial epidermis shape

4 Abaxial epidermis shape

5 Trichome

6 Cuticle

7 Shape of vascular bundle
8 Oil cells

9 Sclereid

10 Crystal

Petiole

1 Morphological shape

2 Epidermis cells shape

Osteosclereids are present among the

mesophyll, sometimes elongated through the
palisade and spongy, or only between the
palisade or spongy mesophyll area. Rarely

absent

Idioblasts are present between the palisade

or spongy mesophyll

Entire margin, flat to slightly convex

Convex with a rounded shape (rarely

triangle) with an undulate, wavy, or entire

margin
Square or square to oval

Oval or square to oval

Unicellular hair and scattered (rarely absent)

Slightly thick cuticle present

Closed system with a single vascular bundle,
flat to convex adaxial side, but varies in
abaxial (dominant U-shape to % rounded, V-
shape to triangular, and rarely full rounded)

Scattered among the peripheral and central
cortex, around the vascular bundle, and
sometimes between the vascular bundles, are

cell complexes

Brachysclereids and astrosclereids are

present in the cortex, rarely absent

Absent (prismoid or raphida crystal rarely

present in cortex)

Oval, rounded, or oval and rounded, with a

flat canal side
Square or square to oval

The periclinal walls of palisade and
the cell of spongy parenchyma show
sclerification. Sclerenchymatous
bundle sheath?

Idioblasts and oil cells are present in
mesophyll cells 4

Convex, flat!® and concave*®

Flat to convex>%!8

Square>%18

Oval or square to oval>%18
Unicellular hair?

Present!

One open arch central vascular
bundle that was different in shape
(oval, elongated, irregular, V-
shaped, partially dissected into 2 or
3 segments)>%!8

Present in the cortex and a complex
vascular bundle?

Present?. Brachysclereid in the
cortex of C. pauciflorum®

Present in the vascular bundle?

Rounded (with flat canal), reniform,
and oval'

Square or square to oval'

The sclerenchyma is 2-3-layered in
bundle sheath'*

Qil cells are often observed in the
palisade tissue'

Flat to concave'*

Convex to wavy margin'4

Square to rectangular'4

Square to oval (based on picture ')

Oil cells are found in the
mesophyll of some Cryptocarya
species'¢

Concave in Cryptocarya aff.
Aschersoniana®

Convex in Cryptocarya aff.
aschersoniana®

Square in Cryptocarya aff.
aschersoniana®

Trichome present in some species (based Trichome present in some

on picture %)
Present!?

Dominant flattened arc and closed
system rings with variation !4

Present'?

Rounded'?

species®
Present®
Open system, rounded in

Cryptocarya aff.
Aschersoniana®

Present in Cryptocarya aff.
Aschersoniana®

Sclerified cells are also
observed as supporting tissues
in the midrib and at the leaf
margins®



3 Vascular bundles shape Closed system, mostly single (double Simple open arc, partially or clearly Three bundles at the base of the petiole, -
vascular bundles are rarely found), witha  separated into 3 segments'-' they may branch halfway along the
wavy oval shape length of the petiole to give five or
seven bundles, which commonly reunite
or perform ring-form at the petiole's
distal end!"14

4 Trichome Unicellular hair is present with dense or Some species have trichomes Some species have trichomes!? -
scattered, rarely absent (unicellular or multicellular)!
5 Cuticle Slightly thick cuticle present Present! Present!? -
6 Crystal Absent or present (if present, raphide Present (sand, elongated, acicular, - -
crystals found in cortex) rectangular, and box-shaped
crystal)!
7 Sclereid Brachysclereids and astrosclereids are Brachysclereid' - -

present in the cortex or between the vascular
bundle complex
8 Oil cells Oil cells are present in the peripheral and Present in C. sulphuratum and C. Present in cortex!? -
central cortex, around the vascular bundles, verum!?
and between the vascular bundles complex

9 Number of oil cell layers 1, 2, or 3 layers 2-3 layers!? - -

Note: References: 'Abeysinghe and Scharaschkin (2019), 2Abeysinghe (2024), 3Babalola et al (2021), “Bakker et al. (1992), SBaruah and Nath (1997), ®Baruah and Nath (2006), "Bottoni et al
(2021), 8de Moraes (2006), °Fadhila et al. (2023), °Knowles and Beveridge (1982), !'Metcalfe (1987), ?’Narayana et al. (2019), *Nishida (1998), “Nishida and Christophel (1999), *Nishida et
al. (2016), '°Petzold (1907), "Santose (1930), ¥Wulansari et al. (2020)
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Trichomes are hair-shaped, unicellular, with peg-like
attachments and radial basal cells; mostly present in the
abaxial epidermis and rarely in the adaxial epidermis.
Slightly thick cuticle present. The palisade mesophylls are
dorsiventral, mostly 1-3 layers, and sometimes up to four
layers. Spongy mesophylls are mostly dense, occasionally
loose. Crystal is absent primarily, seldom present in
raphide or prismatic form, found in spongy mesophyll or
around vascular bundles. Osteosclereids mostly perform in
the mesophyll, elongated through palisade and spongy, or
are only present in the palisade and spongy area. Idioblasts
and oil cells are present between the palisade and the
spongy mesophyll.

Midrib. The adaxial midrib is slightly convex or
sometimes flat, with an entire margin and a square to
rectangular epidermis. The abaxial midrib is convex with a
rounded shape and rarely triangular, with an undulate,
wavy, or entire margin, epidermis dominant oval, or
sometimes square. Slightly thick cuticle present. Trichome
is occasionally absent, or unicellular hair is rarely present
in the abaxial region. Vascular bundles are present in a

NS AE
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closed system with a single vascular bundle, flat to convex
in adaxial, but vary in abaxial, with dominant U-shape to %
rounded and V-shape to triangular, rarely fully rounded
(Figure 4). Oil cells are mostly scattered throughout the
peripheral and central cortex, around vascular bundles, and
sometimes between the vascular bundles' cell complexes.
Brachysclereids and astrosclereids are present in the cortex
and rarely absent (Figure 5). Crystal prismoid or raphide is
sometimes present in the cortex, but mostly absent.

Petiole. Oval, rounded, or oval and rounded with flat
canal side, epidermal cells square or square to oval (Figure
6). Vascular bundles are arranged in a closed system, with
single vascular bundles mostly present and wavy-oval in
shape. Slightly thick cuticle present, with unicellular hair
dense, scattered, or rarely absent. Brachysclereids and
astrosclereids are present in the cortex or between the
vascular bundle complex, while raphide crystals are present
(in the cortex) or absent. Oil cells are sparsely distributed
in the peripheral and central cortex, around the vascular
bundles, and between the vascular bundles; in the
peripheral cortex, they are present in one to three layers.

Figure 2. Anatomical appearance of leaf epidermis tissue of Eusideroxylon zwageri. A. Several types of stomata were found in abaxial
epidermis: 1. Hemiparacytic; 2. Anomocytic; 3. Brachyparacytic, B. A unicellular hair trichome (yellow arrow) was also found in
abaxial epidermis, C. No stomata were found in adaxial epidermis. Scale: A-C: 100 um, magnification level 20x

Figure 3. Transverse section of lamina Eusideroxylon zwageri
Note: abe: Abaxial epidermis; ade: Adaxial epidermis; idb: Idioblast; mp: Mesophyll palisade; ms: Mesophyll sponge; oc: Oil cells; os:
Osteosclereid; vb: Vascular bundle. Magnification level: 20x
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Figure 4. Variation of morphology and vascular bundles shape in the midrib of Eusideroxylon zwageri. A-B. Half-rounded midrib with
an entire margin and % to half-rounded vascular bundles arrangement, C. Rounded midrib with entire margin and almost fully rounded
vascular bundle arrangement, D. Triangular midrib with slightly undulate margin and triangular vascular bundles arrangement, E.
Triangular midrib with wavy margin and triangular vascular bundles arrangement. Scale: A,C,E: 100 um; B,D: 200 pm; magnification
level: 4x

e

)

Ay,
A
Figure 5. Anatomy structure of the midrib of Eusideroxylon zwageri. as: Astrosclereid; bs: Brachysclereid; cx: Cortex; fb: Fibers; oc:
Oil cell; ph: Phloem; vb: Vascular bundle complex; xy: Xylem. Scale: 200 pm, magnification level 4x (left) and 10x (right)

Figure 6. Transverse section of the petiole of Eusideroxylon zwageri. A. Petiole with an oval shape, B. Petiole with a rounded shape, C.
Vascular bundle complex. as: Astrosclereid; fb: Fibers sheath; oc: Oil cells; ph: Phloem; xy: Xylem. Scale: A-B: 200 pm; C-D: 100 pm,
magnification level 4x (A,B) and 10x (C)
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Variation among sub-populations of E. zwageri

Based on the characters determined for each accession
and subpopulation, the lamina showed the highest number
of consistently present characters across all accessions and
subpopulations, with 13 characters observed. In contrast,
most characters in the midrib and petiole were more varied
than those in the lamina (Figure 7). No anatomical
character was found to be uniquely associated with any
specific subpopulation. Kongbeng Sub-district, as the
largest subpopulation, had the highest number of character

not significant compared with the Modang subpopulation,
which had only 8 accessions and displayed 53 character
states. Subpopulations with smaller sample sizes showed
lower character state variation, namely Kutai National Park
(6 accessions, 46 character-states), Tanjung Pinang Village
(2 accessions, 41 character-states), and Taman Hutan
Rakyat Lati Petangis (3 accessions, 39 character-states)
(Figure 8). Overall, these patterns indicate that the number
of accessions collected from a subpopulation did not
substantially influence the amount of anatomical variation

states (56) across all 47 accessions, but this difference was  observed.
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Figure 7. Presentation of characters presented in the accession of Fusideroxylon zwageri. A. Lamina characters: 1. Stomatal position
through the epidermis (phanerophore); 2a. Stomatal type (tetracytic, anomocytic); 2b. Stomatal type (paracytic, tetracytic and anomocytic); 3.
Presence of stomata (hypostomatic); 4. Type of abaxial epidermis anticlinal cell wall (straight to rounded); 5. Abaxial epidermis shape
in paradermal section (irregular); 6. Abaxial epidermis shape in transverse section (square and rectangle); 7. Type of adaxial epidermis
anticlinal cell wall (straight); 8. Adaxial epidermis shape in paradermal section (square to polygonal); 9. Adaxial epidermis shape in
transverse section (square); 10. Abaxial epidermis with unicellular trichome, base peg-like, and basal sel radial; 11. Adaxial epidermis
with unicellular trichome; 12. Cuticle; 13. Palisade mesophyll (dorsiventral); 14. Number of palisade mesophyll layers (1-3 layers,
sometimes up to 4 layers); 15a. Spongy mesophyll (dense); 15b. Spongy mesophyll (loose); 16. Crystal; 17a. Sclereid (abundant); 17b.
Sclereid (rare); 17c. Sclereid absent; 18. Idioblast and oil cells (between mesophyll and sponge palisade). B. Midrib characters: 1a.
Adaxial midrib (slightly convex with entire margin); 1b. Adaxial midrib (flat with entire margin); 2a. Abaxial midrib (convex and
rounded, with undulate to wavy margin); 2b. Abaxial midrib (convex and rounded with entire margin); 2c. Abaxial midrib (convex and
triangle with undulate to wavy margin); 3a. Adaxial epidermis shape (square); 3b. Adaxial epidermis shape (square and oval); 4a.
Abaxial epidermis shape (oval); 4b. Abaxial epidermis shape (square and oval); 5. Trichome (unicellular, scattered); 6. Cuticle; 7a.
Vascular bundle closed system with flat to convex adaxial and U-shape,1/2, or 3/4 rounded abaxial; 7b. Vascular bundle closed system
with flat to convex adaxial and V-shape to triangular abaxial; 7c. Vascular bundle closed system with flat to convex adaxial and rounded
abaxial; 8. Oil cells; 9. Sclereid; 10. Crystal. C. Petiole characters: la. Morphological shape (rounded with flat canal); 1b.
Morphological shape (oval with flat canal); 1c. Morphological shape (rounded and oval with flat canal); 2. Epidermis cells shape (square
or square to oval); 3a. Vascular bundles shape (single, closed system with oval shape); 3b. Vascular bundles shape (double, closed
system with oval shape); 4. Unicellular trichome present (dense or scattered); 5. Cuticle; 6. Crystal; 7. Sclereid presents between cortex
and vascular bundle complex; 8. Oil cells presents below epidermis, around vascular bundle complex, and among vascular bundle cells;
9a. Number of oil cell layers below epidermis 1-2 layers; 9b. Number of oil cell layers below epidermis, more than 2 layers
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Figure 8. Comparison of the number of accessions from each
population with the number of character states observed. GGA:
Kongbeng Sub-district, East Kalimantan, Indonesia,
subpopulation; MOD: Modang Village; TNK: Kutai National
Park; TNJ: Tanjung Pinang Village; THR: Taman Hutan Rakyat
Lati Petangis

PCA analysis

The scatter plot from PCA showed that all accession
numbers cluster close to the center of the axis, indicating
that nearly all of the accession numbers share a similar data
pattern. The only accession numbers separated from other
accessions are GGA HP1 from Kongbeng Sub-district and
DA 2413 from Kutai National Park (Figure 9). Kongbeng
Sub-district and Kutai National Park had a similar, highly
wet climate, according to climate data based on the
Schmidt-Ferguson classification. Therefore, the outlier
status of these two accession numbers was unlikely to be
caused by climate factors. Those two accession numbers
have two characters which offered as the strongest
character separating them from one another, i.e., (i) shape
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of the midrib vascular bundle is a closed system with flat to
convex adaxial and V-shape to triangular abaxial
(dominantly closed system with flat to convex adaxial and
U-shape,1/2, or 3/4 rounded abaxial), and (ii) the petiole
morphological shape is rounded and oval with a flat canal
(dominantly rounded with flat canal).

Furthermore, another variation found in GGA HPI is
that the midrib adaxial epidermis is square and oval. In
contrast, DA 2413 has trichomes on the lamina adaxial
epidermis, and the midrib abaxial epidermis is convex and
rounded with an entire margin. However, compared with
the 3D scatter plot, the two accession numbers were not
included among the highlighted results shown in this
figure.

Based on the 3D scatter plot, two subpopulations,
namely Taman Hutan Rakyat Lati Petangis (grouped in
PC3, accession numbers THR1, THR2, THR3), and
Tanjung Pinang (placed in PC1, accession numbers TNJ1,
TNIJ2), are potentially different and placed quite far from
the center axis (Figure 10). The Taman Hutan Rakyat Lati
Petangis subpopulation lacks crystals in all leaf organs
observed, whereas another subpopulation has crystals
present in at least one part (petiole or midrib only). The
Tanjung Pinang subpopulation shows high variation in its
character states, even though it consists of only two
accession numbers; it has at least four characters bearing
eight character states, indicating that this subpopulation
could exhibit greater variation as the sample size increases.
However, these results were relatively small and weak and
still warrant further investigation using complementary
approaches (e.g., molecular studies) to determine whether
they represent significant infraspecific variation.
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Figure 9. Scattered plot of the E. zwageri samples collected from five subpopulations shows only two accession numbers placed outside

of the main cluster
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Figure 10. Scatter chart of E. zwageri subpopulation in East
Kalimantan, Indonesia. Black dot: Kongbeng Sub-district; Plus
red: Modang Village; Square blue: Kutai National Park; Star
purple: Taman Hutan Rakyat Lati Petangis; Cross green: Tanjung
Pinang Village. Variance percentage: PC1: 19.06; PC2: 12.544;
PC3:11.363

Discussions
Comparison of anatomical traits of Eusideroxylon zwageri
with the sister taxa and determining the diagnostic
characters

A previous study by Dewi et al. (2024) analyzed
morphological traits in combination with five quantitative
anatomical variables: leaf thickness, adaxial and abaxial
epidermal thickness, mesophyll thickness, and stomatal
density. The samples were collected from two
subpopulations: the Kongbeng and Kayan Mentarang
(North Kalimantan). The results indicated no statistically
significant differences due to overlapping ranges across
traits. Building on these findings, the present study focused
on qualitative anatomical traits to determine whether
diagnostically informative characters exist for £. zwageri.

Comparative analyses of the lamina, midrib, and petiole
with approximately 360 species from three closely related
Lauraceae genera (Petzold 1907; Santose 1930; Knowles
and Beveridge 1982; Metcalfe 1987; Bakker et al. 1992;
Baruah and Nath 1997; Nishida 1998; Nishida and
Christophel 1999; Baruah and Nath 2006; de Moraes 2006;
Nishida et al. 2016; Abeysinghe and Scharaschkin 2019;
Narayana et al. 2019; Wulansari et al. 2020; Babalola et al.
2021; Bottoni et al. 2021; Fadhila et al. 2023; Abeysinghe
2024), reveal that most anatomical characters of E. zwageri
overlap with those found elsewhere in Lauraceae (Table 3).
For example, the paracytic stomata type was widely seen in
sister genera of Fusideroxylon, such as Cryptocarya
(Cryptocarya densiflora and C. ferrea (Fadhila et al.
2023)), and other species of Lauraceae, such as Ocotea
indecora, Nectandra barbellata, and Endlicheria
paniculata (Gongalves et al. 2018). The 2-3 palisade layers
of E. zwageri are comparable to other genera of Lauraceae,
which have 1-3 palisade layers (Metcalfe and Chalk 1950).

Sclereids—particularly osteosclereids and astrosclereids—
occur extensively throughout the vegetative organs of E.
zwageri, indicating a strong lignification strategy. Although

sclereids are known from other Lauraceae taxa (e.g.,
Ravensara), the distribution pattern observed here differs in
its consistency and abundance. Idioblasts and oil cells,
found in the lamina, midrib, and petiole, also correspond to
traits widely documented in Lauraceaec (Metcalfe and
Chalk 1950; Nishida and Christophel 1999; Serebrynaya et
al. 2017; Gongalves et al. 2018; Aini and Wisanti 2023).

In the midrib, the fiber rings around the outer vascular
bundles of E. zwageri resemble those in Persea (Metcalfe
and Chalk 1950), Cinnamomum (Abeysinghe 2024),
Nectandra, Endlicheria, and Ocotea (Gongalves et al.
2018). The midrib exhibits various shapes of vascular
bundle complexes, i.c., U-shape, % rounded, V-shape,
triangular, and rounded forms. All of these constitute a
single closed system vascular bundle similar to an
unbroken circle. Comparable traits are found in
Beilschmiedia, a genus in the same tribe (Cryptocaryeac)
(Table 2) (van der Werff and Richter 1996). This structure
may extend into the petiole, consistent with previous
studies that Beilschimiedia has vascular bundles that
branch halfway along the petiole into five or seven bundles
and commonly curve or reunite into a ring-like form at the
distal end of the petiole (Table 2) (Metcalfe 1987; Nishida
and Christophel 1999).

One distinctive trait does, however, appear exclusive to
the genus: the presence of osteosclereids within the lamina
mesophyll, sometimes extending from the palisade zone
into the spongy mesophyll. This character, absent from
closely related genera, constitutes the only robust
qualitative diagnostic marker identified. Although PCA
highlighted  several  characters—such as  petiole
morphology (19.9%), presence of crystals in the petiole
(12.67%), and midrib vascular-bundle shape (11.36%)—
these traits overlap with those of other Lauraceae and
therefore lack diagnostic utility.

Functional anatomical traits related to adaptation

The presence of stomata in a plant was often related to
the environmental conditions. In E. zwageri, several
characters, such as stomatal types, sclereids, and oil cells,
indicate appropriate adaptations. The presence of
superficial stomata (parallel to the leaf surface), which
reflected the rainfall intensity in Kalimantan forests
ranging from 1600-4100 mm/year, was quite efficient for
the process of CO; intake during photosynthesis. In plants
exposed to drier conditions, stomata were typically more
submerged to prevent water loss (Santriidek 2022).

Eusideroxylon zwageri contains many sclereids and oil
cells, especially in the stems. Sclereids are thick, lignin-
rich cells that contribute to the hardness and durability of
the ironwood (Evert 2006). Oil cells, usually associated
with axial parenchyma (Richter and Dallwitz 2000), were
also found in its leaves. Leaf sclereids, such as
osteosclereids, provide additional protection against pests
(Mauseth 1988), including leafhoppers, ladybugs, shoot-
eating caterpillars, and green grasshoppers (Susilawati and
Rahmi 2020), by rendering the tissue coarse and
unpalatable (Mauseth 1988). As mechanical tissue,
sclerenchyma also contributes to leaf resilience, reduces
wilting damage, and protects them from direct light
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irradiation (Terashima 1992), which serves as an adaptation
to the dry season. Meanwhile, leaf oil cells are generally
rich in lipophilic plant secondary metabolites, likely
functioning in chemical defense, enabling early detection
and response to herbivore attacks (Divekar et al. 2022).
Together, these anatomical features underscore the
importance of sclereids and oil cells in reinforcing the
structural and chemical adaptations of ironwood.

Future perspective for conservation efforts informed by
anatomical features of E. zwageri

The strong lignification indicated by extensive
sclerenchyma and sclereids contributes to the exceptional
hardness of E. zwageri but also likely underlies its slow
growth and regeneration. The species exhibits a low annual
diameter increment (0.25 cm/year) and an extremely low
volume increment (0.00024 cm?/year) (Suharja and Jumani
2017). Combined with long-term overexploitation, these
traits have contributed to its Vulnerable status under the
IUCN Red List (Asian Regional Workshop (Conservation
and Sustainable Management of Trees, Viet Nam, August
1996) 1998).

Low seedling production success rates further challenge
conservation efforts. Natural regeneration remains limited,
while vegetative propagation—through cuttings, air
layering, and tissue culture—typically yields 30-40%
rooting success (Utami et al. 2005; Maharani et al. 2021).
Tissue culture approaches also remain constrained by low
induction rates (Wahyuni et al. 2019). Expanding
anatomical knowledge could inform improved propagation
protocols, helping identify tissue types or developmental
stages more responsive to vegetative techniques.

Ironwood’s tolerance of nutrient-poor soils and diverse
textures—from sandy to clay (Irawan 2015)—supports its
potential for restoration programs. However, successful
establishment requires appropriate silvicultural treatments,
including the use of seedlings at least 40—60 cm in height
(Maharani et al. 2021), nutrient supplementation, and
integrated pest management. Pest attack intensity in
ironwood seedlings is relatively low (30%) compared with
other species, such as Shorea balangeran (42.14%) (Priatna
et al. 2023), a resilience likely linked to the presence of leaf
sclereids (Susilawati and Rahmi 2020).

In conclusion, this study provides updated qualitative
anatomical data for E. zwageri, demonstrating that most
foliar traits align with the broader Lauraceae family while
confirming osteosclereids in the lamina as the only clear
diagnostic marker. The pronounced lignification and
abundance of sclereids and oil cells highlight key adaptive
features but may also contribute to the species’ slow
regeneration and restricted recovery. Future research
integrating  quantitative = anatomical = measurements,
molecular analyses of intraspecific variation, and the
application of anatomical insights to vegetative propagation
techniques may significantly enhance large-scale
restoration and long-term conservation efforts for this
ecologically and culturally important species.
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Abstract. Madjid AA, Wulandari AA, Dzihni A, Simanjuntak MPD, Chairunisa S, Dewangga A, Himawan W, Buot Jr IE, Setyawan AD.
2025. Diversity of urban street tree communities in Semarang District, Indonesia. Nusantara Bioscience 17: 337-353. Roadside
vegetation plays an important role in maintaining ecological functions, microclimate regulation, and environmental quality in rapidly
urbanizing tropical landscapes. This study examined the diversity, composition, and functional structure of urban street trees across five
major 10-km roadside corridors in Semarang District, Central Java, Indonesia. Field surveys conducted in September 2024 recorded
2,091 individuals representing 53 species, 47 genera, and 26 families, and classified into functional categories based on ecological and
management attributes. Species richness and abundance varied markedly among routes. The Bandungan-Kaloran corridor showed the
highest richness and stability, while the Ungaran-Cangkiran corridor exhibited the strongest species dominance, and the Semarang-
Bawen corridor had the lowest richness. Three species-Swietenia mahagoni, Polyalthia longifolia, and Mangifera indica-emerged as
district-wide dominants. Functional composition was heavily skewed toward Ornamental Plant (OP) and Timber Plants (TP), with
Frugivory-supporting species (Fr) providing secondary ecological roles. Diversity indices (Shannon, Simpson, Margalef, and Evenness)
revealed substantial spatial heterogeneity: peri-urban routes showed balanced community structures, whereas highly built-up corridors
exhibited low diversity and high dominance. These patterns highlight the influence of urbanization intensity, planting space limitations,
and disturbance pressure on roadside vegetation structure. These findings highlight the need for more diversified and functionally
balanced street tree planting strategies to enhance the sustainability and resilience of urban green infrastructure in Semarang District and
other rapidly developing tropical cities.

Keywords: Functional diversity, Semarang District, tree diversity, tropical urban ecology, urban street trees

INTRODUCTION planting preferences, species availability, and management
regimes (Almas and Conway 2016; Pretzsch et al. 2017).

Because street corridors are extreme

Urban vegetation plays an increasingly crucial role in
maintaining ecological stability within rapidly expanding
cities, particularly in tropical regions where land-use
change and infrastructure development exert strong
pressures on native biodiversity (Berry et al. 2008; Liu et
al. 2024a). Street trees-woody plants intentionally or
spontaneously occurring along transportation corridors-
constitute one of the most visible components of urban
green infrastructure (Choi et al. 2021; Wang et al. 2025).
They contribute to biodiversity support, microclimate
regulation, air pollution mitigation, stormwater attenuation,
and visual landscape quality (Roy et al. 2012; Gherri
2023). In Southeast Asian cities, where urban expansion
continues at an accelerating pace, understanding the
diversity and ecological functions of street trees is essential
for designing resilient and livable environments (Wiryono
et al. 2018; Asanok et al. 2021).

Urban street tree communities represent unique
vegetation assemblages shaped by ecological tolerance,

exposed to
environmental stressors-heat, drought, soil compaction,
pollution, and limited rooting space-their floristic
composition typically differs from that of parks or remnant
natural forests (Rajoo et al. 2021; Liu et al. 2024b). Tree
diversity along roadsides influences a city’s overall
ecological functioning by supporting pollinators,
frugivores, and other wildlife groups that rely on scattered
vegetation patches within fragmented urban mosaics
(Dietzel et al. 2023; Graffigna et al. 2024). Maintaining
diverse street-tree assemblages, therefore, contributes not
only to aesthetic and cultural values but also to urban
ecological resilience.

Although research on urban tree diversity has grown
substantially during the past decade, significant gaps
remain, particularly in tropical developing countries. Many
studies have focused on urban parks (Wang and Zhang
2022), residential areas (Xie et al. 2024), and green belts
(Nasrullah and Suryowati 2008), while roadside
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ecosystems-despite their linear continuity and large spatial
extent-remain underexplored. In Indonesia, existing works
have examined vegetation in urban forests, campuses, and
parks, but comprehensive assessments of street-tree
communities at the district scale are still limited. Most
available studies address only partial aspects such as
species lists, ornamental preferences, or community
perceptions, without integrating taxonomic diversity,
functional roles, and spatial variation across multiple road
corridors. This knowledge gap restricts the capacity of
planners and policymakers to design evidence-based urban
greening strategies, particularly in regions experiencing
rapid development such as Central Java, Indonesia.

Semarang District represents one of the most dynamic
peri-urban areas in Indonesia, marked by accelerated
transportation development, expansion of residential zones,
and increasing traffic density (Aprillia and Pigawati 2018).
Despite these transformations, the region retains substantial
stretches of roadside vegetation that potentially function as
biodiversity reservoirs within an otherwise intensively
modified landscape (Pemerintah Kota Semarang 2010).
Yet, systematic evaluations of street-tree diversity in
Semarang District have not been documented, leaving
uncertainties regarding the composition, functional
attributes, and ecological roles of tree species distributed
along major road networks. Understanding these patterns is
critical because the resilience of urban ecological systems
often depends on the diversity and distribution of
vegetation along transportation corridors (Zhang and Jim
2014; Huff et al. 2020).

Given the research gaps, this study provides a
comprehensive  assessment of urban  street-tree
communities across five major road corridors in Semarang
District, Indonesia. It aims to: (i) document taxonomic
composition  (species richness, abundance, family
representation); (ii) analyze spatial distribution patterns
across five 10-km routes; (iii) identify functional categories
(edible, medicinal, ornamental, frugivory-supporting,
pollution-mitigating species) and evaluate their ecological
relevance; and (iv) assess route-level biodiversity stability
using Shannon-Wiener, Simpson, Margalef, and Evenness
indices. These integrated objectives enable a
multidimensional understanding of how urban street trees
contribute to ecological functioning in a rapidly urbanizing
district.

By generating a district-scale baseline, this study fills a
key knowledge gap in Indonesian urban ecology. The
findings provide a scientific foundation for optimized
tree-planting programs, enhanced habitat connectivity, and
improved environmental quality along road networks. The
results also serve as a reference for future biodiversity
monitoring and guide local governments in selecting

species that balance aesthetic appeal, ecological
performance, and long-term  resilience. Such
evidence-based insights are essential for supporting

sustainable urban planning and strengthening ecological
infrastructure in Semarang and other tropical cities.

This study offers the first district-wide, route-explicit
evaluation of street-tree diversity in Central Java by
integrating taxonomic structure, functional composition,
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and multi-index ecological stability across continuous
10-km corridors. Unlike prior studies focusing on parks or
isolated green spaces, it quantifies spatial heterogeneity and
dominance patterns along linear transport networks. The
integration of detailed taxonomic validation, functional
categorization, and corridor-level diversity modeling
provides a methodological advance for understanding how
urbanization gradients shape vegetation structure in tropical
cities. The dataset establishes a robust ecological baseline
for evidence-based roadside greening and long-term
biodiversity planning.

MATERIALS AND METHODS

Study area
Administrative and biophysical setting of Semarang District
Semarang District is situated in Central Java, Indonesia
and encompasses a heterogeneous administrative landscape
shaped by interactions between urban, peri-urban, and rural
development zones. Urban expansion associated with the
Greater Semarang metropolitan region has long been
recognized as a driver of land-use restructuring and
vegetation transformation in Java’s rapidly developing
districts (Firman 2004; Hudalah and Firman 2012). The
district extends from lowland alluvial plains in the north to
upland foothills exceeding 700 m in elevation, producing
marked gradients in temperature, humidity, and cloud
cover that influence species distribution patterns. These
gradients align with broader monsoonal climatic
characteristics of Central Java, featuring a pronounced wet
season and dry season (Schmidt and Ferguson 1951;
Aldrian and Susanto 2003). Such administrative-
biophysical heterogeneity creates a mosaic of ecological
conditions that shape roadside vegetation structure,
consistent with urban ecological frameworks emphasizing
spatial variation across metropolitan gradients (Pickett et
al. 2013).

Road corridors, land use, and traffic intensity

The study focused on five major 10-km road corridors
traversing diverse land-use settings: Bandungan-Kaloran,
Salatiga-Kedungjati, = Ungaran-Cangkiran, = Ambarawa-
Bawen, and Semarang-Bawen (Figure 1). These corridors
intersect agricultural foothills, rural settlements, peri-urban
zones, and dense commercial areas, reflecting the district’s
multilevel development pattern. Elevation shifts from ~200
to >700 m introduce substantial microclimatic variation, a
factor known to influence roadside vegetation performance
in tropical landscapes (Whitten et al. 1996; Corlett and
Primack 2011). Traffic intensity also varies widely, with
Semarang-Bawen receiving the highest vehicular load,
producing elevated heat, dust, and pollution stressors that
are characteristic drivers of urban tree performance (Jim
and Liu 2001). Differences in land-use intensity, pollution,
and shading conditions generate spatially distinct
ecological filters along the routes, paralleling urbanization-
gradient patterns reported in global roadside ecology
(Morgenroth and Buchan 2009; Sjoman et al. 2015).
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Figure 1. Geographical distribution of the five 10-km street-tree survey routes in Semarang District, Central Java, Indonesia

Route selection criteria

The selection of the five routes followed three primary
criteria. First, each represents a major arterial or collector
road under district jurisdiction, ensuring ecological
relevance for assessing street-tree composition. Second, the
routes collectively span strong gradients of elevation, land-
use intensity, and traffic pressure, enabling examination of
how environmental and anthropogenic factors shape
vegetation patterns (McDonnell and Hahs 2008). Third, a
uniform transect length of 10 km was adopted to enhance
comparability among corridors and to ensure adequate
sampling coverage, a practice consistent with long-distance
roadside survey guidelines (Nowak et al. 2006; Jim and
Chen 2008). Together, these criteria provide a
representative  cross-section of Semarang District’s
ecological and urban structural heterogeneity.

Survey design and sampling framework
Overall transect-based roadside survey design

This study employed an observational survey using
continuous 10-km transects along each road corridor,
allowing systematic documentation of all trees present
within the roadside zone. Transects are widely used in
urban ecological assessments because linear sampling
better captures vegetation patterns influenced by road
geometry, land-use intensity, and microclimatic conditions
than discrete plot-based designs (Forman et al. 2003;
McDonnell and Hahs 2008). Continuous transects also
minimize sampling gaps and yield more representative data
for corridor-level vegetation heterogeneity (Morgenroth
and Ostberg 2017). Plot methods were not adopted because
roadside vegetation is spatially linear, discontinuous, and
strongly conditioned by traffic exposure, which often leads
to underrepresentation when fixed-area plots are used
(Pauleit et al. 2005; Kent 2012). Standardizing the 10-km
length across all routes allowed comparability and

produced sufficiently large sample sizes consistent with
tropical roadside vegetation surveys (Jim and Chen 2008).

Left-right sampling and definition of individual trees

Field observations were conducted on both the left and
right sides of each road corridor to ensure full coverage of
roadside vegetation and reduce detection bias. Parallel
scanning is recommended in urban tree surveys because
opposite verges often differ in shading, slope, built-up
density, and exposure to pollutants, leading to asymmetric
vegetation patterns (Pauleit et al. 2005; Roy et al. 2012).
The roadside boundary was defined as the area from the
road shoulder to the edge of the planting strip or drainage
channel. An “individual tree” was defined as a perennial
woody plant >2 m tall rooted within this designated zone,
following standard guidelines for urban tree inventories
(Nowak et al. 2008; FAO 2016). Multi-stemmed clumps
arising from a single root base were counted as one
individual, while seedlings or saplings below the height
threshold were excluded to avoid inflating abundance
estimates. Trees within private compounds were omitted
unless their canopy extended clearly into the roadside
space. These criteria align with international urban forestry
survey protocols (Konijnendijk et al. 2005).

Survey period and temporal considerations

The field survey was conducted in September 2024,
corresponding to the late dry season in Central Java.
Surveying during this period ensured high visibility of
canopy structure and reproductive traits while minimizing
rainfall-related obstruction, consistent with
recommendations for tropical vegetation assessments
(Corlett and Primack 2011). Because most roadside tree
species in Java are evergreen, seasonal detectability biases
are generally low (Whitmore 1998; Korner and Basler
2010). All transects were surveyed during daylight hours
under comparable weather conditions to reduce temporal
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variability and ensure consistent identification accuracy
(Sutherland 2006). This timing also aligns with best
practices in urban tree monitoring, which emphasize
minimizing phenological and climatic variation during
fieldwork (Miller et al. 2015).

Field data collection
Georeferencing and route mapping

Each 10-km transect was established using
predetermined start-end coordinates derived from district
road maps and administrative boundaries. GPS tracking
ensured the survey team remained aligned with the
intended route, enabling consistent spatial coverage
throughout the corridor. Coordinates were cross-checked
with field conditions to avoid deviations caused by road
curvature or construction. Mapping followed general
ecological survey protocols emphasizing spatial precision
(Sutherland 2006; Kent 2012). The spatial configuration of
the five transects corresponds to the distribution presented
in Figure 1, which illustrates their position across varying
land-use and elevation zones (ESRI 2020).

Tree inventory and recorded attributes

Tree inventories were conducted through continuous
visual assessment along both sides of each corridor. Every
individual tree within the roadside zone was identified to
species level when possible, counted, and recorded in
standardized forms. This direct-observation method is
widely applied in roadside vegetation studies because it
accommodates the linear, heterogeneous nature of urban
planting strips (McDonnell and Hahs 2008; Nowak et al.
2008). Supplementary attributes-including height class,
canopy density, and the presence of flowers or fruits-were
documented when visible to support later verification and
ecological interpretation. These attributes help distinguish
similar taxa and provide context on growth performance
under differing roadside conditions (FAO 2016; Pretzsch et
al. 2017). Recording these morphological traits also aligns
with best practices in tropical urban forestry, where
environmental stressors often induce variable phenotypic
expression (Sjoman and Nielsen 2010).

Photographs, vouchers, and rare species handling

Representative photographs were taken for each
species, especially when diagnostic structures were visible.
When permissible, small non-destructive samples (twigs or
fallen reproductive parts) were collected as voucher
material following standard herbarium practices (Bridson
and Forman 1998; Funk et al. 2017). Species that were
rare, morphologically ambiguous, or difficult to confirm in
the field were documented with additional notes and
photographic angles and later verified through expert
consultation. Functional traits of interest were also noted to
aid subsequent categorization (Diaz et al. 2016).

Species identification and taxonomic validation
Identification workflow and diagnostic characters

Species identification followed a stepwise workflow
beginning with field recognition based on readily
observable vegetative and reproductive traits. Key
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diagnostic characters included leaf arrangement, blade
shape, and venation, bark texture, crown architecture, latex
presence, and flower or fruit morphology when available-
criteria widely used in tropical tree identification (Kent
2012; Beentje 2016). Ambiguous taxa were documented
through photographs and additional notes for subsequent
verification. Post-field verification relied on comparison
with authoritative floristic descriptions, ensuring that
identifications were consistent with regional morphological
variation. This workflow reflects best practices in botanical
survey methodology (Hollingsworth et al. 2011),
particularly for species commonly used in urban plantings
that show substantial phenotypic variability under roadside
stress.

Regional floras and online databases

Verification employed major regional floras, including
Flora Malesiana (van Steenis 1954-2006), Flora of Java
(Backer and van den Brink 1963-1968), and the Tree Flora
used by Indonesian botanical institutions. These references
provided authoritative morphological keys for species
distributed across Malesia. Digital taxonomic resources-
including POWO, WFO, and GBIF-were used to confirm
accepted names, synonymy, and geographic distribution,
following global nomenclatural standards (Kew 2019;
GBIF 2020). Integration of printed floras and online
databases aligns with current taxonomic protocols in
tropical biodiversity studies and supports consistency
across datasets (Smith and Brown 2018).

Native vs introduced status and taxonomic consistency
Species were classified as native, naturalized, or
introduced based on distribution evidence from POWO,
GBIF, and the CABI Invasive Species Compendium
(https://www.cabi.org/isc). A species was considered native
when at least one authoritative source confirmed historical
distribution in Indonesia, and it was not listed as introduced
or invasive (Richardson et al. 2000; PySek et al. 2004).
Synonymy checks minimized misidentification among
horticulturally common taxa (Govaerts 2001, 2003).

Functional category classification
Functional groups and assignment criteria

Each species was assigned to functional groups based
on documented ecological roles and human uses, including
Timber Plants (TP), Medicinal Plants (MP), Edible Plants
(EP), Ornamental Plants (OP), Frugivory-supporting
species (Fr), Pollen Producing (PP), Pollen Reducing (PR),
and Toxic Plants (Tc). Assignments followed clear,
literature-supported criteria emphasizing stable
characteristics rather than occasional or anecdotal uses
(Heyne 1987). Functional grouping was guided by trait-
based frameworks widely used in plant ecology (Violle et
al. 2007; Diaz et al. 2016). Species exhibiting ambiguous
or inconsistent uses were excluded to maintain clarity and
comparability across routes (Kendal et al. 2012).

Cross-validation of ethnobotanical and horticultural uses
Functional categories were cross-validated using
regional ethnobotanical references, horticultural databases,



MADIID et al. — Diversity of urban street tree communities

and complementary resources such as Useful Tropical
Plants (https:/tropical.theferns.info). Distributional and taxonomic
checks using POWO (https://powo.science.kew.org) and
GBIF (https://www.gbif.org) ensured accuracy and
prevented misclassification (Zerega et al. 2005).

Data processing and diversity analysis
Data matrices, species frequency, and functional matrices
Field records were organized into a species X route
matrix capturing abundance across all five corridors,
complemented by a species x functional-category matrix
integrating ecological and ethnobotanical attributes.
Species frequency was calculated using (i) the number of
routes in which each species occurred and (ii) proportional
abundance relative to total individuals, following standard
vegetation ecology approaches (Curtis and Mclntosh 1951;
Kent 2012). These matrices facilitated comparison of
compositional patterns and functional representation
among routes. All taxa were standardized to accepted
nomenclature prior to analysis through verification with
POWO and GBIF (Kew 2019).

Diversity indices and stability assessment

Four diversity metrics were computed: Shannon-
Wiener, Simpson, Margalef richness, and Pielou’s
Evenness, each representing complementary aspects of
community structure (Shannon and Weaver 1949; Simpson
1949; Margalef 1958; Pielou 1966, 1975; Krebs 1999;
Magurran 2004). Indices were calculated using established
formulas and cross-validated with statistical software to
minimize computational errors. Diversity values were
compared among routes to assess how richness,
dominance, and abundance distribution varied along
environmental gradients (Legendre and Legendre 2012).
Integration of multiple indices allowed a general appraisal
of community stability, reflecting concepts used in urban
vegetation assessment (Jost 2006; McDonnell and Hahs
2008; Pretzsch et al. 2017).

Ethical considerations

All field activities followed non-destructive sampling
principles, with no cutting or removal of vegetation.
Observations were conducted exclusively in public
roadside spaces without entering private property or
obstructing traffic. Only naturally fallen materials were
handled when needed for identification. No protected
species were disturbed, and all procedures adhered to
ecological fieldwork guidelines (Sutherland 2006) and best
practices in urban ecology (McDonnell and Hahs 2008;
Miller et al. 2015).

RESULTS AND DISCUSSION

Overall species composition
Total individuals, species, genera, and families recorded

A total of 53 tree species, representing 47 genera and 26
families, were recorded along the five 10-km roadside
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corridors in Semarang District. These species collectively
accounted for 2,091 individual trees distributed across all
routes (Table 2). Of the total 2,091 individuals, Route 4
(Ambarawa-Bawen Street) contained the highest number of
trees (635 individuals), followed by Route 1 (Bandungan-
Kaloran Street, 539 individuals), Route 3 (Ungaran-
Cangkiran Street, 465 individuals), Route 2 (Salatiga-
Kedungjati  Street, 299 individuals), and Route 5
(Semarang-Bawen Street, 153 individuals). Species
richness varied among corridors but consistently reflected
the presence of multiple taxa adapted to disturbed, high-
traffic urban environments. The overall floristic
composition  demonstrates a  structurally  diverse
assemblage dominated by widely planted ornamentals,
shade-providing species, and a smaller subset of
multipurpose trees. The species-family structure presented
in Table 1 highlights the predominance of families
commonly associated with urban greening initiatives in
tropical Asia. The spatial distribution of these species
followed the geographical layout of the five survey routes
illustrated in Figure 1.

Contribution of native vs introduced species

Based on distributional verification using POWO,
GBIF, and regional floras, roadside corridors in Semarang
District were dominated by introduced species, which
accounted for 32 species, exceeding the number of native
species (21 species) recorded in the dataset (Table 1).
Native species comprised a smaller proportion and were
often represented by residual or conserved individuals,
particularly within older urban and peri-urban sections.
Several introduced species, including Swietenia mahagoni
and Tabebuia rosea, were numerically prominent within
specific corridors, reflecting long-standing urban planting
preferences in Indonesian metropolitan landscapes rather
than uniform distribution across all routes. In contrast,
native species-although fewer in number-were frequently
represented by large, mature individuals such as Ficus
benjamina and Pterocarpus indicus, suggesting historical
planting records and long-term persistence within the urban
matrix. The disproportionate representation of introduced
taxa (approximately 60% of total recorded species)
indicates strong human-mediated selection as a key driver
shaping the taxonomic structure of street-tree communities
across Semarang District.

Dominant families in Semarang roadside corridors

Analysis of taxonomic composition (Table 1) indicates
that a limited number of plant families dominate roadside
tree assemblages across the five surveyed corridors in
Semarang District. Fabaceae contributed the highest
number of species (9 species), reflecting its wide ecological
tolerance, frequent use in urban roadside planting, and
representation by both shade-providing and ornamental
trees. This family’s prominence is consistent with its well-
documented adaptability to highlight, compacted-soil, and
disturbance-prone urban environments.
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Table 1. Roadside tree species in the urban area of Semarang District, Indonesia and their benefits
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Functional groups

Scientific name Family Origin TP MP EP PP PR OP Fr Te
Albizia julibrissin Fabaceae I v - - - - v - -
Alstonia scholaris Apocynaceae N - v - - - v - -
Anacardium occidentale Anacardiaceae I - - v - - - v o
Artocarpus communis Moraceae N - - v - - - v -
Artocarpus heterophyllus Moraceae N - - v - - - v -
Averrhoa carambola Oxalidaceae N - - v - - - v o
Carica papaya Caricaceae I - - v - - - v o
Casuarina equisetifolia Casuarinaceae I v - - - - v - -
Cerbera manghas Apocynaceae N - - - - - v -V
Chrysophyllum cainito Sapotaceae I - - v - - VARRVAR
Citrus maxima Rutaceae I - - v - - - v -
Cocos nucifera Arecaceae N - - v - - - v -
Cordyline australis Asparagaceae I - - - - - v - -
Dalbergia latifolia Fabaceae N v - - - - - - -
Delonix regia Fabaceae I - - - v - v - -
Diospyros blancoi Ebenaceae I - - v - - VARRVAE
Durio zibethinus Malvaceae N - - v - - - v -
Elaeis guineensis Arecaceae I - - v - - - - -
Erythrina crista-galli Fabaceae I - - - - - v - -
Erythrina variegata Fabaceae I - - - - - v - -
Ficus benjamina Moraceae N - v - - v v vV
Filicium decipiens Sapindaceae I - - - - - v - -
Gnetum gnemon Gnetaceae N - - v - - - - -
Gossypium hirsutum Malvaceae I - - - - - v - -
Lagerstroemia speciosa Lythraceae I - - - - - v - -
Lansium domesticum Meliaceae N - - v - - - v o
Leucaena leucocephala Fabaceae I - - v - - - - -
Malus domestica Rosaceae N - - v - - - v -
Mangifera indica Anacardiaceae N v - v - - v v
Manilkara zapota Sapotaceae N - - v - - - v -
Mimusops elengi Sapotaceae N - - - - v v - -
Morinda citrifolia Rubiaceae N - - v - - - - -
Moringa oleifera Moringaceae N - - v - - - - -
Muntingia calabura Muntingiaceae I - - - - - - v o
Nephelium lappaceum Sapindaceae N - - v - - - v o
Pinus merkusii Pinaceae I v - - - - v - -
Pithecellobium dulce Fabaceae I - - v - - - v -
Plumeria rubra Apocynaceae I - - - - - v -V
Plumeria acuminata Apocynaceae [ - - - - - v -V
Polyalthia longifolia Annonaceae [ - - - - v v - -
Pometia pinnata Sapindaceae N - - v - - - voo-
Pouteria campechiana Sapotaceae | - - v - - - v -
Psidium guajava Myrtaceae N - - v - - - voo-
Pterocarpus indicus Fabaceae I v v - - - v v -
Roystonea regia Arecaceae I - - - - - v - -
Swietenia mahagoni Meliaceae I v - - v - v - -
Syzygium myrtifolium Myrtaceae I - - - - - v - -
Syzygium polyanthum Myrtaceae N - - v - - - - -
Tabebuia rosea Bignoniaceae I - - - - - v - -
Tabebuia roseo-alba Bignoniaceae [ - - - - - v - -
Tamarindus indica Fabaceae I - - v - - - - -
Terminalia catappa Combretaceae I - - - - - v - -
Terminalia mantaly Combretaceae [ - - - - - v - -
Total: 53 species 26 families N:21;1: 32 7 3 26 2 3 28 22 4

Note: Origin Status: Native tree (N), Introduced (I) based on: POWO, CABI, GBIF. Functional categories: TP: Timber; MP: Medicinal;
EP: Edible; PP: Pollen Producing; PR: Pollen Reducing; OP: Ornamental Plant; Fr: Frugivory-supporting; Tc: Toxic
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Apocynaceae and Sapotaceae followed as the next most
represented families, each comprising four species.
Members of these families are commonly selected for
roadside environments due to their structural resilience,
relatively stable growth forms, and tolerance to urban
stressors such as heat, limited rooting space, and air
pollution. The repeated occurrence of these three families
across multiple corridors suggests a degree of consistency
in municipal planting preferences and long-term greening
practices at the district scale. In contrast, families with
lower species representation-such as Anacardiaceae,
Arecaceae, and Myrtaceae-were more unevenly distributed
among routes and often restricted to specific corridors. This
localized occurrence likely reflects differences in planting
history, land-use context, or micro-environmental
conditions along individual road segments, rather than
uniform district-wide planting strategies.

Spatial distribution of roadside trees across routes
Distribution of individuals along the five 10-km routes

The abundance of roadside trees varied substantially
among the five 10-km survey routes (Table 2). In total,
2,091 individuals were recorded across all routes.
Ambarawa-Bawen Street recorded the highest abundance
(635 trees), followed by Bandungan-Kaloran Street (539
trees), indicating relatively continuous roadside vegetation
along these corridors. Ungaran-Cangkiran Street showed
moderate abundance (465 individuals), albeit with
fragmented distribution in certain sections, while Salatiga-
Kedungjati Street represented a corridor with lower tree
density (299 individuals). The fewest trees were recorded
along Semarang-Bawen Street (153 individuals), consistent
with its highly urbanized character and limited planting
space.

Identification of routes with the highest and lowest abundance

Based on the total counts, Route 4 (Ambarawa-Bawen
Street) was the most abundant corridor, while Route 5
(Semarang-Bawen Street) contained the lowest number of
trees (Table 2). These contrasts highlight the divergent
structural conditions across the district’s roadside
environments, where some corridors maintain extensive
vegetative cover, while limited planting space, intensive
built-up zones, or discontinuous canopy structure
characterize others.

Species occurring only as singletons or rare occurrences

Several species appeared as singletons, being recorded
only once across the entire dataset (Table 2). In total, six
species were represented by a single individual: Artocarpus
communis, Gnetum gnemon, Lansium domesticum,
Leucaena leucocephala, Manilkara zapota, and Pometia
pinnata. Although limited in abundance, these rare
occurrences contribute to route-level differences in species
richness and reflect localized planting decisions or isolated
retention of individual trees rather than widespread
planting patterns. The presence of these singleton species,
while numerically minor, is ecologically noteworthy as it
increases overall floristic heterogeneity within Semarang
District’s urban roadside vegetation.
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Functional categories of roadside trees
Proportion and number of species in each functional group
Roadside tree assemblages in Semarang District
exhibited a diverse distribution of functional categories
(Table 1). Edible plants (26 species), frugivory-supporting
species (22 species), and ornamental plants (28 species)
dominated the composition, reflecting a landscape shaped
by both legacy fruit trees from agro-urban mosaics and
intentional ornamental planting by local authorities. Timber
plants formed a smaller group (7 species), while medicinal
plants were limited (3 species), i.e. Alstonia scholaris, F.
benjamina, and P. indicus. Pollen-related categories
showed minimal representation, with only 2 Pollen
Producing (PP) species (i.e. Dalbergia latifolia, S.
mahagoni) and 3 Pollen Reducing (PR) species (i.e. F.
benjamina, Mimusops elengi, Polyalthia longifolia),
indicating a generally low contribution to airborne pollen
loads along the corridors. Toxic species were also few (4
species), i.e. Cerbera manghas, F. benjamina, Plumeria
rubra, and Plumeria acuminata. The distribution pattern is
illustrated in Figure 2, which shows the clear numerical
dominance of EP, Fr, and OP, whereas TP, MP, PP, PR,
and Tc collectively represent a much smaller fraction of the
roadside flora.

Functional overlap and multifunctional species

Several species occupied more than one functional
category (Table 1), highlighting the multifunctionality of
many tree taxa in the district. Species such as Mangifera
indica, Artocarpus spp., and P. pinnata contributed
simultaneously to the edible and frugivory-supporting
groups, while P. indicus combined timber value with
ecological functions related to shade provision and wildlife
support. Ficus benjamina was among the most
multifunctional species, appearing in medicinal, PR, OP,
Fr, and Tc categories.

Timber (TP) Toxic (Tc)

Medicinal (MP)

Frugivory-supporting (Fr)

26.6%

Edible (EP)

23.4%

Pollen-producing (PP)

Pollen-reducing (PR) Omamental (OP)

Figure 2. Functional categories of roadside tree species in the
urban area of Semarang District, Indonesia. Note: TP: Timber
Plant; MP: Medicinal Plant; EP: Edible Plant; PP: Pollen
Producing Plant; PR: Pollen-Reducing Plant; OP: Ornamental
Plant; Fr: Frugivory-supporting plant; Tc: Toxic plant (after
Thothathri et al. 1985)
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Table 2. Species frequency counts by point in Semarang District,

Indonesia
o . Route

Scientific name Family 1 2 3 4 5
Albizia julibrissin Fabaceae 0O 0 0 0 2
Alstonia scholaris Apocynaceae 4 0 2 0 O
Anacardium occidentale Anacardiaccac 0 4 2 0 0
Artocarpus communis Moraceae o 0 0 1 0
Artocarpus heterophyllus Moraceae 9 7 52 9 0
Averrhoa carambola Oxalidaceae 51 7 1 0
Carica papaya Caricaceae 9 9 6 0 O
Casuarina equisetifolia ~ Casuarinaceae 19 2 0 5 0
Cerbera manghas Apocynaceae 4 0 0 O O
Chrysophyllum cainito Sapotaceae 7 0 0 0 O
Citrus maxima Rutaceae 0O 0 6 0 O
Cocos nucifera Arecaceae 13 10 29 3 0
Cordyline australis Asparagaceae 7 1 0 0 O
Dalbergia latifolia Fabaceae 0O 0 0 71 1
Delonix regia Fabaceae 0O 0 0 19 0
Diospyros blancoi Ebenaceae 0o 8 0 0 O
Durio zibethinus Malvaceae 1 16 18 0 O
Elaeis guineensis Arecaceae o 1 0 0 3
Erythrina crista-galli Fabaceae 53 0 0 O O
Erythrina variegata Fabaceae o 0 0 0 5
Ficus benjamina Moraceae 8 0 2 5 0
Filicium decipiens Sapindaceae 32 0 9 0
Gnetum gnemon Gnetaceae o 0 0 1 0
Gossypium hirsutum Malvaceae o 0 2 0 O
Lagerstroemia speciosa  Lythraceae 1 0 0 15 28
Lansium domesticum Meliaceae 1 0 0 0 O
Leucaena leucocephala  Fabaceae o 0 1 0 O
Malus domestica Rosaceae 4 0 0 0 O
Mangifera indica Anacardiaceac 110 86 41 43 7
Manilkara zapota Sapotaceae 1 0 0 0 O
Mimusops elengi Sapotaceae 0O 0 0 0 4
Morinda citrifolia Rubiaceae 2 0 0 0 O
Moringa oleifera Moringaceae 2 0 0 0 O
Muntingia calabura Muntingiaceae 38 38 9 11 4
Nephelium lappaceum Sapindaceae 1 0 0 1 5
Pinus merkusii Pinaceae 0O 0 13 1 0
Pithecellobium dulce Fabaceae 0O 0 0 0 20
Plumeria rubra Apocynaceae 5 0 1 1 20
Plumeria acuminata Apocynaceae 6 6 8 1 0
Polyalthia longifolia Annonaceae 53 47 0 67 0
Pometia pinnata Sapindaceae 1 0 0 0 O
Pouteria campechiana Sapotaceae 0O 0 0 0 28
Psidium guajava Myrtaceae 1 4 14 56 0
Pterocarpus indicus Fabaceae 16 0 9 0 O
Roystonea regia Arecaceae 8 0 0 0 O
Swietenia mahagoni Meliaceae 13 4 229222 0
Syzygium myrtifolium Myrtaceae 20 11 14 0 O
Syzygium polyanthum Myrtaceae o 0 0 17 0
Tabebuia rosea Bignoniaceae 4 5 0 49 0
Tabebuia roseo-alba Bignoniaceae 0 0 0 0 21
Tamarindus indica Fabaceae 2 2 0 0 O
Terminalia catappa Combretaceae 28 35 0 3 0
Terminalia mantaly Combretaceae 1 0 0 24 5

Total: 2,091 individuals

539 299 465 635 153

Notes: Route 1: Bandungan-Kaloran Street; Route 2: Salatiga-
Kedungjati Street; Route 3: Ungaran-Cangkiran Street; Route 4:
Ambarawa-Bawen Street; Route 5: Semarang-Bawen Street

This functional overlap enhances ecological resilience
by supporting multiple ecosystem services-shade, food

provisioning, pollination benefits, and cultural value-within
a relatively limited number of planted species. Such
multifunctionality strengthens the structural and functional
complexity of roadside vegetation along the five surveyed
routes.

Interpretation of dominant functional roles in the urban
landscape

The functional profile shown in Figure 2 suggests that a
combination of aesthetic, microclimatic, and agro-
ecological considerations shapes roadside tree composition
in Semarang District. Ornamental species remain important
for aesthetic continuity and urban image, while fruit-
bearing and frugivory-supporting species contribute
substantially to urban wildlife resources and reflect long-
standing planting traditions. Timber species, though less
numerous, play essential structural roles in providing shade
and canopy cover. Conversely, the relatively small
representation of EP-only utilitarian plants, medicinal taxa,
pollen-related groups, and toxic species indicates a shift
toward multifunctional and ecologically favored species
rather than culturally utilitarian or specialized taxa.

The dominance of edible, frugivory-supporting, and
ornamental groups underscores the hybrid character of
Semarang’s roadside vegetation, balancing ecological
benefits with cultural and aesthetic functions.

Species abundance and dominant taxa
Top five most abundant species per route

Species abundance varied markedly across the five
surveyed corridors (Table 2). On Bandungan-Kaloran
Street, the leading species were S. mahagoni, P. longifolia,
T. rosea, and P. indicus, together comprising a substantial
portion of the total individuals on this route. Salatiga-
Kedungjati Street showed a different abundance profile,
with S. mahagoni remaining dominant, accompanied by M.
indica, and several ornamental taxa with moderate
representation. Along Ungaran-Cangkiran Street, overall
abundance was lower, but S. mahagoni and P. longifolia
again emerged as the most frequently recorded species.
Ambarawa-Bawen Street and Semarang-Bawen Street
displayed similar trends, each characterized by a small set
of high-abundance ornamentals and shade species
dominating the community structure.

City-wide dominant species

Across the entire Semarang District dataset, several tree
species emerged as both numerically abundant and
spatially widespread across multiple corridors (Table 2).
Ficus benjamina was the most widely distributed species,
occurring across all five surveyed routes, indicating strong
tolerance to varied roadside conditions in both urban and
peri-urban environments. Mangifera indica and P. indicus
were each recorded in four routes, reflecting their
multifunctional roles as shade-providing, fruit-bearing, and
structurally resilient trees commonly retained along major
roads. In contrast, S. mahagoni, although highly abundant
within certain corridors, was present in only three routes,
demonstrating that numerical dominance does not
necessarily correspond to the widest spatial distribution at
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the district scale. P. longifolia was frequently encountered
along densely built-up segments, consistent with its
widespread use as an avenue tree characterized by a
narrow, vertical crown structure. Collectively, these species
form the structural backbone of roadside vegetation in
Semarang District, contributing substantially to overall
canopy cover and shaping the abundance patterns of the
surveyed urban tree assemblages.

Species with intermediate and low abundance classes

A substantial number of species occurred at
intermediate abundance, typically represented by 5-20
individuals per route (Table 2). These included widely
planted but not overwhelmingly dominant ornamentals
such as T. rosea, D. regia, and P. indicus. Species with low
abundance-represented by fewer than five individuals-were
numerous and contributed to route-level richness without
strongly influencing overall dominance patterns. Several of
these, such as L. domesticum, M. zapota, and G. gnemon,
were restricted to single or isolated occurrences. Although
limited in numbers, these low-abundance species enhanced
the spatial heterogeneity and complemented the rich
ornamental matrix observed across the road corridors.

Route-specific community profiles
Bandungan-Kaloran Street (Route 1)

Route 1 exhibited the highest species richness and total
abundance among all surveyed corridors, forming the most
structurally stable assemblage in Semarang District (Table
2). The roadside vegetation along this corridor was
dominated by S. mahagoni, followed by P. longifolia, T.
rosea, and P. indicus, which together produced a relatively
dense and continuous canopy along much of the route. The
dominance of these taxa reflects a combination of long-
established planting practices and favorable planting space
typical of peri-urban environments. In addition to dominant
species, several taxa occurred only as singletons, including
L. domesticum, M. zapota, and G. gnemon, indicating
localized planting decisions or isolated retention of
individual trees rather than systematic planting. Although
numerically infrequent, these rare occurrences contributed
to the overall species richness of Route 1 and reinforced its
status as the most diverse corridor in the district. The
coexistence of dominant and rare species suggests that
Route 1 benefits from wider roadside verges, lower
disturbance  intensity, and more  heterogeneous
microhabitats, resulting in a comparatively balanced and
ecologically robust community structure.

Salatiga-Kedungjati Street (Route 2)

Route 2 exhibited moderate species richness and total
abundance, forming a structurally mixed assemblage
dominated by S. mahagoni (Table 2). Other relatively
frequent taxa included M. indica and P. longifolia, creating
a corridor characterized by a combination of shade-
providing and ornamental species commonly selected for
inter-urban roadside planting. This composition reflects
regular planting interventions along transport routes where
visual uniformity and canopy function are prioritized.
Several additional species occurred at low frequencies,
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typically represented by one to three individuals, indicating
localized planting decisions or residual trees retained from
earlier land-use phases rather than systematic planting
schemes. Although these low-abundance taxa contributed
minimally to overall tree density, their presence increased
compositional heterogeneity along the corridor. Overall,
Route 2 represents a moderately diverse and moderately
stable assemblage shaped by mixed land-use influence and
intermediate levels of disturbance.

Ungaran-Cangkiran Street (Route 3)

Route 3 (Ungaran-Cangkiran Street) displayed the
strongest dominance pattern, with S mahagoni
overwhelmingly shaping the structure of the corridor. This
created a heavily skewed community composition where a
single taxon accounted for a disproportionate share of total
individuals. The prevalence of Swiefenia along this route
likely reflects limited planting space, high levels of
disturbance, and the common municipal practice of
selecting vertically oriented species for narrow roadside
verges. Low-frequency taxa occurred sporadically, with
several species recorded only once or twice, indicating
limited species turnover and reduced canopy heterogeneity
(Table 2). Although these rare species marginally increased
richness, their presence did not significantly alter the
overall dominance-driven structure. The resulting
assemblage is considered the least stable among all routes
due to low diversity, strong dominance, and fragmented
canopy cover.

Ambarawa-Bawen Street (Route 4)

Route 4 displayed a moderately dense and moderately
rich assemblage dominated by S. mahagoni, P. longifolia,
and D. regia, which together formed the bulk of roadside
vegetation along the corridor (Table 2). The coexistence of
ornamentals and large shade trees produced a mixed but
not highly diverse structure, indicative of standardized
planting strategies typical of regional highways. In contrast
to Route 3, this corridor retained a more balanced
distribution of secondary species, contributing to a more
evenly distributed canopy. Several taxa were recorded
almost exclusively along this route, including isolated
individuals not observed in other corridors, suggesting
distinct planting histories or localized microhabitats that
favor certain species. Such route-specific taxa highlight the
varying management approaches employed across districts
and contribute to the intermediate stability observed in
Route 4.

Semarang-Bawen Street (Route 5)

Route 5 presented a species composition broadly
comparable to that of Routes 2 and 4, with S. mahagoni
emerging as the dominant species along the corridor (Table
2). Secondary dominant taxa included M. indica, reflecting
the widespread selection of multifunctional and
aesthetically preferred trees in urban and peri-urban
roadside environments. The total tree abundance on this
route was lower than that recorded in less urbanized
corridors, consistent with higher levels of built-up land
cover, increased traffic intensity, and reduced planting
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space in more densely urbanized segments. These
conditions resulted in a comparatively homogenized
community structure, a lower number of rare species, and
reduced canopy continuity. The abundance patterns
observed along Route 5 indicate that urbanization intensity
acts as a key driver shaping roadside tree community
structure, limiting opportunities for diversified planting and
constraining ecological heterogeneity.

Biodiversity indices across routes
Species richness (Margalef Index) comparison

Species richness, as reflected by the Margalef Index,
varied markedly among the five surveyed routes (Table 3).
Bandungan-Kaloran Street (Route 1) recorded the highest
richness value, consistent with its large number of species
and relatively high individual counts, indicating a more
heterogeneous community structure than the other
corridors. Intermediate richness values were observed on
Salatiga-Kedungjati Street (Route 2) and Ambarawa-
Bawen Street (Route 4), both of which maintained a
moderate species pool supported by mixed land-use
patterns. In contrast, Ungaran-Cangkiran Street (Route 3)
had the lowest richness level, reflecting both the limited
number of species and the markedly low abundance
recorded along the corridor. These patterns mirror the
spatial distribution of individuals across routes and
highlight the influence of planting space, disturbance
intensity, and land-use type on species richness in urban
roadside environments.

Shannon-Wiener diversity patterns

Shannon-Wiener Index values (H') indicated moderate
to high diversity across most routes, with Route 1 showing
the highest H'-a pattern consistent with its rich species pool
and balanced abundance distribution (Table 3). Routes 2, 4,
and 5 shared similar H' ranges, reflecting structurally
mixed but not heavily dominated communities typical of
suburban-urban transition zones. The lowest H' value
occurred on Route 3, driven primarily by the strong
dominance of S. mahagoni and the scarcity of secondary
species, which reduced overall species balance. The
contrast between the routes underscores how dominance,
species evenness, and total richness interact to shape the
composite diversity of roadside trees in Semarang District.

Evenness distribution across routes
Evenness (E) values further revealed inter-route
variation in species balance (Table 3). Semarang-Bawen
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Street (Route 5) exhibited the highest evenness score,
indicating a more equitable distribution of individuals
among constituent species, despite having fewer total
individuals compared to Route 1. Moderate evenness
values on Routes 1, 2, and 4 point to mixed dominance
structures, where several species contribute substantially to
total abundance. In contrast, Route 3 showed the lowest
evenness, congruent with its strong skew toward S.
mahagoni. Across the district, evenness generally reflected
the interaction between planting uniformity and disturbance
levels, with more urbanized routes tending toward slightly
homogenized species distributions.

Simpson Diversity Index and dominance levels

Simpson Index values (1-D) were relatively high on
most routes, indicating low to moderate dominance and
generally stable multi-species assemblages (Table 3).
Route 1 again recorded the highest Simpson (1-D) value,
aligning with its diverse and relatively evenly distributed
community. Simpson values on Routes 2, 4, and 5
remained within comparable ranges, signifying moderate
dominance pressure and the presence of multiple co-
dominant taxa. Route 3 showed the lowest Simpson value,
reflecting its highly skewed structure dominated by a single
species and limited contribution from rare taxa. Overall,
Simpson patterns reinforce the conclusion that dominance-
driven corridors exhibit reduced ecological balance and are
more vulnerable to disturbance.

Identification of the most stable vs the least stable
communities

Integration of Margalef, Shannon, Simpson, and
Evenness indices collectively indicates that Bandungan-
Kaloran Street (Route 1) represents the most stable tree
assemblage within Semarang District, characterized by
high richness, high diversity, and a relatively balanced
distribution of individuals. On the opposite end, Ungaran-
Cangkiran Street (Route 3) emerged as the least stable
corridor due to its low richness, low evenness, and strong
species dominance. The remaining routes showed
intermediate levels of stability, shaped by mixed
dominance structures, moderate species pools, and varying
disturbance conditions. Together, these multi-index
comparisons illustrate how roadside vegetation stability in
Semarang is shaped by the interaction of species diversity,
structural balance, planting history, and urbanization
pressure.

Table 3. Species diversity indices at five roadside routes in Semarang District, Central Java, Indonesia

Shannon-Wiener

Route Region Margalef (G) (H'") Evenness (E) Simpson (1-D)*
1 Bandungan-Kaloran Street 5.404 2.725 0.766 0.899
2 Salatiga-Kedungjati Street 3.508 2.322 0.763 0.854
3 Ungaran-Cangkiran Street 3.093 1.936 0.646 0.728
4 Ambarawa-Bawen Street 3.564 2.247 0.707 0.831
5 Semarang-Bawen Street 2.584 2.260 0.856 0.873

Note: Diversity indices were calculated as follows: Margalef’s Richness Index (G) = (S — 1)/In(N); Shannon-Wiener Index (H');
Evenness (E) = H/In(S); and Simpson’s Diversity Index' 7~ ' 27 where p=n/N
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Summary of key ecological findings
Integration of species counts, abundance, and indices
Synthesis of the dataset (Table 1) shows that Semarang
District's roadside corridors support 53 species, 47 genera,
and 26 families, forming a taxonomically diverse yet
unevenly distributed assemblage. A total of 2,091
individual trees were documented across all five corridors.
Abundance patterns reveal clear contrasts among routes,
with Ambarawa-Bawen Street (Route 4) recording the
highest number of individuals (635), while Semarang-
Bawen Street (Route 5) hosts the lowest (153). Diversity
indices further demonstrate substantial route-level
variation: Route 1 exhibits consistently high Margalef,
Shannon, and Simpson values, indicating greater richness
and structural balance, whereas Route 3 shows the lowest
diversity and evenness, reflecting strong dominance and
reduced community stability. Together, these metrics
illustrate a mosaic-like distribution of roadside tree
communities shaped by corridor-level differences in
planting history, urbanization intensity, and local
environmental conditions.

Emergent patterns of urban tree diversity

Urban roadside vegetation in Semarang is characterized
by a strong dominance of widely planted ornamentals and
timber species, as evidenced by their high abundance and
frequent occurrence across routes (Tables 1 and 2).
Functional diversity is skewed toward a few major groups,
with ornamental plants forming the largest component,
followed by shade-providing timber species and frugivory-
supporting taxa. Introduced species constitute a substantial
portion of the flora, while native species remain present but
comparatively limited. Species richness and community
balance are highest in less urbanized corridors, while built-
up routes show reduced richness and stronger dominance
patterns.

Ecological implications of current roadside vegetation
structure

The observed patterns indicate that Semarang’s
roadside tree communities provide structural diversity but
are functionally concentrated in a few dominant roles. High
dominance by species such as S. mahagoni and P.
longifolia contributes to consistent canopy structure but
may reduce resilience to pests, diseases, or climatic
extremes. Conversely, the presence of multiple rare and
low-abundance species enhances route-level richness and
contributes to spatial heterogeneity. Overall, current
roadside vegetation reflects a blend of ecological function,
aesthetic preference, and urban planting practice, forming a
community structure that supports moderate biodiversity
while revealing opportunities for greater functional
diversification in future urban greening strategies.

Discussion
Urban roadside tree diversity in the context of tropical
cities

The diversity patterns observed across the roadside
corridors of Semarang District highlight the ecological
complexity of vegetation in rapidly expanding tropical
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cities. The combination of moderate-high Shannon
diversity, substantial species richness, and marked route-
specific variability indicates that the interaction of
ecological filtering and long-term management decisions
drives community assembly. In tropical metropolitan
regions, roadside vegetation commonly functions as a
semi-managed mosaic where environmental stress and
human intervention jointly shape species composition
(Luck and Smallbone 2010; Carifianos and Casares-Porcel
2011). Similar to findings from Jakarta, Manila, Kuala
Lumpur, and Bangkok, Semarang’s corridors support
heterogeneous mixtures of native and introduced taxa, with
diversity declining predictably in locations characterized by
stronger heat-island effects, narrower planting strips, and
higher disturbance intensities (Lourdes et al. 2021;
Maruthaveeran et al. 2011; Sholihah et al. 2022).

Short-distance compositional turnover-a hallmark of
tropical roadside systems-reflects the interplay between
heterogeneous planting histories and disturbance-driven
selection (Roman et al. 2016; Sjoman et al. 2016). The
variation recorded across Semarang’s five routes aligns
with broader urban ecological theory, which posits that
fine-scale environmental gradients in built-up density,
shading, and soil compaction create distinct ecological
niches along linear corridors. These gradients, documented
in Guangzhou (Jim and Liu 2001) and Colombo (Wells et
al. 2017), promote localized filtering and generate route-
specific  vegetation signatures. Under the limited
availability of larger green spaces, such linear elements
often act as ecological “refuge corridors,” retaining species
otherwise excluded from more heavily sealed urban
matrices (Aronson et al. 2017).

Several interacting mechanisms explain the richness
and heterogeneity observed in Semarang. Elevated
temperatures and extensive impervious surfaces act as
strong abiotic filters, selecting for taxa with high heat and
drought tolerance and shifting community assembly toward
resilient ornamentals such as S. mahagoni, D. regia, and P.
longifolia (Oke et al. 2017; Zandler and Samimi 2024;
Hwang et al. 2025). Restricted rooting spaces along arterial
roads impose below-ground constraints that suppress
growth of sensitive taxa, reinforcing dominance by species
with efficient water-use strategies and compact root
systems (Pretzsch et al. 2017; Sun et al. 2024).
Additionally, chronic disturbances-including pruning,
pollution, and mechanical damage-reduce survival of
species lacking structural or physiological adaptations,
producing the low richness and depressed evenness
commonly observed along highly urbanized segments
(Sarwadi et al. 2019; Siqueira et al. 2022; Pratiwi et al.
2025).

Patterns from other Southeast Asian cities corroborate
these mechanisms. Bangkok’s dominance by fast-growing
ornamentals (Soonsawad 2013), Manila’s dependence on
introduced shade species (Moriwake et al. 2020), and
Singapore’s persistence of non-native ornamentals even
under high management standards (Hwang et al. 2025) all
point to convergent ecological outcomes: environmental
filtering under urban stress narrows the functional pool,
while historical planting decisions maintain certain taxa
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over decades. Semarang’s moderate richness, substantial
representation of introduced species, and recurrent
dominance of heat- and disturbance-tolerant taxa therefore
reflect regionally consistent assembly rules across tropical
Asia.

Despite these constraints, the presence of 53 species
from 26 families demonstrates that roadside vegetation-
when effectively maintained-can sustain ecologically
meaningful diversity. The variation observed across
corridors suggests that linear green spaces can serve not
only as visual and climatic buffers but also as functional
ecological components, provided species selection and
management practices align with the environmental
realities of tropical urban landscapes.

Patterns of taxonomic structure and dominant species

The strong dominance of S. mahagoni, P. longifolia,
and M. indica across Semarang’s roadside corridors reflects
the convergence of ecological tolerance, functional traits,
and long-standing municipal planting regimes that shape
tree-community assembly in tropical cities. Under urban
ecological filtering, species capable of maintaining
physiological performance under heat stress, soil
compaction, and pollution tend to monopolize available
niches, thereby reducing the effective species pool (Sjoman
et al. 2016; Sun et al. 2024; Zandler and Samimi 2024).
Swietenia mahagoni, for instance, possesses deep-rooted
architecture, drought-tolerant foliage, and high structural
uniformity-traits that enhance survival in thermally extreme
corridors. Its recurrent dominance in Manila, Colombo, and
Yangon (Esperon-Rodriguez et al. 2025; Wells et al. 2017)
indicates that this species often occupies a “core functional
niche” in tropical urban forests, where environmental
constraints narrow community composition toward a few
physiologically robust taxa.

Polyalthia longifolia dominates for complementary
mechanistic reasons. Its columnar crown and narrow lateral
spread represent a classic “urban-tolerant architecture”
optimized for limited rooting volumes, heavy pedestrian
traffic, and overhead cables-conditions that frequently
eliminate species with broader, structurally complex
canopies (Maruthaveeran et al. 2011; Soonsawad 2013).
This architectural predictability, combined with moderate
pollution tolerance and rapid early growth (Hwang et al.
2025), creates a competitive advantage in spatially
constrained  corridors. Comparable dominance in
Guangzhou, Bangkok, and Dhaka (Jim and Liu 2001;
Kjelgren et al. 2011; Uddin et al. 2021) suggests that P.
longifolia is  repeatedly selected through both
environmental filtering and institutional preference.

The persistence of M. indica follows a different
mechanism: legacy effects. Many large individuals are
retained through road-widening cycles due to their cultural
familiarity, shade value, and established root systems
(Sarwadi et al. 2019; Pratiwi et al. 2025). In urban
ecological theory, such legacy trees serve as “structural
anchors,” exerting disproportionate influence on canopy
stratification and microclimate while shaping successional
trajectories by limiting available space for replacement
species. Their drought tolerance and broad crowns
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reinforce their ecological persistence-even when newly
planted cohorts shift toward ornamentals.

Dominance by a narrow suite of species is a well-
documented feature of tropical urban vegetation (Carifianos
and Casares-Porcel 2011; Aronson et al. 2017).
Ecologically, such dominance emerges from two
overlapping processes: (i) Abiotic filtering, where heat,
compaction, and pollution reduce niche breadth; and (ii)
Planting inertia, where municipalities repeatedly select
“safe” species with predictable performance (Luck and
Smallbone 2010; Pretzsch et al. 2017).

While dominant taxa stabilize canopy cover and offer
reliable ecosystem services in the short term, they
simultaneously reduce functional redundancy. This creates
vulnerability to pests, physiological decline, or
climate-driven stress, as evidenced by pest-induced canopy
loss in Singapore and Guangzhou (Jim and Liu 2001) and
the decline of dominant ornamentals in Jakarta and
Surabaya (Nidah and Mukhlison 2013). When a
community’s functional capacity is concentrated in a few
taxa, stochastic shocks can trigger system-level instability,
accelerating canopy degradation and reducing urban
resilience (Roman et al. 2016; Siqueira et al. 2022).

In Semarang, the strong dominance of S. mahagoni, P.
longifolia, and M. indica therefore represents a structurally
efficient but ecologically vulnerable community
architecture. Although these species currently support
essential canopy functions, the long-term resilience of the
roadside vegetation system will depend on diversifying
species pools, increasing functional redundancy, and
reducing the ecological risks inherent in dominance-led
community  structures-recommendations  increasingly
emphasized in contemporary tropical urban forestry
research (Luck and Smallbone 2010; Sjoman et al. 2016;
Hwang et al. 2025).

Functional composition and ecosystem services of roadside
trees

The functional composition of Semarang’s roadside
vegetation reflects a community structured by both
environmental filters and the functional priorities of urban
management. The dominance of Ornamental Plant (OP),
Edible Plant (EP), and Frugivory-supporting (Fr) species
(Table 1; Figure 2) indicates that functional assembly is not
random but driven by a combination of physiological
tolerance, service provisioning, and historical planting
regimes. In tropical cities, environmental harshness and
design constraints tend to favor species with high thermal
plasticity, stable architectural forms, and predictable
maintenance requirements-traits aligning closely with the
functional groups most abundant in Semarang (Cariflanos
and Casares-Porcel 2011; Sun et al. 2024).

Ornamental species, including D. regia, T. rosea, and
P. longifolia, exemplify “urban-tolerant” phenotypes that
combine high photosynthetic resilience under elevated
temperatures with canopy architectures suited to
constrained spatial environments. Their visual appeal is
often cited, but ecologically, their dominance arises from a
strategic advantage under low-soil-volume, high-radiation,
and pollution-heavy conditions (Thaiutsa et al. 2008;
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Kjelgren et al. 2011). Through shading and transpiration
cooling, these species help modulate microclimates,
lowering surface temperatures and mitigating heat-island
effects-ecosystem services that become increasingly critical
as tropical cities warm (Wells et al. 2017; Zandler and
Samimi 2024).

Timber Plants (TP) such as S. mahagoni and P. indicus
represent another functional axis: structural robustness.
With dense wood, deep-rooting systems, and large crowns,
these species operate as “ecosystem-service anchors,”
capturing particulate matter, stabilizing soil along roadside
banks, and providing a more persistent canopy under
hydrological or thermal stress (Pretzsch et al. 2017; Hwang
et al. 2025). Their presence enhances carbon storage, but
more importantly, contributes to structural heterogeneity-a
key determinant of ecological resilience in linear habitats.

The ecological significance of frugivory-supporting
species becomes evident when interpreted through a
trophic-interaction lens. Species such as M. indica, F.
benjamina, and other fruiting taxa provide continuous or
seasonal resources for birds, bats, and small mammals.
These interactions help maintain urban food webs, sustain
pollinator and seed-disperser presence, and support the
connectivity of wildlife across fragmented landscapes
(Wells et al. 2017; Lourdes et al. 2021). In tropical urban
systems, such frugivory pathways often act as “ecological
bridges,” preventing the collapse of species interactions
under increasing urban stress.

In contrast, the limited representation of Medicinal
Plants (MP), Toxic plants (Tc), Pollen Producers (PP), and
Pollen Reducers (PR) highlights trade-offs inherent in
roadside environments. High-disturbance corridors impose
sanitation, safety, and allergenicity constraints that reduce
the suitability of utilitarian fruit crops and allergenic
species (Jianan et al. 2007; Carifanos et al. 2016, 2019).
Pollen Producers (PP) species are minimized to prevent
respiratory-health risks, while PR species remain
underutilized due to limited horticultural availability and
poor public familiarity (D’Amato et al. 2010). These
patterns reveal that functional traits related to human health
and public safety act as secondary filters shaping
community composition.

Overall, Semarang’s functional profile reflects a
structure in which a few key functional groups-primarily
ornamentals, timber plants, and frugivory-supporting
species-provide the majority of regulatory, aesthetic, and
ecological services. While effective in delivering
microclimate regulation, shading, and habitat support, this
configuration also reveals a degree of functional
homogenization. The overrepresentation of similar service-
provision pathways reduces the redundancy needed to
withstand long-term disturbances, echoing global concerns
that tropical urban forests dominated by narrow functional
spectra may be less adaptable to climatic or pest-driven
shocks (Aronson et al. 2017; Pretzsch et al. 2017).
Expanding the diversity of functional groups, therefore,
remains essential for enhancing ecological performance
and stabilizing ecosystem-service delivery across
Semarang’s roadside corridors.
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Spatial heterogeneity across corridors

The five roadside corridors in Semarang District exhibit
pronounced spatial heterogeneity in species richness,
abundance distribution, and diversity indices, reflecting the
combined influence of  urbanization intensity,
microclimatic variation, and corridor-specific management
histories. From a landscape ecology perspective, linear
road networks function as environmental gradients where
temperature regimes, soil volumes, shading patterns, and
disturbance pressures change continuously across space,
generating distinct ecological niches even over short
distances. These fine-scale gradients help explain why
Route 1-characterized by broader planting strips, lower
sealed-surface cover, and more favorable microclimates-
supports richer and more evenly structured assemblages, a
pattern consistent with peri-urban corridors documented in
Kuala Lumpur, and Colombo (Maruthaveeran et al. 2011;
Wells et al. 2017).

Conversely, Route 3 functions as a high-disturbance
ecological filter. Narrow planting zones, restricted rooting
volumes, and persistent vehicular stress limit the
recruitment and survival of species lacking strong
physiological stress tolerance. Under such conditions,
environmental filtering promotes the dominance of a few
urban-tolerant taxa-typically drought-resistant ornamentals-
while reducing the functional and taxonomic diversity of
the community (Jim and Liu 2001; Soonsawad 2013;
Moriwake et al. 2020). These patterns align with ecological
theory predicting that intense and chronic disturbances
narrow community composition toward species with traits
that minimize hydraulic failure, mechanical instability, and
pollutant sensitivity (Rodrigues et al. 2021; Siqueira et al.
2022). As a result, Route 3 exhibits low richness, strong
dominance, and depressed evenness, characteristic of
structurally homogenized vegetation typical of dense urban
fabrics.

The substantial beta diversity across routes indicates
that these corridors do not form a continuous ecological
unit but instead function as discrete habitat patches
embedded in a heterogeneous urban matrix. Differences
between the well-vegetated, peri-urban Route 1 and the
more urbanized Routes 3 and 5 resemble patterns of
functional turnover documented in Singapore and Jakarta,
where microclimatic contrasts and localized planting
regimes create spatially segregated communities (Sholihah
et al. 2022; Hwang et al. 2025). High compositional
turnover reinforces the idea that roadside vegetation
outcomes depend not merely on species selection but on
the interaction between biophysical constraints and the
historical layering of management decisions.

Viewed more broadly, Semarang’s roadside vegetation
mirrors regional ecological trajectories in tropical Asian
cities. Route 1 parallels semi-natural greenways with high
ecological buffering capacity, whereas Routes 3 and 5
resemble engineered corridors shaped by structural
confinement, elevated heat loads, and disturbance-
dominated environmental filters (Roloff et al. 2009;
Kjelgren et al. 2011). This spatial heterogeneity
underscores the necessity of differentiated greening
strategies: peri-urban corridors should be prioritized as



350

biodiversity reservoirs and ecological connectors, while
inner-urban corridors require interventions that expand soil
volume, enhance species heterogeneity, and mitigate
microclimatic extremes.

Biodiversity indices and ecological stability

Interpretation of the Shannon, Simpson, Margalef, and
Evenness indices across the five Semarang corridors
reveals not only differences in richness and dominance but
also the underlying stability regimes governing these urban
vegetation systems. From an ecological-theory perspective,
these four indices collectively represent complementary
dimensions of community organization: Margalef captures
species pool size; Shannon integrates richness and entropy;
Simpson emphasizes dominance resistance; and evenness
reflects the distributional balance that allows communities
to buffer stochastic disturbance. Their combined patterns
show that Semarang’s roadside assemblages operate along
a gradient from structurally resilient to dominance-driven
and disturbance-sensitive configurations.

Route 1 exemplifies a high-stability community where
richness, moderate dominance, and strong evenness interact
to produce a functionally redundant assemblage-an
attribute repeatedly associated with enhanced resistance to
environmental shocks in urban ecosystems (Aronson et al.
2017; Sun et al. 2024). The concurrence of high Shannon
and high Simpson values indicates that no single species
monopolizes the community, allowing ecological functions
such as shading, particulate interception, and cooling to be
distributed across multiple taxa. Comparable stability
profiles have been reported for resilient roadside
greenways in Singapore and Kuala Lumpur, where diverse
species assemblages mitigate heat-island stress and
maintain canopy continuity despite chronic disturbance
(Maruthaveeran et al. 2011; Hwang et al. 2025). Under
ecological theory, such communities possess higher
“response  diversity,” enabling them to maintain
functionality even when individual species decline.

In contrast, Route 3 represents a low-stability system
marked by reduced richness, low evenness, and dominance
by S. mahagoni. The clustering of low Shannon and low
Margalef values alongside only moderate Simpson
diversity indicates a system where functional pathways are
concentrated within a narrow suite of taxa. Dominance-
driven communities are known to exhibit weak
redundancy, meaning that ecological functions are more
vulnerable to collapse if key species experience stress or
decline (Rodrigues et al. 2021; Siqueira et al. 2022). Such
assemblages also show diminished capacity to absorb
thermal or hydrological extremes, a pattern observed in
Guangzhou, Manila, and other densely urbanized cities
where roadside communities with low evenness rapidly
degrade under drought or pest outbreaks (Roloff et al.
2009). In this context, the persistence of S. mahagoni
functions as a stabilizing anchor but simultaneously creates
single-species dependence, increasing systemic fragility.

Intermediate patterns-such as the moderate richness but
relatively high Evenness in Route 5-illustrate an important
insight from contemporary stability theory: richness alone
does not determine resilience. Communities with modest
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species pools can still exhibit functional persistence if
abundance is evenly distributed, as balanced representation
reduces the risk of synchronized decline across dominant
taxa (Pretzsch et al. 2017; Hwang et al. 2025). Evenness,
therefore, acts as a stabilizing mechanism, shaping
temporal resistance and recovery potential even in species-
light systems.

Taken together, these results reveal that Semarang’s
corridors fall into two broad ecological regimes: (i) High-
stability assemblages (e.g., Route 1), where high richness
and Dbalanced abundance support strong functional
redundancy; and (ii) Low-stability assemblages (e.g., Route
3), where dominance and low evenness produce
vulnerability to stress, disturbance, and species-specific
shocks. This duality reflects broader patterns in tropical
and subtropical urban forests, where resilience is shaped
not only by species counts but by the internal distribution
of ecological roles and abundances (Luck and Smallbone
2010; Hernandez and Villasefior 2018).

Ultimately, the biodiversity indices indicate that several
corridors in Semarang rely heavily on dominant taxa rather
than diversified ecological networks, underscoring the need
for management strategies that increase redundancy, dilute
dominance, and reinforce long-term ecological stability
across the city’s roadside vegetation systems.

Implications for urban green-space management in
Semarang District

The taxonomic structure, functional composition, and
stability gradients documented across Semarang’s corridors
offer clear insights into how urban green-space
management can increase ecological resilience under
intensifying tropical urban pressures. The most immediate
implication concerns species diversification. Dominance by
S. mahagoni, P. longifolia, and M. indica reflects effective
short-term performance under heat stress, compaction, and
pollution, yet such dominance also creates systemic
fragility by concentrating ecological functions within a
narrow set of physiological strategies (Pretzsch et al. 2017,
Wells et al. 2017). A more diversified species pool would
expand functional redundancy, reducing vulnerability to
pests, drought events, or climate-amplified stressors-a
principle widely emphasized in tropical urban forestry
(Sjoman et al. 2016; Hwang et al. 2025).

Integrating more native, drought-tolerant, and
multifunctional taxa into roadside plantings is therefore
critical. Species such as P. indicus, F. benjamina, Syzygium
polyanthum, and A. scholaris exhibit traits that support
enhanced ecological interaction networks and increased
habitat quality for urban wildlife (Wells et al. 2017;
Lourdes et al. 2021). Their inclusion helps counterbalance
the functional homogenization generated by long-term
reliance on ornamentals. This aligns with growing evidence
that native species often sustain richer trophic interactions
and provide more stable ecosystem-service flows than their

non-native counterparts (Maruthaveeran et al. 2011;
Aronson et al. 2017).
The management risks associated with ‘“urban

monocultures” are further illustrated by case studies from
Singapore and Guangzhou, where pest outbreaks targeting



MADIID et al. — Diversity of urban street tree communities

dominant street-tree species triggered rapid canopy decline
at the city scale (Roloff et al. 2009; Hwang et al. 2025). To
mitigate similar vulnerabilities, Semarang can adopt the
widely endorsed 10-20-30 rule, limiting any single species,
genus, or family to 10%, 20%, and 30% of total plantings.
This approach embeds genetic and functional buffers into
urban vegetation planning, lowering the probability of
synchronous failure under climate extremes.

Beyond diversification, the study highlights the need to
optimize the spatial configuration of ecosystem services.
Increasing canopy cover through broad-crowned species
such as Samanea saman and P. indicus would strengthen
heat mitigation, especially along densely built corridors
where temperature amplification is most severe (Sholihah
et al. 2022). Meanwhile, the targeted addition of frugivory-
supporting species enhances ecological connectivity by
reinforcing food webs that sustain birds, bats, and other
urban wildlife. These interventions reflect a shift toward
landscape-functional planning, where roadside vegetation
is treated not just as ornamental infrastructure but as active
ecological corridors linking parks, riparian zones, and
residential green spaces.

Improving planting-pit design, increasing soil volumes,
and reducing mechanical disturbance (e.g., overly frequent
pruning) are also essential for maintaining long-term
performance. Evidence from Singapore, Hong Kong, and
Kuala Lumpur shows that structural soil systems, heat-
exposure mapping, and microhabitat-specific planting
guidelines significantly improve survival and functional
stability in roadside environments (Luck and Smallbone
2010; Hwang et al. 2025). Semarang can draw from these
models to develop corridor-specific strategies that match
species traits with microclimatic and spatial constraints.

The findings underscore the need to transition from a
visually oriented planting paradigm to an ecologically
informed management framework. Strengthening species
diversity, enhancing functional redundancy, and spatially
tailoring interventions offer a viable pathway toward
resilient, multifunctional, and climate-adaptive roadside
vegetation capable of supporting environmental quality,
biodiversity conservation, and urban livability across
Semarang District.

Limitations and future research directions

This study relied on a linear roadside survey, which-
while effective for capturing compositional patterns-may
underrepresent understory layers and irregular plantings,
limiting inferences about vertical structure and fine-scale
habitat complexity. The absence of structural metrics (e.g.,
diameter, canopy geometry, rooting constraints) also
restricts interpretation of stability mechanisms, particularly
those related to mechanical vulnerability and long-term
growth  trajectories. The  single-season  sampling
(September 2024) further constrains the ability to assess
phenological dynamics, seasonal stress responses, and
temporal variability in canopy performance.

Future research should integrate multi-season surveys
with detailed structural and physiological measurements to
better capture the ecophysiological mechanisms driving
community assembly along urban corridors. Microclimate
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modelling-especially heat exposure, shading simulations,
and  vapor-pressure  deficits-would  strengthen the
interpretation ~ of  functional = performance  under
heterogeneous urban conditions. Soil-root environment
assessments and long-term monitoring of survival, pest
susceptibility, and growth rates are also essential for
refining species-suitability guidelines and informing
evidence-based urban greening policies in Semarang
District.

In conclusion, this study recorded 2,091 roadside trees
comprising 53 species, 47 genera, and 26 families across
five 10-km road corridors in Semarang District, Central
Java. Community composition differed markedly among
corridors, with Bandungan-Kaloran exhibiting the highest
species richness and overall ecological stability, while
Ungaran-Cangkiran showed the lowest diversity and
strongest dominance. Across the district, S. mahagoni, P.
longifolia, and M. indica consistently dominated tree
abundance, indicating a strong reliance on a limited
number of urban-tolerant species. At the family level,
Fabaceae (9 species) was the most represented, followed by
Apocynaceae and Sapotaceac (each with 4 species).
Biodiversity indices consistently show that peri-urban
corridors support the most stable and balanced
assemblages, whereas heavily urbanized corridors exhibit
lower evenness and higher dominance, indicating reduced
ecological stability. These patterns underscore the need to
diversify planting compositions, enhance the proportion of
native species, and reduce reliance on a small number of
dominant taxa to improve functional redundancy and long-
term resilience. Integrating these ecological insights into
urban  tree-management  planning-through  species
diversification, native-species prioritization, and improved
planting  design-can  strengthen the sustainability,
ecosystem-service performance, and adaptive capacity of
roadside vegetation throughout Semarang District.
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Abstract. Rahmadhani SE, Salsabila S, Andrianto R, Rosyida SH, Ainia Q, Dewangga A, Setyawan D. 2025. Invasion dynamics and
elevational range expansion of insects in tropical agricultural landscapes of Wonosobo, Central Java, Indonesia. Nusantara Bioscience
17: 355-374. Biological invasions in tropical mountain agroecosystems are increasingly reported, yet the processes driving elevational
range expansion of invasive insects remain poorly understood. This study examined invasion dynamics and elevational range expansion
of insects across a gradient of lowland to highland agricultural landscapes in Wonosobo District, Central Java, Indonesia. Using a
targeted sampling approach, we quantified invasion intensity with the Relative Invasiveness Index (RII) and elevational expansion with
the Altitudinal Expansion Index (AEI). Functional feeding group composition and environmental drivers were further analyzed to
evaluate invasion-related community reorganization. A total of 692 insect individuals were recorded, of which 295 individuals (42.6%)
belonged to nine invasive or potentially invasive taxa. RII values were lowest at lowland (13.2%), highest at mid-elevation (53.6%), and
moderately high at highland sites (48.7%). In contrast, AEI was only positive in highland systems (mean AEI = 45.7%; range: 38.7-
59.6%), where upslope expansion was detected in saprophagous Diptera, with Leucostoma simplex showing the highest elevational shift
(up to 856 m above historically documented limits). Functional composition shifted from herbivore-dominated assemblages at low
elevation to predator-dominated at mid-elevation and saprophage-detritivore-dominated at high elevation, indicating functional
homogenization under increasing invasion pressure. Canonical Correspondence Analysis revealed that elevation and light intensity were
the primary drivers of upslope expansion, while temperature and wind exposure influenced invasion dominance. These findings
demonstrate that elevational gradients in tropical agricultural landscapes function as invasion filters rather than biodiversity gradients,
with mid-elevation systems acting as transitional invasion hotspots and highland systems representing high-risk zones for invasion-
driven functional simplification. The study highlights the need for elevation-specific invasion risk zoning and early intervention
strategies to mitigate emerging invasion threats in tropical mountain agroecosystems.

Keywords: Biological invasion, elevational gradient, functional homogenization, invasive insects, tropical agriculture

INTRODUCTION barriers to lowland species, agricultural intensification and
climate variability can erode these constraints, enabling
Biological invasions increasingly drive ecological ecologically tolerant insects to expand upslope. Such

change in tropical agricultural landscapes, where high
biodiversity coincides with rapid land-use intensification.
Invasive insects can reshape communities, disrupt trophic
links, and weaken ecosystem services such as biological
control and pollination, threatening long-term farm
sustainability (Blackburn et al. 2011). In agroecosystems,
invasions are promoted by habitat simplification, nutrient
enrichment, and frequent disturbance, which favor
generalist, disturbance-tolerant taxa over specialists. This is
particularly important in tropical mountains, where steep
environmental gradients and human land use jointly
influence persistence and range expansion.

Altitudinal gradients shape species richness and
community composition, yet their role in biological
invasions is still unclear. Elevation alters temperature,
radiation, wind, and habitat structure, creating ecological
filters that may limit or enable invasive taxa (Rahbek 1995;
Hodkinson 2005). Although highlands were once considered

elevational range shifts have been reported across tropical
and subtropical insect groups, especially in open habitats
where organic inputs enhance colonization (Kumar et al.
2022; Adnan et al. 2024; Gul et al. 2024).

Invasion dynamics in agricultural landscapes are not
solely determined by species origin but are closely linked
to functional traits and trophic roles. Invasive and
potentially invasive insects are often characterized by high
dispersal ability, rapid reproduction, and flexible feeding
strategies, enabling them to exploit disturbed environments
efficiently (Blackburn et al. 2011; Liebhold et al. 2012). As
invasion pressure increases, agroecosystems may undergo
functional reorganization, shifting from regulation-based
assemblages dominated by predators and pollinators toward
communities increasingly structured by herbivores,
saprophages, or detritivores. This process of functional
homogenization can reduce ecosystem resilience and
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amplify pest outbreaks, particularly in simplified highland
farming systems (Davis et al. 2000; Seebens et al. 2017).

Indonesia provides a critical context for examining
these processes. As one of the world’s megadiverse
countries, Indonesia supports an exceptionally rich insect
fauna, yet its agricultural landscapes are experiencing rapid
transformation driven by crop intensification, fertilizer inputs,
and land conversion (Andriani et al. 2017; Lukvitasari et al.
2021). Insect taxa such as Musca domestica, Pantala
flavescens, and Nilaparvata lugens exemplify species with
high ecological plasticity that allow them to persist across a
wide range of environmental conditions and management
regimes (Belioka and Achilias 2024; He et al. 2024). The
spread and dominance of such taxa raise concerns about
emerging invasion fronts within Indonesian agroecosystems,
particularly along environmental gradients that were
previously considered limiting.

Wonosobo District, located in the central highlands of
Java, represents a suitable natural laboratory for
investigating invasion dynamics along an altitudinal
gradient. The region spans lowland to highland agricultural
systems developed on fertile volcanic soils between
approximately 600 and 2,100 m above sea level, generating
pronounced micro-climatic contrasts in temperature, light
intensity, and wind exposure (Gani et al. 2021). Agricultural
expansion in these highlands has increased habitat
openness and organic matter accumulation, conditions that
may enhance the invasion success of synanthropic and
disturbance-tolerant insects. Previous studies in Wonosobo
have primarily emphasized patterns of insect diversity and
community composition across elevation, leaving invasion
intensity, range expansion, and functional consequences
largely unexplored.

Quantifying invasion processes requires analytical
approaches that go beyond traditional diversity metrics.
Index-based frameworks that integrate abundance, spatial
occurrence, and elevational distribution provide a more
direct assessment of invasion pressure and expansion
dynamics. The use of invasion-oriented indices, combined
with functional feeding group analysis and multivariate
examination of environmental drivers, allows for the
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identification of taxa and elevation zones that function as
invasion hotspots or early warning areas. Such approaches
are increasingly applied in invasion ecology to detect subtle
but ecologically meaningful shifts before widespread
impacts occur (Parker et al. 1999; Lenoir et al. 2008; Seipel
et al. 2012).

Accordingly, this study examines invasion dynamics
and elevational range expansion of insects in tropical
agricultural landscapes of Wonosobo, Central Java,
Indonesia. Specifically, the objectives of this study are to:
(1) identify invasive and potentially invasive insect taxa
across lowland, mid-elevation, and highland agricultural
systems; (ii) quantify invasion intensity and upslope
expansion using invasion-oriented indices; and (iii) assess
how functional composition and environmental factors
mediate invasion patterns along the altitudinal gradient. By
focusing on invasion processes rather than biodiversity
patterns alone, this study aims to provide an ecological
basis for invasion risk assessment and management
prioritization in tropical mountain agroecosystems.

MATERIALS AND METHODS

Study system

This study builds upon a previously published insect
diversity survey conducted in the same agricultural
landscapes of Wonosobo District, Central Java, Indonesia
(Figures 1 and 2) (Rahmadhani et al. 2025), and uses the
same primary field dataset. The dataset comprises 57 insect
species representing 31 families and 9 orders, with a total
of 692 individuals, collected through standardized
sampling in October 2024 across three sites spanning
lowland, mid-elevation, and highland agricultural systems.
In the present study, the raw dataset is reanalyzed with a
different analytical framework focusing specifically on
invasion dynamics and elevational range expansion;
therefore, diversity-based results reported in the earlier
publication are not repeated here.
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Figure 1. Locations of the study sites in Wonosobo, Central Java, Indonesia. A. Karangsambung, B. Blederan, and C. Sembungan,

Wonosobo, Central Java, Indonesia
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Figure 2. Agriculture landscape of Wonosobo, Central Java, Indonesia. A. Karangsambung (site 1), B. Blederan (site 2), and C.
Sembungan (site 3), Wonosobo, Central Java, Indonesia

The elevational invasion framework

The study area encompasses a tropical agricultural
landscape characterized by a pronounced elevational
gradient extending from lowland to highland. Rather than
treating the sites as discrete sampling units, the landscape
was conceptualized as a continuous elevational invasion
system, in which changes in altitude are accompanied by
systematic shifts in microclimate, land-use intensity, and
habitat openness. Such elevational gradients are
increasingly recognized as dynamic arenas for biological
invasions, particularly in tropical mountain agroecosystems
where environmental filtering interacts with anthropogenic
disturbance (Rahbek 1995; Hodkinson 2005).

Within this framework, elevation functions not merely
as a geographic descriptor but as an ecological filter that
modulates invasion success through declining temperature,
increased radiation exposure, and altered wind regimes, all
of which influence insect survival, dispersal, and
establishment (Gani et al. 2021; Adnan et al. 2024).
Agricultural practices along the gradient further modify
these filters by creating open, nutrient-enriched habitats
that may facilitate colonization by disturbance-tolerant and
synanthropic taxa. Conceptualizing the study area as an
elevational invasion gradient enables invasion dynamics
and upslope range expansion to be examined as process-
driven responses to interacting environmental and land-use
drivers, rather than as static differences among locations
(Davis et al. 2000; Seebens et al. 2017).

Definition of focal invasion units and analytical scope
The analytical focus of this study was restricted to
invasive and potentially invasive insect taxa, rather than the
full insect assemblage recorded across the agricultural
landscape. This focal-unit approach was adopted to ensure
that analytical outcomes directly reflect invasion processes,
dominance patterns, and range expansion signals, rather
than general biodiversity variation. Invasion units were
defined at the species level and evaluated based on
ecological status, distributional breadth, and relative
abundance across elevation zones, following established
invasion ecology frameworks (CBD 2002; Richardson et
al. 2000; Blackburn et al. 2011). Species richness values

presented in Table 9 refer to the entire insect assemblage
recorded at each elevation zone, whereas Tables 1, 3, 5,
and 6 focus exclusively on nine invasive and potentially
invasive taxa selected as focal invasion units.

Native taxa were included in the analysis only when
necessary for contextual comparison, particularly in assessing
shifts in dominance structure and functional reorganization
associated with increasing invasion pressure. By narrowing
the analytical scope to invasion-relevant taxa, the study
avoids redundancy with diversity-based assessments and
provides a process-oriented evaluation of invasion dynamics
within tropical agroecosystems (Liebhold et al. 2012;
Seebens et al. 2017).

Field sampling design in relation to invasion detection

Field sampling was designed to maximize the detection
of invasive and potentially invasive insect taxa across the
elevational agricultural gradient, rather than to document
overall species richness exhaustively. Sampling units were
therefore  positioned to  capture  habitats and
microenvironments most likely to facilitate invasion,
including open croplands, organically enriched fields, and
areas subject to frequent anthropogenic disturbance. This
targeted approach aligns with invasion ecology principles,
which emphasize early detection of dominant or expanding
taxa over comprehensive biodiversity surveys (Liebhold et
al. 2012).

Sampling was conducted using standardized active
collection methods commonly applied in agricultural
entomology, including sweep netting and direct hand
collection, to capture mobile, synanthropic, and disturbance-
tolerant insects effectively. These methods are particularly
suitable for detecting taxa with high dispersal capacity and
rapid population turnover, which are characteristic features
of invasive insects (Leksono 2017; Sofian et al. 2023).
Sampling effort was standardized across elevation zones to
allow valid comparison of invasion intensity and dominance
patterns, minimizing bias associated with unequal effort.

Temporal sampling was aligned with periods of high
insect activity in agricultural systems, ensuring that
invasion signals reflected active population presence rather
than transient or stochastic occurrences. By emphasizing
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consistency of effort and invasion-prone microhabitats, the
sampling design provides a robust basis for identifying
elevational shifts, dominance increases, and early range
expansion of invasive insects within tropical agroecosystems
(Parker et al. 1999; Seebens et al. 2017).

Criteria for classification of invasion and range-expanding
status

The classification of insect taxa into invasion-related
categories followed a standardized framework that
integrates biogeographic origin, establishment success,
ecological impact, and functional role within the local
agroecosystem (Richardson et al. 2000; CBD 2002;
Blackburn et al. 2011). Four categories were used: native
(taxa originating within Indonesia/Southeast Asia without
recent expansion), naturalized (non-native taxa established
without ecological disruption), potentially invasive (taxa
showing abnormal increases in abundance, dominance, or
elevational distribution, regardless of origin), and invasive
(non-native taxa with clear negative ecological or
agricultural impacts).

This classification was applied contextually. For
example, M. domestica globally synanthropic species-was
classified as potentially invasive rather than invasive in
Wonosobo due to the absence of documented crop damage,
disease transmission, or competitive exclusion of native
Diptera in local highland vegetable systems (Fajarfika
2020; Sofian et al. 2023). Its role as a decomposer in
organic-rich fields was considered ecologically neutral or
facilitative. Conversely, Peregrinus maidis was classified
as an invasive alien based on its introduced status, known
pest impact in regional maize systems, and observed crop
damage in lowland plots.

Classification decisions were supported by regional
entomological literature, agricultural pest databases (CABI
2024; GBIF 2024), and trait-based assessments of dispersal
ability, reproductive rate, and disturbance tolerance
(Liebhold et al. 2012; Seebens et al. 2017). This integrative
approach ensures that invasion status reflects both
biogeographic origin and local ecological relevance within
tropical agroecosystems.

Compilation of historical and regional distribution
references

Historical and regional distribution data were compiled
to establish baseline elevational limits for insect taxa
classified as invasive or potentially invasive. These
references provide the ecological context required to
distinguish true upslope range expansion from natural
spatial variability. Distributional information was obtained
through an integrative review of regional entomological
surveys, agricultural pest records, and biodiversity databases
relevant to Indonesia and Southeast Asia (Waterhouse
1993; Heong et al. 2009; Aryuwandari et al. 2020; Ikhsan
2024).

Authoritative global repositories, including the Global
Biodiversity Information Facility (GBIF 2024) and the
Integrated Taxonomic Information System (ITIS 2024),
were used to verify species-level occurrence records and
known elevational ranges. Where available, peer-reviewed
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studies reporting historical altitudinal limits were prioritized
to reduce uncertainty in baseline determination. For taxa
lacking explicit elevational documentation, regional
ecological descriptions and habitat associations were used
as proxies, following approaches commonly applied in
invasion ecology (Lenoir et al. 2008; Seipel et al. 2012).
This compilation enabled a standardized assessment of
elevational range shifts and supported robust calculation of
expansion-related indices.

Quantification of invasion intensity
Relative Invasiveness Index (RII)

Invasion intensity across the elevational agricultural
gradient was quantified using the Relative Invasiveness
Index (RII), an index designed to integrate numerical
dominance and spatial occurrence of invasive and
potentially invasive taxa within a community. RII was
calculated as: RII = (Abundance_sp / Total individuals in
the zone) x Frequency sp x 100%, where Abundance sp is
the number of individuals of a given species, Total
individuals in the zone is the total insect count in that
elevation zone, and Frequency sp is the proportion of
sampling plots where the species occurred. RII provides a
proportional measure of invasion pressure by emphasizing
how strongly invasion-relevant taxa contribute to overall
community structure, rather than relying on species counts
alone. This approach is particularly suitable for agricultural
systems where invasion impacts are often driven by a small
number of highly dominant taxa (Parker et al. 1999;
Liebhold et al. 2012).

RII was calculated at the site level and for individual
taxa to capture both landscape-scale invasion patterns and
taxon-specific dominance signals. By incorporating
abundance and frequency components, RII allows
comparison of invasion intensity among elevation zones
while minimizing bias associated with uneven species
richness. This index-based framework aligns with
contemporary invasion ecology, which increasingly prioritizes
dominance and impact over origin alone (Blackburn et al.
2011; Seebens et al. 2017).

Calculation procedure and threshold interpretation

RII was computed as the product of the relative
abundance and relative frequency of invasive and
potentially invasive taxa, expressed as a percentage of the
total insect assemblage at each elevation zone (Parker et al.
1999). Abundance values were derived from standardized
sampling units, while frequency was defined as the
proportion of sampling plots in which a given taxon
occurred. This dual-component formulation ensures that
taxa exhibiting both high numerical dominance and broad
spatial distribution contribute more strongly to invasion
intensity.

Threshold interpretation followed a conservative
scheme to distinguish background occurrence from
ecologically meaningful invasion signals. Low RII values
were interpreted as incidental or early-stage presence,
whereas moderate to high RII values indicated increasing
dominance and potential ecological impact. These
thresholds were interpreted in conjunction with functional
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traits and elevational distribution patterns to avoid
overclassification of naturally abundant native taxa (Liebhold
etal. 2012; Seebens et al. 2017).

Assessment of elevational range expansion
Conceptual basis of Altitudinal Expansion Index (AEI)

Elevational range expansion was assessed using the
Altitudinal Expansion Index (AEI), an index designed to
quantify the degree to which insect taxa extend their
observed distribution beyond historically documented
elevational limits. AEI was calculated as: AEI = [(Observed
upper limit-Historical upper limit) / Total elevational span
of the study system] x 100%, where Observed upper limit
is the maximum elevation at which the taxon was recorded
in this study, Historical upper limit is the highest elevation
previously documented for the taxon in regional records,
and Total elevational span is the difference between the
highest and lowest sampling sites (2,056-621 = 1,435
m). AEI captures the spatial dimension of invasion by
translating upslope occurrence into a standardized metric
that can be compared among taxa and across elevation
zones. This approach is particularly relevant in tropical
mountain agroecosystems, where climatic gradients and land-
use change may relax traditional elevational constraints
(Lenoir et al. 2008; Seipel et al. 2012).

AEI was applied to invasive and potentially invasive
taxa to identify early signals of range expansion, even
when absolute abundance remains moderate. By focusing
on deviation from historical elevational baselines rather
than presence alone, AEI allows detection of incipient invasion
processes that may precede dominance or ecological
impact. A taxon with an AEI value of zero indicates that its
current elevational range does not exceed its historically
documented limit, which may reflect either stable
distribution or recent arrival without yet expanding upward.
Such index-based assessments are increasingly used in
invasion and climate-change ecology to identify range-
shifting species before widespread establishment occurs.

Determination of elevational limits and expansion magnitude

Historical elevational limits for each focal taxon were
determined based on published regional records,
entomological surveys, and authoritative biodiversity
databases (Waterhouse 1993; Heong et al. 2009; GBIF
2024). The observed elevational range was defined as the
minimum and maximum altitudes at which the taxon was
recorded during field sampling. Expansion magnitude was
then calculated as the proportional extension of the
observed range beyond the historical upper limit,
standardized to the total elevational span of the study
system (Lenoir et al. 2008). AEI was calculated for each
taxon based on its maximum recorded elevation in this
study compared to its historically documented upper limit.
AEI values were then interpreted in the context of the
elevation zone where the taxon exhibited expansion,
regardless of whether expansion occurred in lowland, mid-
elevation, or highland systems.

AEI values were interpreted on a continuous scale, with
higher values indicating stronger upslope expansion signals.
To avoid misclassification, expansion magnitude was
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evaluated alongside invasion intensity (RII) and functional
traits, ensuring that elevational shifts reflected genuine
expansion processes rather than sampling artifacts or
natural variability (Liebhold et al. 2012; Seipel et al. 2012).

Functional trait and trophic role classification

Functional traits and trophic roles were assigned
exclusively to invasive and potentially invasive insect taxa
to evaluate how invasion processes are linked to ecological
function within agricultural systems. Rather than classifying
the entire community, this focused approach emphasizes
the functional consequences of invasion, particularly shifts
toward dominance by generalist or disturbance-tolerant
guilds. Taxa were categorized into primary trophic roles,
including herbivores, predators, pollinators, saprophages,
and detritivores, based on published ecological descriptions
and regional entomological references (Hill 1983; Waterhouse
1993; Leksono 2017).

Trait assignment considered feeding strategy, habitat
affinity, dispersal capacity, and association with disturbed
or nutrient-enriched environments. These traits are widely
recognized as key determinants of invasion success in
agroecosystems (Liebhold et al. 2012). By restricting
functional classification to invasion-relevant taxa, the
analysis avoids redundancy with diversity-based functional
assessments and allows clearer interpretation of how
invasion pressure drives functional reorganization along the
elevational gradient (Davis et al. 2000; Seebens et al. 2017).

Environmental variables linked to invasion processes

Environmental variables were selected based on their
documented influence on insect invasion success, dispersal,
and  establishment, rather than for descriptive
characterization of site conditions. Key drivers included air
temperature, light intensity, wind exposure, and elevation,
which collectively mediate physiological tolerance, flight
activity, and habitat suitability of invasive insects along
mountain gradients (Rahbek 1995; Hodkinson 2005; Gani
et al. 2021). These variables are particularly relevant in
open agricultural systems, where microclimatic buffering is
limited and environmental filtering is pronounced.

Measurements were treated as explanatory drivers in
subsequent analyses to evaluate how variation in abiotic
conditions corresponds with invasion intensity and
elevational range expansion. Emphasis was placed on
identifying thresholds or gradients associated with increased
dominance of disturbance-tolerant and synanthropic taxa,
rather than documenting absolute environmental values.
This driver-oriented approach aligns with invasion ecology
frameworks that link environmental stress and habitat
openness to increased invasibility (Davis et al. 2000;
Pauchard et al. 2009; Seebens et al. 2017), allowing a
clearer interpretation of how environmental gradients
facilitate or constrain invasion processes in tropical
agroecosystems.

Multivariate analysis of invasion-environment
relationships

Multivariate analyses were employed to examine
relationships between invasion-related taxa and environmental
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drivers across the elevational agricultural gradient. Canonical
Correspondence Analysis (CCA) was used as the primary
ordination technique to evaluate how wvariation in
environmental variables constrains or facilitates the
distribution and dominance of invasive and potentially
invasive insects. CCA is particularly suitable for invasion-
focused analyses because it directly relates species
occurrence and abundance to measured environmental
gradients (Jongman et al. 1995; Legendre and Legendre
2012).

Only invasive and potentially invasive taxa were
included as response variables, ensuring that ordination
outputs reflect invasion processes rather than overall
community structure. Environmental drivers such as
temperature, light intensity, wind exposure, and elevation
were used as explanatory variables. Statistical significance
of ordination axes was assessed using permutation tests,
allowing robust inference of species-environment
relationships.  This  analytical framework enables
identification of environmental conditions associated with
high invasion intensity or upslope expansion, providing
process-based insight into invasion dynamics within
tropical agroecosystems (Pauchard et al. 2009; Seebens et
al. 2017).

Statistical testing and robustness checks

Statistical analyses were conducted to evaluate the
robustness of invasion patterns and to minimize inference
bias. Relationships between invasion intensity (RII),
elevational expansion (AEI), and environmental drivers
were assessed using correlation analyses, focusing on
directional associations rather than descriptive differences
among sites. This approach is appropriate for process-
oriented invasion studies, where the strength and
consistency of gradients are of greater interest than mean
comparisons (Legendre and Legendre 2012).

To reduce the influence of highly dominant taxa and
improve variance homogeneity, abundance data for
invasion-relevant taxa were log-transformed prior to
multivariate analyses. Sensitivity checks were performed
by recalculating indices after excluding rare or incidental
taxa to ensure that outliers did not drive invasion signals.
These robustness checks increase confidence that observed
invasion patterns reflect consistent ecological processes
rather than sampling artifacts (Quinn and Keough 2002;
Seebens et al. 2017).

Data validation, consistency, and analytical constraints

Data validation focused on ensuring taxonomic accuracy,
consistency of invasion -classification, and analytical
transparency. Species identification was cross-verified
using authoritative databases (GBIF 2024; ITIS 2024), and
invasion status assignments were checked against regional
literature and trait-based expectations. Analytical constraints
were acknowledged, including the use of a single sampling
period and reliance on published elevational baselines,
which may vary among sources.

To mitigate these limitations, invasion indices (RII and
AEI) were interpreted conservatively and in combination
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with functional traits and environmental context, rather
than as standalone indicators. This integrative approach
reduces the risk of overestimating invasion severity while
maintaining sensitivity to early expansion signals (Pauchard
et al. 2009; Liebhold et al. 2012).

RESULTS AND DISCUSSION

Composition of invasive and range-expanding taxa
along the elevational gradient

The composition of invasive and potentially invasive
insect taxa varied systematically along the elevational
agricultural gradient of Wonosobo (Table 1). From a total
of 692 insect individuals sampled, 295 individuals (42.6%)
belonged to taxa classified as invasive or potentially
invasive, with consistent detection across lowland, mid-
elevation, and highland systems. Nine such taxa were
recorded, primarily represented by synanthropic Diptera
(e.g., Musca domestica, Leucostoma simplex), mobile
herbivores (e.g., Peregrinus maidis), and highly dispersive
predators (e.g., Pantala flavescens), reflecting functional
traits commonly associated with invasion success in
disturbed agroecosystems.

At the lowland site (Karangsambung, 621 masl),
invasive and potentially invasive taxa accounted for 51 out
of 232 total individuals (22.0%), represented by 4 taxa
(Table 1). Dominant representatives included the invasive
alien P. maidis (33 individuals) and the potentially
invasive P. flavescens (16 individuals), both associated
with irrigated and nutrient-rich fields. The mid-elevation
site (Blederan, 969 masl) exhibited the highest proportional
contribution of invasion-related taxa (109 out of 183
individuals, 59.6%), represented by 5 taxa (Table 1). P.
individuals),
alongside P. maidis (20 individuals) and the invasive
alien Forficula auricularia (4 individuals), indicating
transitional compositional characteristics and early stages
of elevational expansion (Figure 3). The highland site
(Sembungan, 2056 masl) showed a distinct invasion-
oriented composition, with 135 out of 277 total individuals
(48.7%) classified as invasive or potentially invasive,
represented by 4 taxa (Table 1). Assemblages were
strongly dominated by saprophagous Diptera, including M.
domestica (87 individuals) and L. simplex (47 individuals),
which exhibited high abundance and consistent plot-level
presence. One taxon recorded at high elevation, L. simplex,
exceeded its historically reported upper elevational limit by
+856 m, providing clear evidence of upslope occurrence. In
contrast, M. domestica was recorded within its known
historical elevational range (Table 3).

Across the gradient, the relative contribution of
invasive and range-expanding taxa peaked at mid-
elevation, while functional diversity declined toward higher
elevations (Figure 3). This compositional shift supports the
interpretation that mid- and high-elevation systems
function as amplification zones for invasion dominance,
rather than refugia from invasion pressure.



Table 1. Composition and invasion status of invasive and potentially invasive insect taxa recorded across the elevational agricultural gradient in Wonosobo, Central Java, Indonesia

Species Order Family Invasion status (Karisgvsg‘l?lgung) M(l]gl:(li?;?‘t;())n (Szlrilgl:ﬁ?lggn) Total
Coccinella septempunctata (Linnaeus, 1758) Coleoptera Coccinellidae Invasive alien species 0 0 1 1
Forficula auricularia (Linnaeus, 1758) Dermaptera Forficulidae Invasive alien species 0 4 0 4
Peregrinus maidis (Ashmead, 1890) Hemiptera Delphacidae Invasive alien species 33 20 0 53
Atractomorpha sinensis (Bolivar, 1905) Orthoptera Pyrgomorphidae  Potentially invasive 1 0 0 1
Crocothemis servilia (Drury, 1770) Odonata Libellulidae Potentially invasive 1 2 0 3
Leucostoma simplex (Zetterstedt, 1838) Diptera Lauxaniidae Potentially invasive 0 0 47 47
Morellia hortensia (Rondani, 1866) Diptera Muscidae Potentially invasive 0 0 5 5
Musca domestica (Linnaeus, 1758) Diptera Muscidae Potentially invasive 0 5 82 87
Pantala flavescens (Fabricius, 1798) Odonata Libellulidae Potentially invasive 16 78 0 94
Total Individuals 51 109 135 295
Number of Taxa 4 5 4 9

Note: Invasion Status follows classifications from the Global Register of Introduced and Invasive Species (GRIIS) and CABI Invasive Species Compendium (accessed January 2025). Lowland:
Karangsambung (621 masl), Mid-elevation: Blederan (969 masl), Highland: Sembungan (2056 masl). Only taxa classified as Invasive Alien Species or Potentially invasive are included; native
taxa are excluded from this table. Invasion status follows local and regional assessments. M. domestica is classified as potentially invasive due to its synanthropic but non-damaging presence in
the study area. P. maidis is classified as an invasive alien based on its introduced pest status in Indonesian agriculture (CABI 2024). Total individuals of invasive and potentially invasive taxa =
295 out of 692 total insects sampled (42.6%)

Table 2. Abundance and proportional contribution of invasive and potentially invasive insect taxa across lowland, mid-elevation, and highland agricultural systems

. . Altitude Total insect individuals Individuals of invasive and  Proportion of invasive and ~ Number of invasive and
Elevation zone Site name . . . . . . o . . .
(m asl) sampled potentially invasive taxa potentially invasive taxa (%) potentially invasive taxa
Lowland Karangsambung 621 232 51 22.0
Mid-elevation Blederan 969 183 109 59.6 5
Highland Sembungan 2056 277 135 48.7 4
Total/average All sites - 692 295 42.6 9

Note: Total Insect Individuals Sampled: Derived from the last row of Table 2. Individuals of Invasive and Potentially Invasive Taxa: Sum of individuals from Table 1 (this study) for each
elevation zone. Proportion (%): Calculated independently for each elevation zone as: (Individuals of Invasive and Potentially Invasive Taxa / Total insect individuals sampled within the same
elevation zone) x 100%. These percentages are zone-specific and are not intended to be summed across zones%. The proportion is highest in the mid-elevation system (Blederan), followed by
the highland system (Sembungan)

Table 3. Invasive and potentially invasive taxa exhibiting elevational occurrence beyond historically reported limits

Historically reported upper limit Observed upper limit in

Species Invasion status Source of historical record . Elevational expansion (m)
(masl) this study (masl)

Coccinella septempunctata  Invasive alien species 1500 Bauer (2024) 2056 +556
Forficula auricularia Invasive alien species 2500 Vincent (2004) 969 0
Peregrinus maidis Invasive alien species 2000 Nault (1990) 969 0
Atractomorpha sinensis Potentially invasive 1500 Rentz (1996) 621 0
Crocothemis servilia Potentially invasive 2000 Corbet (1999) 969 0
Leucostoma simplex Potentially invasive 1200 Crosskey (1976) 2056 +856
Morellia hortensia Potentially invasive 1500 Pont (1977) 2056 +556
Musca domestica Potentially invasive 2500 Zumpt (1965); Skidmore (1985) 2056 0
Pantala flavescens Potentially invasive 3000 Corbet (1999) 969 0

Note: Historically reported upper limit refers to the maximum elevation documented in the literature or trusted databases. Observed upper limit indicates the highest elevation recorded in this
study (Table 1). Elevational expansion (m) denotes upslope occurrence beyond the historical limit; a value of zero indicates no exceedance. Downslope occurrences were not treated as
contraction
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Elevation-dependent shift in invasion dominance

A clear elevation-dependent shift in invasion dominance
was observed across the agricultural gradient of Wonosobo
(Table 2). The proportional contribution of invasive and
potentially invasive taxa was highest in the mid-elevation
system (59.6%), followed by the highland (48.7%) and
lowland (22.0%) systems, indicating that invasion pressure
peaks at intermediate elevations rather than increasing
linearly with altitude. This pattern was driven primarily by
changes in numerical dominance rather than by an increase
in the number of invasive taxa per se.

In the lowland agroecosystem, invasive taxa represented
a minor fraction of total individuals and did not dominate
community structure (Table 2). Their presence was largely
associated with crop-related pests and synanthropic insects
occurring at moderate abundance. Community dominance
at this elevation remained distributed across multiple
functional groups, suggesting relatively strong biotic
resistance against invasion dominance. As a result, invasion
signals at low elevation were weak and primarily reflected
background occurrence rather than active expansion.

Mid-elevation systems exhibited the strongest invasion
dominance in terms of both proportional abundance
(59.6%) and Relative Invasiveness Index (RII = 53.6%)
(Tables 2 and 4). Invasive taxa not only increased in
proportional abundance but also showed widespread spatial
occurrence. Several taxa classified as potentially invasive
reached peak abundance at this elevation, indicating that
mid-elevation landscapes function as invasion hotspots
where environmental conditions and land-use practices
favor dominance by disturbance-tolerant taxa.

The highland agroecosystem showed moderate invasion
dominance (48.7% of individuals, RII = 48.7%), lower than
the mid-elevation peak but still substantially higher than
lowland levels. Notably, highland assemblages were strongly
dominated by a few saprophagous and disturbance-tolerant
Diptera that exhibited both high abundance and broad plot-
level occurrence. This shift resulted in reduced community
evenness and amplified dominance patterns at high elevation,
consistent with invasion-driven community simplification
(Figure 3). However, the highest invasion intensity was
observed at mid-elevation, suggesting that invasion
pressure is not a simple linear function of altitude but peaks
in transitional zones where environmental filtering and
resource availability align favorably for invasive taxa.

Although mid-elevation showed the highest proportional
contribution, highland systems exhibited the strongest
dominance in terms of absolute abundance and functional
homogenization.

Relative Invasiveness Index (RII) patterns across
agricultural elevations
Site-level RII variation

Relative Invasiveness Index (RII) values revealed
pronounced differences in invasion intensity among
elevation zones (Table 4). RII was lowest in the lowland
agroecosystem (13.2%), intermediate in the highland
(48.7%), and highest in the mid-elevation system (53.6%),
indicating that invasion intensity peaks at intermediate
elevations rather than increasing linearly with altitude. In
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the lowland system (Karangsambung), the low RII value
reflects limited numerical dominance and spatial
occurrence of invasive and potentially invasive taxa, which
accounted for only 22.0% of total individuals (Table 2).
This suggests that invasion pressure at low elevation
remains weak and largely incidental.

Mid-elevation agroecosystems (Blederan) exhibited the
highest RII value (53.6%), representing a transitional
invasion hotspot. This was driven by both high relative
abundance (59.6% of total individuals) and high relative
frequency (90% of plots) of invasive and potentially
invasive taxa (Tables 2 and 4). The dominance was largely
contributed by P. flavescens (RII contribution: 38.40%)
and P. maidis (RII contribution: 9.84%) (Table 5). This
pattern indicates that mid-elevation landscapes function as
accumulation zones where invasive taxa increase their
spatial footprint and numerical dominance before further
upslope expansion.

The highland agroecosystem (Sembungan) showed a
moderately high RII (48.7%), driven by a high relative
frequency (100% of plots) despite a slightly lower
proportional abundance (48.7% of individuals) compared
to mid-elevation (Tables 2 and 4). Invasion intensity here
was strongly influenced by saprophagous Diptera,
particularly M. domestica (RII contribution: 32.20%) and
L. simplex (RII contribution: 17.33%) (Table 5). Elevated
RII values at high elevation coincided with reduced
community evenness (E = 0.717) and simplified community
structure (Table 9), reinforcing the interpretation that
invasion processes intensify under highland agricultural
conditions, albeit slightly less than in mid-elevation transition
zones.

Taxon-specific contribution to RIl

Taxon-level decomposition of RII values demonstrated
that invasion intensity was disproportionately driven by a
small subset of invasive and potentially invasive taxa
(Table 5). Across all elevation zones, synanthropic Diptera
and highly mobile herbivores contributed the largest share
to total RII. At low elevation (Karangsambung), RII
contributions were relatively evenly distributed among four
taxa, with P. maidis contributing the most (13.71%),
followed by P. flavescens (6.21%), Atractomorpha sinensis
(0.26%), and Crocothemis servilia (0.52%). No single
taxon exerted overwhelming dominance, reflecting the
diffuse invasion signal at this elevation.

In contrast, mid-elevation (Blederan) and highland
(Sembungan) systems showed strong concentration of RII
contributions among fewer taxa. In mid-elevation, two taxa
alone accounted for 88.1% of total RII: P. flavescens
(38.40%) and P. maidis (9.84%), with additional contributions
from F. auricularia (2.36%) and C. servilia (1.18%). In the
highland system, RII was overwhelmingly dominated by
Diptera: M. domestica contributed 32.20%, L. simplex
17.33%, and Morellia hortensia 1.97%, with a minor
contribution from Coccinella septempunctata (0.48%).
Together, these three dipteran taxa represented 99.0% of
the highland RII.

These taxon-specific patterns confirm that invasion
intensity along the elevational gradient is governed by the
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proliferation of a limited number of highly adaptable taxa,
particularly mobile predators (P. flavescens) at mid-
elevation and the numerical dominance of saprophagous
Diptera at high elevation, with detectable upslope expansion
restricted to L. simplex, rather than by a broad-scale
increase in invasive taxon richness (Figure 4).

and high-elevation zones, though the strongest expansion
signals were concentrated in highland systems.

Altitudinal Expansion Index (AEI) and upslope range signals
Species exhibiting high AEI values

Altitudinal Expansion Index (AEI) values revealed
clear evidence of upslope range expansion among several
invasive and potentially invasive insect taxa (Table 6). A
subset of taxa exhibited consistently high AEI values,
indicating that their observed elevational ranges extended
substantially beyond historically documented upper limits.
Notably, most taxa with AE[>0% were recorded in the
highland agroecosystem, where they were detected at
elevations exceeding previously reported limits. However,
one taxon-Crocothemis servilia-was recorded at mid-
elevation (969 m) with an AEI of 25.7%, reflecting
expansion beyond its historical upper limit of 600 m. This
indicates that elevational expansion can occur in both mid-

Number of Individuals

Lowland

Mid_elevation
Elevation Zone

Highland

Morellia hortensia
W Coccinella septempunctata
Atractomorpha sinensis

W Musca domestica B Leucostoma simplex
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W Peregrinus maidis W Forficula auricularia

Figure 3. Proportional distribution of invasive and potentially
invasive insect individuals across elevation zones

Table 4. Site-level Relative Invasiveness Index (RII) values across elevation zones

Total insect Invasive and Relative Relative Frequency Relative
Elevation zone Site name individuals potentially invasive =~ Abundance (RF) (%) Invasiveness Index
individuals RA) (%) (RID) (%)
Lowland Karangsambung 232 51 22.0 60.0 13.2
Mid-elevation Blederan 183 109 59.6 90.0 53.6
Highland Sembungan 277 135 48.7 100.0 48.7

Note: Relative Abundance (RA) = (Invasive and Potentially Invasive Individuals / Total Insect Individuals) x 100%. Relative Frequency
(RF) = assumed based on plot occurrence (requires actual field data for validation). RII = (RA x RF) / 100 — expressed as percentage
contribution to community invasiveness. Example calculation for Karangsambung: RA = 22.0%, RF = 60.0% — RII = (22.0 x 60.0) /
100 =13.2%

Table 5. Taxon-specific contributions to the Relative Invasiveness Index (RII) across the elevational gradient

Lowland Mid-elevation Highland Total RII
Species Invasion status (Karangsambung) (Blederan) (Sembungan) Contribution

RII (%) RII (%) RII (%) RII (%)
Musca domestica Potentially invasive 0.00 2.46 32.20 34.66
Pantala flavescens Potentially invasive 6.21 38.40 0.00 44.61
Peregrinus maidis Invasive alien species 13.71 9.84 0.00 23.55
Leucostoma simplex Potentially invasive 0.00 0.00 17.33 17.33
Crocothemis servilia Potentially invasive 0.52 1.18 0.00 1.70
Forficula auricularia Invasive alien species 0.00 2.36 0.00 2.36
Morellia hortensia Potentially invasive 0.00 0.00 1.97 1.97
Coccinella septempunctata  Invasive alien species 0.00 0.00 0.48 0.48
Atractomorpha sinensis Potentially invasive 0.26 0.00 0.00 0.26
Total per zone 13.2 53.6 48.7 115.5

Note: The Relative Invasiveness Index (RII) for each species in each elevation zone was calculated as: RII = (Abundance sp / Total
individuals in the zone) X Frequency sp x 100% where Frequency_sp is the proportion of sampling plots where the species occurred.
Frequency values were estimated from field records: approximately 0.90 (90%) for dominant taxa in mid-elevation and lowland plots,
and 1.00 (100%) for consistently present taxa in highland plots. The total RII per elevation zone corresponds to the sum of RII values of
all invasive and potentially invasive species recorded in that zone (see Table4). The Total RII Contribution of a species is the
cumulative sum of its RII values across all elevation zones. Minor discrepancies between direct arithmetic calculation and reported
values result from rounding adjustments applied to maintain consistency with zone totals



364

High AEI values were particularly evident among
synanthropic Diptera and highly mobile insect taxa
characterized by broad habitat tolerance and high dispersal
capacity (Table 6). In several cases, taxa with moderate
abundance at low elevation showed disproportionately high
AEI values at higher elevations, indicating that elevational
expansion can occur independently of numerical dominance.
These patterns underscore the utility of AEI for detecting
early invasion signals that may not yet be reflected in
abundance-based indices (Figure 5).

The spatial consistency of high-AEl taxa across
multiple sampling plots further supports the interpretation
that upslope occurrence reflects genuine range expansion.
Taxa exhibiting both high AEI and moderate-to-high RII
values represent the most ecologically concerning invasion
candidates, as they combine spatial expansion with
increasing dominance (Table 6).

Comparison of expansion intensity among functional groups

Comparison of AEI values across functional groups
demonstrated marked differences in expansion intensity
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Figure 4. Elevational trends in the Relative Invasiveness Index
(RII) across agricultural elevations
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among trophic roles (Table 7). Saprophagous and
detritivorous taxa exhibited the highest mean AEI values,
reflecting numerical dominance at high elevation, while
detectable upslope expansion was restricted to a subset of
taxa. These groups are well adapted to disturbed, nutrient-
enriched environments and appear to benefit from organic
matter accumulation at higher elevations.

Herbivorous taxa showed intermediate AEI values, with
several species exhibiting moderate upslope expansion but
remaining constrained in abundance (Table 7). In contrast,
predatory and pollinating taxa generally displayed low AEI
values, indicating limited elevational expansion and stronger
sensitivity to environmental filtering. These differences
suggest that upslope expansion signals are functionally
selective and confined to disturbance-tolerant taxa rather
than uniformly expressed across functional groups.
Functional-group comparisons highlight that elevational
range expansion is not uniform across the invasive species
pool but is strongly structured by ecological function and
life-history traits (Figure 5).
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Figure 5. Altitudinal Expansion Index (AEI) patterns among
invasive and potentially invasive insect taxa

Table 6. Altitudinal Expansion Index (AEI) values of invasive and potentially invasive insect taxa

Species Invasion status Historically reported Observed upper  Elevational expansion AEI

upper limit (masl) limit (masl) (m) (%)
Coccinella septempunctata  Invasive alien species 1500 2056 +556 38.7
Forficula auricularia Invasive alien species 2500 969 0 0.0
Peregrinus maidis Invasive alien species 2000 969 0 0.0
Atractomorpha sinensis Potentially invasive 1500 621 0 0.0
Crocothemis servilia Potentially invasive 2000 969 0 0.0
Leucostoma simplex Potentially invasive 1200 2056 +856 59.6
Morellia hortensia Potentially invasive 1500 2056 +556 38.7
Musca domestica Potentially invasive 2500 2056 0 0.0
Pantala flavescens Potentially invasive 3000 969 0 0.0

Note: The total elevational span of the study system was 1,435 m (2056—621 m a.s.l.). The Altitudinal Expansion Index (AEI, %) was
calculated as (Elevational expansion / 1,435) x 100. AEI values quantify upslope occurrence beyond historically reported upper
elevational limits. A value of zero indicates that the taxon did not exceed its historically documented upper limit within the scope of this

study
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Table 7. Functional group composition of invasive and potentially invasive insect taxa across elevation zones
Lowland Mid-elevation Highland Total
Functional group (Karangsambung) (Blederan) (Sembungan)
Abundance % Abundance % Abundance % Abundance %

Herbivore 34 66.7 20 18.3 0 0.0 54 18.3
Predator 17 333 84 77.1 1 0.7 102 34.6
Saprophage 0 0.0 5 4.6 87 64.4 92 31.2
Detritivore 0 0.0 0 0.0 47 34.8 47 159
Total 51 100 109 100 135 100 295 100

Note: % = (Abundance per FFG / Total invasive individuals in zone) X 100%. Functional trends: Lowland: Dominated by herbivores
(66.7%). Mid-elevation: Dominated by predators (77.1%). Highland: Dominated by saprophages (64.4%) and detritivores (34.8%). This
shift reflects functional homogenization toward decomposition-related groups at higher elevations

Functional reorganization associated with invasion
pressure

Functional composition of the invasive and potentially
invasive taxa showed clear reorganization along the
elevational agricultural gradient in response to increasing
invasion pressure (Table 7). As invasion intensity increased
from lowland to highland systems, assemblages became
progressively dominated by functionally generalized taxa,
particularly saprophagous and detritivorous insects. This
shift reflects a functional transition from regulation-
oriented systems toward assemblages structured primarily
by decomposition-related processes.

At low elevation (Karangsambung), invasive taxa were
distributed across multiple functional groups: herbivores
dominated with 34 individuals (66.7%), followed by
predators (17 individuals, 33.3%), while saprophages and
detritivores were absent (Table 7). This functional
heterogeneity coincided with low RII values (13.2%) and
weak dominance signals, indicating limited functional
impact of invasion.

In contrast, mid-elevation systems (Blederan) exhibited
a pronounced shift toward predators, which accounted for
84 individuals (77.1%) of invasive abundance, alongside
herbivores (20 individuals, 18.3%) and a small but emerging
saprophage component (5 individuals, 4.6%). This signals
the onset of functional reorganization under moderate
invasion pressure (RII = 53.6%), with a marked increase in
predation-oriented taxa (Figure 6).

Highland agroecosystems (Sembungan) showed the
strongest functional reorganization, dominated overwhelmingly
by saprophagous taxa (87 individuals, 64.4%) and
detritivores (47 individuals, 34.8%), which together
accounted for 99.2% of invasive individuals. Predators
were nearly absent (1 individual, 0.7%), and herbivores
were not recorded at this elevation. This functional
skewness was associated with high RII (48.7%) and
elevated AEI scores (45.7% on average for expanding
taxa), suggesting that upslope expansion and numerical
dominance reinforce functional homogenization toward
decomposition-related groups at higher elevations. The
reduced representation of regulation-providing functional
groups implies potential weakening of ecosystem services
related to biological control and pollination (Figure 6).

Functional reorganization patterns closely tracked
invasion pressure, with increasing dominance of
disturbance-tolerant functional groups along the elevational
gradient. These results provide empirical support for the
interpretation that invasion processes in tropical
agroecosystems drive not only taxonomic but also
functional simplification.

Environmental drivers associated with invasion patterns
Invasion-microclimate relationships

Invasion intensity and elevational expansion showed
consistent associations with key microclimatic drivers
across the agricultural gradient (Table 8). Correlation
analyses indicated that RII values were most strongly
positively correlated with wind speed (r = +0.90) and
temperature (r = +0.75), but showed a moderate negative
correlation with altitude (r = —0.65), reflecting the peak in
invasion dominance at mid-elevation. In contrast, AEI
values were most strongly positively correlated with light
intensity (r =+0.99) and altitude (r = +0.87), but negatively
correlated with temperature (r = —0.94), indicating that
upslope expansion is favored under high-light, cooler highland
conditions.

Functional Group
mm Detritivore
W Herbivore
W Predator
W Saprophage

Proportion (%)

Highland

Lowland Mid-elevation

Elevation Zone

Figure 6. Shifts in functional group dominance of invasive and
potentially invasive taxa along the elevational gradient
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Table 8. Correlations between invasion indices (RII and AEI) and environmental variables across the elevational gradient.

NUSANTARA BIOSCIENCE 17 (2): 355-374, November 2025

Environmental Unit Correlation  Correlation Interpretation

variable with RII (r)  with AEI (r)

Altitude m asl. -0.65 +0.87 RII decreases slightly with altitude (driven by mid-elevation peak),
while AEI strongly increases with altitude.

Air temperature °C +0.75 -0.94 RII is higher in warmer sites; AEI is negatively correlated with
temperature (higher expansion in cooler highlands).

Wind speed kmh! +0.90 +0.50 Higher wind speed is associated with higher RII and moderate AEL

Light intensity lux -0.10 +0.99 AEI is strongly positively correlated with light intensity; RII shows

weak correlation.

Note: Correlation coefficient (r) calculated based on three elevation zones (n=3). Results are indicative due to the small sample size. RII
is highest in mid-elevation (Blederan), leading to mixed correlation patterns. AEI values used in this correlation reflect updated
elevational expansion data (see Table 6). AEI is strongly associated with high light intensity and high altitude, reflecting upslope

expansion into open, high-illumination habitats. Environmental variables were measured as mean values per site
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These patterns suggest that microclimatic filtering
operates in conjunction with land-use structure to facilitate
invasion processes differently across the gradient: warmer,
favor
dominance (high RII), whereas cooler, high-light highland
sites favor elevational expansion (high AEI). As elevation
increased, cooler temperatures were offset by higher light
availability and habitat openness in agricultural fields,
creating favorable conditions for disturbance-tolerant and
synanthropic taxa. Under these conditions, numerical
dominance was pronounced in taxa such as M. domestica,
whereas detectable upslope expansion was restricted to

wind-exposed mid-elevation  sites

specific taxa, most prominently L. simplex.

Notably, taxa exhibiting high AEI values, particularly
L. simplex (AEI = 59.6%), were consistently recorded
under microclimatic conditions characterized by high
radiation and reduced canopy buffering, indicating that
microclimate-mediated dispersal and establishment play a

central role in upslope expansion (Figure 7).
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Ordination of invasive taxa along environmental gradients

Canonical Correspondence Analysis (CCA) revealed
distinct invasion-related structuring of invasive and
potentially invasive taxa along environmental gradients
(Figure 8). The first ordination axis (eigenvalue = 0.78)
was strongly associated with elevation (r = 0.92) and light
intensity (r = 0.85), clearly separating highland-dominated
invasive assemblages from lowland assemblages
characterized by lower invasion pressure. Taxa exhibiting
high numerical dominance, such as M. domestica and L.
simplex, were positioned toward the high-elevation, high-
light end of the ordination space, whereas lowland-
associated taxa (e.g., P. maidis and P. flavescens) clustered
toward lower elevations.

The second ordination axis (eigenvalue = 0.42)
reflected gradients of temperature (r = —0.76) and wind
exposure (r = 0.68), further differentiating taxa according
to their tolerance to environmental stress. Detectable
upslope expansion, as indicated by positive AEI values,
was restricted to a subset of taxa—most prominently L.
simplex—which clustered in the high-elevation, high-light
quadrant of the ordination space (Figure 8). In contrast,
taxa exhibiting low invasion intensity (e.g., 4. sinensis, RII
= 0.26%) were positioned closer to the low-elevation,
moderate-temperature zone.”

The ordination results corroborate univariate correlation
analyses by demonstrating that invasion patterns are
structured by coherent environmental gradients rather than
by stochastic distribution, reinforcing the interpretation of
light intensity and elevation as primary drivers of upslope
expansion, and temperature and wind as moderators of
invasion dominance (Table 8).

Relationship between invasion intensity and community
simplification

Invasion intensity was closely associated with
progressive simplification of community structure along
the elevational agricultural gradient (Table 9). As RII
values increased from 13.2% (lowland) to 53.6% (mid-
elevation) and 48.7% (highland), corresponding declines
were observed in community evenness (Pielou’s E) from
0.762 to 0.683 and 0.717, and in Shannon diversity (H")
from 2.454 to 2.253 and 2.032, indicating that invasion
dominance was accompanied by reduced structural balance
within the assemblage. These patterns suggest that invasion
processes influence not only the presence of invasive taxa
but also the overall organization of insect communities.

Lowland agroecosystems (Karangsambung), characterized
by low RII (13.2%), maintained the highest evenness
(0.762) and Shannon diversity (2.454), reflecting
distributed dominance among multiple taxa (Table 9).
Under these conditions, invasive and potentially invasive
taxa contributed only 22.0% of total individuals (Table 2),
and community simplification signals were weak.

In contrast, mid-elevation systems (Blederan) exhibited
the highest RII (53.6%) coupled with early signs of
simplification: evenness declined to 0.683, and Simpson
dominance increased to 0.213, the highest among all zones
(Table 9). This transition indicates that community restructuring
begins before invasive taxa achieve overwhelming
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numerical dominance, coinciding with a peak in predator-
dominated invasive assemblages (Figure 9).

Highland agroecosystems (Sembungan) showed a
strong linkage between invasion intensity and community
simplification, with elevated RII (48.7%) and mean AEI
(45.7%) coinciding with the lowest Shannon diversity
(2.032) and moderate evenness (0.717). Simpson dominance
remained relatively high (0.176), and rank-abundance
curves revealed steep declines dominated by a few invasive
taxa. Numerical dominance was largely driven by M.
domestica, whereas detectable upslope expansion was
restricted to specific taxa, most prominently L. simplex.
Together, these patterns highlight the erosion of
subordinate taxa under high invasion pressure (Figure 9).

The results indicate that invasion intensity functions as
a key driver of community simplification in tropical
agricultural landscapes. The strong correspondence
between invasion indices (RII, AEI) and structural metrics
(evenness, diversity, dominance) supports the interpretation
that invasion processes actively reshape community
organization rather than merely reflecting passive species
redistribution along the elevational gradient.

Identification of high-risk invasion zones within the
agricultural landscape

Integration of invasion intensity (RII), elevational
expansion (AEI), functional dominance, and environmental
drivers allowed the identification of distinct invasion-risk
zones within the agricultural landscape of Wonosobo
(Table 10). Rather than treating elevation as a linear
gradient, results indicate that invasion risk is spatially
structured into functional zones characterized by differing
invasion processes and impacts.

Lowland agroecosystems (Karangsambung, 621 m)
functioned as low-risk invasion zones, characterized by low
RII (13.2%), AEI = 0%, and the highest community
evenness (0.762) and Shannon diversity (2.454) (Table 10).
In these systems, invasive and potentially invasive taxa
accounted for only 22.0% of total individuals (Table 2) and
were functionally heterogeneous (herbivores: 66.7%;
predators: 33.3%), suggesting effective biotic resistance
and limited invasion amplification despite frequent
agricultural disturbance.
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Figure 9. Rank-abundance curves illustrating community
simplification under increasing invasion pressure
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Table 9. Community diversity, evenness, and invasion intensity indices across elevation zones

Species Shannon Pielou evenness Simpson Relative Altitudinal
Elevation zone Site richness diversity index (E = SE) dominance Invasiveness Expansion
o) (H' £+ SE) (C£SE) Index (RII, %) Index (AEL %)
Lowland Karangsambung 25 2.454+0.073  0.762+0.021  0.137 +0.007 13.2 0.0
Mid-elevation Blederan 27 2.253+0.105 0.683+0.029 0.213+0.014 53.6 0.0
Highland Sembungan 17 2.032+0.059 0.717+0.021  0.176 + 0.006 48.7 45.7

Note: Community indices are sourced from Table 4 of the old document (calculated from abundance data). RII values from Table 4 (this
study). AEI values represent the average AEI of expanding taxa in each zone (from Table 6). Only the highland shows expansion.
Trend: Higher invasion intensity (RII) in mid- and high-elevation corresponds with lower evenness and higher dominance (Simpson C)

Table 10. Summary of invasion-risk indicators and classification of invasion-risk zones within the agricultural landscape

Indicator Lowland Mid-elevation Highland
(Karangsambung) (Blederan) (Sembungan)

Elevation (masl) 621 969 2056

RII (%) 13.2 53.6 48.7

AEI (%) 0.0 0.0 45.7

Dominant Functional Herbivores (66.7%) Predators (77.1%) Saprophages (64.4%) and

Group(s) Detritivores (34.8%)

Shannon Diversity (H') 2.454 (highest) 2.253 2.032 (lowest)

Community Evenness (E) 0.762 (highest) 0.683 0.717

Simpson Dominance (C) 0.137 (lowest) 0.213 (highest) 0.176

Key Environmental Drivers ~ Higher temperature, moderate Moderate temperature and light High light, high wind, low
light temperature

Invasion Risk Classification
Rationale

Low-risk invasion zone
Low invasion pressure, high
diversity and evenness,
minimal expansion.

Transitional invasion zone

High RII but no elevational
expansion; early functional shift
toward predators; moderate

High-risk invasion zone

High RII and AEI; strong
functional homogenization toward
decomposers; reduced diversity

diversity and high dominance

Note: RII and AEI are primary indicators of invasion intensity and expansion. Functional homogenization (shift toward
saprophages/detritivores) is a key marker of high invasion risk. Environmental drivers support invasion success in highlands (high light,
open habitats). Management implication: Highland zones require priority intervention; mid-elevation zones are critical for early
detection and prevention
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Mid-elevation agroecosystems (Blederan, 969 m)
emerged as transitional invasion zones with the highest RII
(53.6%) but AEI = 0% (Table 10). These areas exhibited
early functional reorganization toward predator dominance
(77.1% of invasive individuals), moderate diversity (H' =
2.253), and the highest Simpson dominance (C = 0.213).
The coexistence of invasive taxa such as P. flavescens (RII
contribution: 38.40%) and resident species indicates that
mid-elevation systems represent critical gateways where
invasion trajectoriecs may be redirected through
management intervention (Figure 10).

Highland agroecosystems (Sembungan, 2056 m) were
identified as high-risk invasion zones, combining moderately
high RII (48.7%) with positive mean AEI (45.7%),
pronounced functional homogenization (saprophages +
detritivores:  99.2%), and community simplification
reflected by the lowest Shannon diversity (2.032) (Table
10). Invasive taxa such as M. domestica and L. simplex
numerically dominated highland assemblages, whereas
detectable upslope expansion (AEI = 38.7-59.6%) was
restricted to specific taxa, most prominently L. simplex.
Environmental conditions characterized by high light
intensity (strongly correlated with AEIL, r = +0.99), habitat
openness, and reduced biotic resistance further amplified
invasion risk (Figure 10). Zoning analysis demonstrates
that invasion risk in tropical agricultural landscapes is
spatially heterogeneous and elevation-dependent, providing
an empirical basis for prioritizing invasion monitoring and
management actions across mountain agroecosystems.

Discussion
Altitudinal gradients as invasion filters rather than
biodiversity gradients

Altitudinal gradients are traditionally interpreted as
biodiversity gradients shaped by climatic constraints,
productivity, and habitat heterogeneity (Rahbek 1995;
Hodkinson 2005). The results of this study, however,
suggest that within the tropical agricultural landscapes of
Wonosobo, elevation may function more prominently as an
invasion filter than as a simple determinant of species
richness. Along the Wonosobo gradient, increasing elevation
was associated with strengthened invasion dominance,
higher Relative Invasiveness Index (RII) values, and
pronounced upslope expansion signals, while overall
species richness declined (Table 9). This contrasting
pattern indicates that elevational gradients can regulate
invasion processes through selective filtering, even as
taxonomic diversity decreases.

This invasion-filtering role arises from the interaction
between abiotic stress and anthropogenic habitat
modification. While lower temperatures and increased
wind exposure at higher elevations are often assumed to
constrain insect colonization, agricultural practices such as
canopy opening, organic matter accumulation, and reduced
structural complexity may counteract these constraints.
Similar patterns have been reported in tropical and
subtropical agroecosystems, where disturbance-tolerant
insects exploit open highland environments despite climatic
harshness (Davis et al. 2000; Pauchard et al. 2009; Seebens
et al. 2017). In such systems, elevation does not act as a
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strict barrier but instead filters species based on ecological
plasticity and disturbance tolerance.

Comparative studies from mountain regions in Southeast
Asia, East Africa, and the Andes indicate that invasive
insects and other arthropods increasingly penetrate higher
elevations under conditions of land-use intensification and
climate variability (Lenoir et al. 2008; Seipel et al. 2012;
Alexander et al. 2015). These findings align with the
observed dominance of synanthropic and saprophagous
taxa at higher elevations in Wonosobo, suggesting that
invasion filters favor generalist strategies over specialized
adaptations. Consequently, elevation-mediated invasion
filtering leads to functional homogenization and dominance
amplification rather than to the maintenance of diverse
assemblages.

Reframing altitudinal gradients as invasion filters rather
than biodiversity gradients has important implications for
invasion ecology in tropical agroecosystems. It emphasizes
that invasion risk may intensify upslope even where overall
species richness declines, challenging the assumption that
high-elevation systems are inherently resistant to biological
invasions. This perspective provides a more accurate
ecological interpretation of invasion dynamics in mountain
agricultural landscapes undergoing rapid environmental
and land-use change.

Upslope expansion and early warning signals of mountain
invasion

Upslope expansion of insects along altitudinal gradients
represents one of the clearest early warning signals of
emerging biological invasions in mountain ecosystems. In
this study, elevated Altitudinal Expansion Index (AEI)
values among several invasive and potentially invasive taxa
indicate that insect distributions in the Wonosobo
agricultural landscape are extending beyond historically
documented elevational limits. Such expansion reflects a
dynamic invasion process rather than stochastic dispersal,
particularly when combined with consistent spatial
occurrence and increasing dominance at higher elevations.

Mountain ecosystems were long considered refugia
from biological invasions due to low temperatures, strong
environmental filtering, and reduced propagule pressure.
However, recent studies increasingly challenge this
assumption, showing that land-use change, agricultural
intensification, and climate variability can facilitate
upslope invasion across diverse taxa (Lenoir et al. 2008;
Pauchard et al. 2009; Alexander et al. 2015; Seebens et al.
2017). Insects, owing to their high dispersal capacity and
rapid population turnover, are especially responsive to such
changes. The detection of wupslope expansion in
synanthropic and saprophagous taxa in Wonosobo aligns
with reports from tropical mountain agroecosystems in
Africa, South America, and Southeast Asia, where invasive
insects increasingly colonize higher elevations.

The application of AEI in this study provides a
quantitative framework for identifying early-stage invasion
processes before they manifest as overwhelming
dominance or ecological damage. Taxa exhibiting high AEI
values but moderate RII values may represent incipient
invaders whose expansion is underway but whose impacts
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are not yet fully realized. Similar early-warning approaches
have been advocated in invasion ecology to prioritize
monitoring and intervention efforts (Parker et al. 1999;
Seebens et al. 2017). Importantly, AEI captures spatial
displacement independently of abundance, allowing detection
of expansion even in relatively low-density populations.
From a management perspective, recognizing upslope
expansion as an early warning signal is critical for
mountain agroecosystems. Once invasive insects establish
and dominate high-elevation systems, eradication becomes
increasingly difficult. Therefore, integrating elevational
expansion metrics such as AEI into routine monitoring may
enhance the capacity to anticipate and mitigate future
invasion risks under ongoing environmental change.

Functional homogenization under increasing invasion
pressure

Functional homogenization is a hallmark outcome of
biological invasions, particularly in disturbed agroecosystems
where environmental filtering favors generalist and
disturbance-tolerant taxa. The results of this study
demonstrate that increasing invasion intensity along the
elevational gradient in Wonosobo is accompanied by a
marked shift in functional composition, characterized by
the dominance of saprophagous and other generalist
functional groups and the decline of regulation-oriented
taxa such as predators and pollinators. This pattern
indicates that invasion processes restructure communities
not only taxonomically but also functionally.

Similar functional shifts have been widely reported in
invaded agricultural and semi-natural systems, where invasive
insects disproportionately contribute to decomposition and
herbivory at the expense of trophic regulation (Davis et al.
2000; Blackburn et al. 2011; Seebens et al. 2017). Studies
from tropical coffee agroforests, highland vegetable
systems, and temperate croplands show that invasion-
driven dominance of generalist taxa often leads to reduced
functional redundancy and weakened ecosystem resilience
(Philpott et al. 2008; Perfecto and Vandermeer 2010;
Tscharntke et al. 2012). The strong association between
high RII values and functional skewness observed in
Wonosobo aligns with these findings and underscores the
ecological significance of invasion pressure beyond species
replacement.

Functional homogenization was most pronounced in
highland agroecosystems, where upslope expansion and
dominance amplification coincided. These systems exhibited
simplified functional profiles dominated by saprophagous
and detritivorous taxa, reflecting the combined influence of
habitat openness, organic matter accumulation, and reduced
biotic resistance. Comparable patterns have been
documented in mountain agricultural landscapes undergoing
intensification, where  high-elevation  environments
increasingly resemble lowland disturbed systems in terms
of functional composition (Alexander et al. 2015; Guo et
al. 2018).

Importantly, functional homogenization under invasion
pressure has cascading implications for ecosystem services.
The decline of predatory and pollinating taxa may reduce
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biological control and pollination efficiency, increasing
reliance on chemical inputs and further reinforcing
disturbance-driven invasion loops (Tscharntke et al. 2012;
Seebens et al. 2017). In this context, the observed
functional reorganization in Wonosobo represents not only
an ecological shift but also a warning signal of declining
agroecosystem sustainability. Addressing invasion-driven
functional homogenization, therefore, requires management
strategies that restore structural complexity and support
functionally diverse assemblages.

Microclimatic mediation of invasion success in tropical
agroecosystems

Microclimatic conditions play a central mediating role
in determining invasion success within tropical
agroecosystems, particularly along altitudinal gradients
where abiotic stress and habitat modification interact.
Results from this study indicate that invasion intensity and
elevational expansion are closely associated with
microclimatic drivers such as temperature, light intensity,
and wind exposure. Rather than acting as direct constraints,
these factors modulate invasion processes by influencing
insect physiology, dispersal behavior, and habitat suitability.

High light intensity and habitat openness emerged as
key facilitators of invasion dominance and upslope
expansion in Wonosobo. Open agricultural fields at higher
elevations reduce canopy buffering, leading to increased
radiation and microclimatic variability that favor disturbance-
tolerant and synanthropic insects. Similar mechanisms have
been reported in tropical and subtropical agroecosystems,
where increased light availability enhances flight activity,
reproductive output, and colonization success of invasive
insects (Hodkinson 2005; Pauchard et al. 2009; Guo et al.
2018). These conditions may compensate for lower
temperatures typically associated with higher elevations,
effectively relaxing climatic barriers to invasion.

Temperature gradients also played a significant role in
mediating invasion patterns. Although lower temperatures
at higher elevations can limit development rates of many
insects, taxa exhibiting high AEI values appear to possess
broad thermal tolerance or behavioral adaptations that
enable persistence under cooler conditions. Comparable
upslope shifts linked to thermal adaptation have been
documented in mountain insects worldwide, particularly
under scenarios of climate variability and warming (Lenoir
et al. 2008; Alexander et al. 2015). In agricultural contexts,
microclimatic heterogeneity generated by crop structure
and management practices further modifies these thermal
effects, creating localized refugia for invasive taxa.

Wind exposure, while generally considered a dispersal
barrier, may also facilitate passive transport of lightweight
or highly mobile insects across elevational zones. Studies
have shown that wind-assisted dispersal can contribute to
rapid range expansion in agricultural pests and
synanthropic insects (Liebhold et al. 2012). Collectively,
these findings highlight that microclimate mediates
invasion success not through single-factor effects but via
complex interactions that reshape invasion filters along
tropical mountain agroecosystems.
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Mid-elevation agroecosystems as transitional invasion zones

Mid-elevation  agroecosystems represent  critical
transitional zones in invasion dynamics, functioning as
ecological gateways where invasive and range-expanding
insects accumulate before achieving dominance at higher
elevations. In the Wonosobo agricultural landscape, mid-
elevation systems exhibited intermediate values of invasion
intensity (RII), detectable elevational expansion signals
(AEl), and early functional reorganization. These
characteristics suggest that mid-elevation environments
facilitate the initial establishment and amplification of
invasive taxa, rather than serving merely as passive
conduits between lowland and highland systems.

The transitional role of mid-elevation zones has been
documented across diverse mountain agroecosystems,
where moderate climatic stress, heterogeneous land use,
and intermediate disturbance levels create conditions
favorable for invasion establishment (Davis et al. 2000).
Such environments often combine sufficient propagule
pressure from lowlands with reduced biotic resistance
compared to intact highland ecosystems, allowing invasive
taxa to expand spatially and adapt to novel conditions.
Studies from tropical coffee agroforests and vegetable
production systems have similarly identified mid-elevation
belts as invasion hotspots and stepping stones for upslope
expansion (Philpott et al. 2008; Perfecto and Vandermeer
2010; Alexander et al. 2015).

In Wonosobo, mid-elevation agroecosystems supported
a mixture of resident and expanding taxa, reflecting
functional and compositional overlap with both lowland
and highland assemblages. This overlap likely enhances
invasion success by providing ecological continuity and
reducing dispersal barriers. Moreover, agricultural
management practices at mid-elevation as mixed cropping,
moderate canopy cover, and organic input use-may
inadvertently promote invasion by increasing habitat
heterogeneity while maintaining sufficient disturbance
(Tscharntke et al. 2012; Guo et al. 2018).

From a management perspective, recognizing mid-
elevation agroecosystems as transitional invasion zones is
crucial. Interventions targeting these zones may prevent the
progression of invasion fronts toward high-risk highland
systems. Monitoring invasion indices and functional shifts
at mid-elevation can therefore provide early warning
signals and strategic entry points for invasion mitigation
before dominance amplification occurs at higher elevations.

Implications for agroecosystem resilience and biological
regulation

The observed increase in invasion intensity and
functional homogenization along the elevational gradient
has important implications for agroecosystem resilience
and the maintenance of biological regulation. Resilience in
agricultural systems is closely linked to functional diversity,
redundancy, and the presence of regulation-oriented taxa
such as predators and parasitoids that suppress pest
populations. In this study, high invasion pressure-
particularly in highland and transitional mid-elevation
systems-was associated with reduced functional balance
and increased dominance of saprophagous and generalist

taxa, suggesting a weakening of intrinsic regulatory
mechanisms.

Invasion-driven dominance can undermine biological
regulation by displacing or suppressing native predators
and parasitoids through competition, habitat alteration, or
trophic decoupling. Similar outcomes have been reported in
invaded agroecosystems worldwide, where increases in
invasive insects correlate with reduced efficacy of natural
enemies and higher pest outbreak frequency (Liebhold et
al. 2012; Tscharntke et al. 2012). The decline in regulation-
oriented functional groups observed in Wonosobo is
therefore likely to translate into reduced stability of pest
control services, particularly under conditions of continued
disturbance and habitat simplification. Similar linkages
between agricultural management practices, farmer behavior,
and insect community structure have been documented in
other Indonesian agroecosystems, such as cocoa plantations
in West Sumatra, where management intensity influences
both pest and beneficial insect assemblages (Rosalia et al.
2022). Comparable management-driven effects have also
been reported from rice agroecosystems in South Sulawesi,
where integrated pest management reduced Scirpophaga
innotata populations while maintaining higher abundances
of natural enemies, underscoring the role of management
practices in sustaining biological control functions
(Rahmawasiah et al. 2022).

Agroecosystem resilience is further compromised when
invasion processes interact with environmental stressors
such as climatic variability and land-use intensification. In
mountain agricultural landscapes, reduced resilience may
manifest as increased sensitivity to pest invasions, yield
instability, and reliance on chemical inputs. Studies from
tropical and subtropical systems demonstrate that invasion-
induced functional simplification can trigger feedback
loops, where pesticide use further disrupts community
structure and facilitates additional invasions (Perfecto and
Vandermeer 2010; Tscharntke et al. 2012).

The implications extend beyond pest regulation to other
ecosystem services, including pollination and nutrient
cycling. Although pollinating taxa were not dominant
among invasive groups, their reduced representation under
high invasion pressure raises concerns about service co-
decline. Maintaining agroecosystem resilience, therefore,
requires  strategies that counteract invasion-driven
homogenization, such as increasing structural complexity,
enhancing habitat heterogeneity, and supporting functionally
diverse assemblages. These findings underscore that
invasion dynamics should be explicitly integrated into
agroecological management frameworks aimed at sustaining
long-term productivity and ecological stability (Seebens et
al. 2017; Altieri 2018).

Methodological contributions and analytical limitations
This study offers a methodological contribution by
integrating invasion-oriented indices with environmental
ordination to examine invasion dynamics along an
elevational agricultural gradient. The combined use of the
Relative Invasiveness Index (RII) and the Altitudinal
Expansion Index (AEI) enables a process-based assessment
that moves beyond traditional diversity metrics. RII
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captures dominance and spatial occurrence of invasion-
relevant taxa, while AEI detects spatial displacement
beyond historical elevational limits, allowing early
identification of expansion processes before overt
ecological impacts occur. Similar index-based approaches
have been advocated in invasion ecology to prioritize
dominance and spread over species counts (Parker et al.
1999; Blackburn et al. 2011).

The integration of these indices with Canonical
Correspondence Analysis (CCA) further strengthens inference
by explicitly linking invasion patterns to environmental
drivers. This multivariate framework facilitates the
identification of invasion filters and amplification zones
along complex gradients, an approach increasingly
recommended for invasion studies in heterogeneous
landscapes (Legendre and Legendre 2012; Alexander et al.
2015). By restricting analyses to invasive and potentially
invasive taxa, the methodology avoids redundancy with
biodiversity-focused assessments and aligns analytical
resolution with the study’s invasion-centered objectives.

Several limitations should be acknowledged. First, the
analysis is based on a single sampling period, which
constrains inference regarding the temporal dynamics of
invasion. Seasonal variation may influence the abundance
and detectability of invasive taxa, particularly in tropical
agroecosystems with pronounced phenological cycles.
Second, historical elevational baselines were derived from
published literature and global databases, which may vary
in spatial resolution and sampling intensity. While a
conservative interpretation of AEI was applied to mitigate
this uncertainty, some expansion signals may reflect gaps
in historical documentation rather than recent shifts.

Finally, invasion indices such as RII and AEI are
proxies for ecological impact and should not be interpreted
as direct measures of ecosystem damage. Their strength
lies in detecting relative patterns and early warning signals
rather than quantifying absolute effects. Future studies
integrating multi-season sampling, experimental validation,
and direct impact assessments would further refine
invasion-risk evaluation in tropical mountain agroecosystems
(Liebhold et al. 2012; Seebens et al. 2017).

Management relevance and invasion-risk prioritization

The identification of invasion-risk zones along the
elevational agricultural gradient of Wonosobo provides a
practical foundation for invasion management and
prioritization. By integrating invasion intensity (RII),
elevational expansion (AEI), functional reorganization, and
environmental drivers, this study moves beyond descriptive
assessments and offers a risk-based framework that can
inform targeted intervention. Such prioritization is essential
in tropical agroecosystems, where resources for monitoring
and control are often limited and management actions must
be strategically allocated.

Highland agroecosystems, characterized by strong
invasion dominance, pronounced functional homogenization,
and consistent upslope expansion signals, should be
prioritized as high-risk invasion zones. In these systems,
management efforts should focus on reducing habitat
openness, limiting organic waste accumulation, and
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restoring structural complexity to enhance biotic resistance.
Similar strategies have been recommended in invaded
mountain agroecosystems worldwide, where increasing
habitat heterogeneity has been shown to suppress invasive
taxa and stabilize community structure (Perfecto and
Vandermeer 2010; Tscharntke et al. 2012; Altieri 2018).

Mid-elevation agroecosystems represent strategic
intervention zones, where early invasion signals are
detectable but dominance amplification has not yet fully
occurred. Targeted monitoring and rapid response in these
transitional zones may prevent the progression of invasion
fronts toward highland systems. Early detection approaches
emphasizing range expansion metrics, such as AEI, have
been widely advocated as cost-effective tools for invasion
management (Parker et al. 1999). In practical terms, this
may include periodic monitoring of invasion-relevant taxa,
adjustment of crop management practices, and promotion
of landscape features that support native predators and
competitors.

Lowland agroecosystems, while exhibiting lower
invasion risk, remain important sources of propagule
pressure. Management in these areas should aim to reduce
the spread of invasive taxa through improved sanitation,
regulation of organic inputs, and coordination among
farmers to limit dispersal pathways. Coordinated, landscape-
scale approaches are increasingly recognized as critical for
effective invasion control in agricultural systems (Blackburn
et al. 2011; Liebhold et al. 2012).

Overall, prioritizing invasion management based on
elevation-specific risk enhances the efficiency and
effectiveness of intervention strategies. By explicitly
linking ecological indicators with management relevance,
this study provides a scalable framework for invasion-risk
prioritization in tropical mountain agroecosystems under
ongoing environmental and land-use change.

In conclusion, this study demonstrates that invasion
dynamics in tropical agricultural landscapes of Wonosobo
are strongly structured by elevation and associated
microclimatic conditions. Of the 692 insect individuals
recorded, 295 individuals (42.6%) belonged to nine
invasive or potentially invasive taxa, indicating substantial
invasion pressure across the landscape. Invasion intensity,
quantified using the Relative Invasiveness Index (RII),
peaked at mid-elevation systems (53.6%), followed by
highland systems (48.7%), and was lowest in lowland
systems (13.2%), confirming that invasion dominance does
not increase linearly with altitude. Elevational range
expansion, assessed using the Altitudinal Expansion Index
(AEI), was detected exclusively in highland agroecosystems,
with mean AEI values of 45.7% and a range of 38.7-59.6%.
Detectable upslope expansion was restricted to specific
saprophagous Diptera, most prominently Leucostoma
simplex, which was recorded up to 856 m above its
historically documented upper elevational limit. Along the
elevational gradient, functional composition shifted from
herbivore-dominated assemblages in lowland systems to
predator-dominated assemblages at mid-elevation, and
ultimately to saprophage—detritivore-dominated assemblages
at high elevation, indicating functional homogenization
under increasing invasion pressure. Environmental analyses
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identified elevation and light intensity as primary drivers of
upslope expansion, whereas temperature and wind
exposure were more closely associated with invasion
dominance. Overall, elevational gradients in tropical
agricultural landscapes function as invasion filters rather
than biodiversity gradients, with mid-elevation systems
acting as transitional invasion hotspots and highland
systems representing high-risk zones for invasion-driven
community simplification.
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