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The Tukad Ayung Watershed, the longest in Bali Province, functions as a vital buffer
zone for food production areas. However, variation in vegetation composition across its
upstream, midstream, and downstream regions has not been adequately examined in
relation to ecosystem service capacity. This study aims to (1) analyze tree vegetation
diversity, (2) assess its variation based on species origin (native/exotic) and growth status
(planted/naturally grown), and (3) analyze aboveground tree biomass contribution to
support sustainable food production. Vegetation diversity was evaluated using the
Shannon—Wiener index, and basal area calculations were used to estimate aboveground
tree biomass and carbon sequestration. Statistical significance in the distribution of tree
origin, tree status, and biomass among the three villages (Belancan, Kerta, and
Abiansemal) was tested using Pearson’s Chi-square test, while data visualization was
performed with the ggplot2 package in R software version 4.3.3. The results showed
Shannon—Wiener diversity indices (H') of 3.01 in Belancan Village, 2.79 in Abiansemal
Village, and 2.67 in Kerta Village. Vegetation composition varied spatially, with endemic
dominance in Belancan and Abiansemal and exotic dominance in Kerta driven by human
cultivation. Aboveground tree biomass was highest in Abiansemal (704.81 kg/ha) and
lowest in Kerta (380.37 kg/ha). The chi-square test indicated significant differences in
biomass (x> = 582.76, df = 538, p = 0.089) among locations. These findings demonstrate
that the Tukad Ayung Watershed has high vegetation diversity and biomass potential,
emphasizing the importance of site-specific conservation and mixed-garden management
strategies to maintain ecosystem stability and food security.

1. INTRODUCTION

impacts of urbanization are well-documented [8], less
attention has been paid to how changes in vegetation

Agriculture plays a crucial role in supporting global food
security and rural livelihoods. However, increasing
urbanization and land-use change have transformed many
agrarian landscapes into built-up areas, leading to the
degradation of natural ecosystems and the loss of biodiversity
and genetic resources [1, 2]. In tropical regions such as
Indonesia, these transformations frequently occur within
watershed systems, where agricultural landscapes are replaced
or fragmented by settlements and infrastructure development
[3]. Such changes not only reduce agricultural productivity but
also disrupt ecological processes essential for maintaining
watershed functions.

A watershed consists of interconnected upstream,
midstream, and downstream zones that regulate hydrological
and ecological processes [4, 5]. Land-use change within these
zones alters sediment dynamics, vegetation structure, and
habitat integrity, leading to soil erosion, sedimentation, and
reduced ecosystem services [6, 7]. While these biophysical
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composition [9], particularly within agroforestry systems such
as mixed gardens which affect biodiversity and ecological
function at the watershed scale.

In Bali, rapid urban growth and tourism-driven land
conversion have significantly altered traditional agricultural
landscapes, including those within the Tukad Ayung
Watershed. This watershed, which spans the regencies of
Bangli, Gianyar, Tabanan, and Denpasar City, covers
approximately 30,981 hectares and supports diverse land uses
including riparian zones, mixed gardens, and forest patches,
all of which play a crucial role in maintaining ecosystem
stability [8]. Increasing land conversion and monoculture
practices have resulted in biodiversity loss, declining carbon
storage, and reduced erosion control capacity and other
ecosystem services [3].

Abian mixed-gardens, a form of traditional dry farmland
agroforestry in Bali [10, 11], play an essential ecological role
by maintaining vegetation diversity, providing biomass, and
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supporting carbon sequestration. However, the relationship
between vegetation diversity, tree characteristics, and their
ecological functions across watershed zones remains
insufficiently understood. Addressing this gap is critical for
developing effective conservation and land management
strategies that balance ecological sustainability with food
production, which is the novelty of this study.

Therefore, this research investigates vegetation diversity
and ecological functions across upstream, midstream, and
downstream zones of the Tukad Ayung Watershed.
Specifically, it aims to (i) analyze vegetation diversity across
watershed zones, (ii) determine if there are significant
differences in the proportion of tree origin (endemic/exotic)
and growth status (planted/naturally grown) across the
watershed zones, and (iii) assess aboveground tree biomass
and carbon storage contribution to ecosystem services. These
findings are expected to inform locally adapted conservation

strategies and sustainable mixed garden management to
maintain the ecological integrity of the Tukad Ayung
Watershed.

2. METHODOLOGY

This study employed a field survey method to estimate tree
species diversity, differences, and aboveground tree biomass
and carbon storage contribution in the three watershed zones.
The selection of sample villages was carried out using
purposive sampling, based on representativeness and regional
accessibility. In each watershed zone, 20 mixed gardens were
surveyed, with one 10 x 10 m sample plot established in each
garden. A total of 60 sample plots were therefore established
across the three watershed zones: upstream, midstream, and
downstream (Figure 1).
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Figure 1. Illustration of the Tukad Ayung Watershed boundary and sampling locations

Green, orange, and red dots represent sites in the upper, middle, and lower watershed zones, respectively.

The study design, as described was provided wide spatial
coverage and allowed for comparative analysis of vegetation
diversity and aboveground tree biomass and carbon storage
across watershed gradients, following standard approaches in
tropical agroforestry studies [12, 13].
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In each sample plot, a tree census was conducted by
recording species name, tree height, and diameter at breast
height (DBH) for trees with DBH > 5 cm [14]. Additional
information recorded included plant status (planted/naturally
grown) and plant origin (native or exotic) to reflect the human



planting and management [15, 16]. Data analysis was divided
into three parts. First, the analysis of tree stratum vegetation
diversity was assessed using the Shannon—Wiener index [17-
19], calculated as follows:

H = —Y3_,(Piln Pi) (1)
where,

H’: Species diversity index;

S: Total number of species;

Pi: Proportion of individuals of species i to the total number
of individuals;

Ln: Natural logarithm in 7.

Based on the Shannon—Wiener diversity index, values can
be categorized as follows: H’< 1 indicates low diversity; 1<
H’< 3 indicates moderate diversity; and H’>3 indicates high
diversity.

The second objective was to determine if there are
significant differences in the proportion of tree origin
(endemic/exotic) and growth status (planted/naturally grown)
[20]. This objective was analyzed using Pearson’s Chi-squared
test, calculated with the following formula:

(0; — Ey)?

=3 @

where,

x° = chi-squared;

O;= observed value;

E;= expected value.

The third objective was to assess the contribution of above-
ground tree biomass and carbon sequestration across
watershed zones. Basal area (BA) was first calculated to
describe stand structure and species dominance within each
mixed garden plot, but was not directly used for aboveground
tree biomass estimation. Aboveground tree biomass (W) was
estimated directly from DBH using the generalized allometric
model developed by Sandoya et al. [20], for tropical forests
and agroforestry systems, as species-specific equations were
unavailable. The carbon content (C) was estimated as 50% of
aboveground tree biomass, following the default carbon
fraction commonly used for tropical vegetation [20, 21].

W = aDP? 3)

C=0.5W 4)
where,

W: Aboveground tree biomass (kg/ha);

C: Carbon content (kg/ha);

a, b: 0.19 and 2.37, respectively (constant derived from
Brown [21]).

Following data analysis, visualization of the aboveground
species biomass in the upstream, midstream, and downstream
zones of the Tukad Ayung Watershed was performed using the
ggplot2 package [22] in R software (version 4.3.3) [23].
Statistical significance was assessed using Pearson’s Chi-
squared test, and the results were visualized in the same
environment for cross-location comparisons [24]. In addition,
the chi-square (y?) test was applied to examine whether the
distribution of tree species based on origin (native or exotic)
and status (planted or naturally grown) categories differed
significantly among the three villages (Belancan, Kerta, and
Abiansemal). All statistical a were conducted in R software

2377

(version 4.3.3) with significance thresholds set at p < 0.05.

3. RESULTS AND DISCUSSION

3.1 Vegetation diversity status across the Tukad Ayung
Watershed

Vegetation diversity reflects the variation in plant species
composition within a particular area or ecosystem. Based on
the Shannon—Wiener diversity index (H’) of trees in the Tukad
Ayung Watershed, Belancan Village recorded the highest
biodiversity value at 3.01, followed by Abiansemal Village at
2.79, and Kerta Village at 2.67, all of which are categorized as
highly diverse (Table 1). High diversity index values are
generally found in areas with minimal human intervention,
such as upstream zones adjacent to forested regions [25]. The
relatively high H’ values in the upstream, midstream, and
downstream zones indicate a fairly good diversity of tree
species, although the degree of disturbance varies among
zones. The persistence of high diversity despite human
influence suggests that traditional Abian mixed-garden
practices play an important role in maintaining vegetation
heterogeneity and ecosystem stability [11]. Therefore,
conservation efforts in the Tukad Ayung Watershed should
prioritize strategies that consider the characteristics of the
local agroforestry management system and its role in
maintaining ecological stability.

Table 1. Comparison of biodiversity index (H’) and diversity
status in the Tukad Ayung Watershed

Watershed Zones Diversity Diversity
(Representative Village) Index (H) Status
(ngztcr:;‘;fk‘** 3.01 highly diverse
N(IIiél:rt:;:)aE 2.67 highly diverse
( z?ggiﬁ::ll;}k* 2.79 highly diverse

Description: The star symbol indicates the diversity value ranking among
three locations. Belancan (***) has a slightly higher value than Abiansemal
(**), and Kerta (*) has the lowest among the other two locations.

From Table 1, it is evident that Belancan Village, located in
the upstream area of the Tukad Ayung Watershed, exhibits a
highly diverse index with the highest H* value of 3.01 among
the other two locations. Tree vegetation diversity in Belancan
Village comprises 37 tree species, dominated by avocado
(Persea americana, 5.1%), tangerine (Citrus nobilis, 4.1%),
and jackfruit (Artocarpus heterophyllus, 3%). Avocado was
planted because it relies on plantations that have economically
valuable crops to support their livelihood. Avocado is widely
cultivated in all plots in the upstream area because it has a high
market demand [26]. Another tree species found is the
jackfruit. Villagers in Belancan choose to plant A.
heterophyllus because it has a cultural significance in Balinese
society, being widely used in traditional ceremonies and daily
life [27], aside from its economic value.

Mixed gardens in Kerta Village consist of 27 tree species
and have an H’ value of 2.67, which is still categorized as
highly diverse (Table 1), even though it is the lowest among
the three locations. The vegetation found in the Kerta mixed
garden sample plot is dominated by tangerine (Citrus nobilis),
which accounts for 12% of the trees. Tangerine is a major fruit
commodity with considerable global production and trade [28].



The dominance of C. nobilis plantation reflects more intensive
land-use management for commercial production, particularly
of fruit crops. These trends indicate that market-oriented
cultivation, as observed in Kerta Village, has increased human
influence on vegetation composition and reduced naturally
regenerating tree species.

The lowest watershed village sampled, Abiansemal, has an
H’ index value of 2.79 and is categorized as highly diverse
(Table 1). The Abian mixed garden sample plots in
Abiansemal contain 30 tree species, with coconut (Cocos
nucifera) comprising the highest proportion of individuals at
23%. The high number of coconut trees observed is similar to
the pattern for jackfruit, as both species hold deep cultural
importance in Balinese society and are essential components
of religious and daily ceremonies [27]. This finding aligns
with observations from other tropical regions, such as India,
where C. nucifera also carries strong cultural significance in
local culinary, health practices, and spiritual life [29].
Therefore, coconut not only contributes to ecological balance
and biodiversity enhancement but also represents a vital link
between environmental and cultural sustainability.

3.2 Identification of significant differences based on tree
origin (endemic/exotic) and growth status
(cultivated/naturally grown)

The theory underlying differences and composition of
vegetation in mixed gardens in the upstream, midstream, and
downstream areas of the Tukad Ayung Watershed is closely
related to the concept of landscape ecology and ecosystem
stratification within watershed regions. Within watershed
systems, the upstream, midstream, and downstream areas
possess  distinct  biophysical ~and  socio-economic
characteristics, which in turn influence the selection and
presence of vegetation types [30, 31]. The variation in
vegetation composition across the upstream, midstream, and
downstream areas of the Tukad Ayung Watershed is the result
of interactions between biophysical conditions and socio-

economic  factors, thereby necessitating integrated
consideration of both aspects in ecosystem management [32,
33].

The characteristics of plants in the Tukad Ayung Watershed
are viewed in terms of tree origin and status, reflecting the
diversity of provenance as well as ecological roles within
mixed gardens. Endemic plants are native species found only
in specific regions, playing a crucial role in maintaining the
balance of local ecosystems [34]. Conversely, exotic plants are
introduced from outside regions or countries, generally due to
economic or aesthetic value, but may become invasive if not
properly managed. Cultivated plants are deliberately grown by
communities, typically for economic, cultural, or food
purposes [35]. Meanwhile, naturally growing plants emerge
through natural regeneration, demonstrating resilience to local
environmental conditions [34]. The distinction between exotic,
cultivated, and naturally growing plants highlights that
economic, cultural, and ecological adaptation factors are
central in shaping vegetation composition, thereby
underscoring the need for ecosystem sustainability
management to take these three aspects into account.

3.2.1 Tree origin in mixed gardens

Differences and compositions of vegetation in mixed
gardens display specific ecological characteristics, namely,
environmental conditions and resources that support survival,
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growth, and reproduction. In upstream areas, which are
generally characterized by steep topography, high rainfall, and
relatively natural soils, species adapted to such conditions,
such as local trees with strong root systems and resilience in
nutrient-poor soils, tend to dominate [36]. More moderate
environmental conditions in midstream areas allow for higher
interspecies competition, leading to optimal diversity in mixed
gardens. In downstream areas, greater anthropogenic pressures
and more open land result in dominance by species that are
competitive in utilizing light and space, such as economically
valuable fruit trees.

The residual Chi-square results, which measure each area’s
contribution to the distribution of species types (endemic and
exotic), show that Belancan and Abiansemal Villages exhibit
a higher dominance of endemic (Ed) species (0.21 and 0.2,
respectively), whereas Kerta Village demonstrates a
concentration of exotic (Ek) species (3.50), indicating a
significantly higher presence than expected (Figure 2). This
interpretation reinforces the understanding that each region
has distinct ecological characteristics and contributes
differently to the distribution of endemic (Ed) and exotic (Ek)
species, which is crucial for decision-making in conservation
and local ecosystem management [37]. The dominance of
endemic species in Belancan and Abiansemal Villages, along
with the concentration of exotic species in Kerta Village,
highlights ecological differences among regions, suggesting
that conservation strategies and ecosystem management must
be tailored to the specific contributions of each village to
species distribution.

X% =18.045, df = 2, p = 0.000121
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Figure 2. Corrplot of tree origin in the upstream, midstream,
and downstream areas of the Tukad Ayung Watershed

The Chi-square test results indicate a significant difference
in the distribution of endemic tree origin status among the
three regions of the Tukad Ayung Watershed—upstream,
midstream, and downstream (Pearson’s Chi-squared = 18.045;
df=2; p-value <0.000121), suggesting variation in vegetation
composition across regions [36]. The composition of mixed



garden vegetation is strongly influenced by geographical
factors (e.g., altitude and climate), cultural aspects (local
preferences), as well as the economic needs of local
communities [38]. Understanding these differences is crucial
for designing conservation and sustainable agricultural
strategies that align with the local characteristics of each
watershed region [20]. The statistical significance
demonstrated across the three locations (p-value = 2.2e-16)
indicates that environmental, anthropogenic, or specific
ecological conditions of each region are not incidental, but
rather shaped by the stability of local ecosystems [36]. This
finding warrants special attention in the management of
biodiversity and its implications for the conservation of mixed
garden ecosystems (Abian) in Bali [3]. The significant
differences in vegetation composition across the upstream,
midstream, and downstream areas of the Tukad Ayung
Watershed reflect the influence of geographical, cultural, and
economic factors that must be considered in conservation
planning and sustainable management of mixed garden
ecosystems.

3.2.2 Tree status in mixed gardens

The characteristics of cultivated trees and naturally grown
trees represent two distinct approaches to vegetation
management and the utilization of natural resources [39].
Cultivated trees (Ta) are generally selected and managed by
humans for specific economic, aesthetic, or functional
purposes, such as fruit production, timber, or protective roles
[40]. This type often reflects the dominance of particular
species aligned with market demands or local cultural
preferences. Cultivated trees within agricultural and plantation
contexts exemplify planned and controlled cultivation systems,
which tend to be more homogeneous. In contrast, naturally
grown trees (Tu) arise from natural regeneration processes
such as seed dispersal by wind, animals, or other ecological
mechanisms [41, 42]. These trees exhibit high adaptability to
local environmental conditions and typically display greater
species, structural, and functional diversity within the
ecosystem. The presence of naturally grown trees, in
ecological theory, reflects ecosystem stability and resilience,
as they support nutrient cycling, soil moisture, and fauna
habitats [38]. Both groups complement each other in mixed
gardens, with cultivated trees providing direct economic
benefits, while naturally grown trees safeguard ecological
functions and long-term sustainability.

The residuals Chi-square test results show a significant
difference in the distribution of cultivated trees and naturally
grown trees among the three regions of the Tukad Ayung
Watershed, namely upstream, midstream, and downstream
(Pearson’s Chi-squared = 72.898; df = 2; p-value <2.22e-16).
This composition may be influenced by the economic needs of
local communities in utilizing mixed gardens as income
sources [43]. These differences must be thoroughly
understood by relevant stakeholders in land conservation
efforts. The significant values observed across the three
watershed regions (p-value < 2.2e-16) indicate that the
conditions within each region are not random but are shaped
by ecosystem dynamics, requiring specific attention in
conserving naturally growing plants that serve as buffers for
the Tukad Ayung Watershed in maintaining ecosystem
stability.

The residual Chi-square results, which measure the
contribution of upstream, midstream, and downstream areas to
tree status (cultivated versus naturally grown), show that
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Belancan Village contributes strongly to both cultivated (Ta)
and naturally grown (Tu) trees. Kerta Village demonstrates a
higher contribution to cultivated trees compared to naturally
grown ones (4.44), whereas in Abiansemal Village, mixed
gardens are dominated by naturally grown trees (1.19) (Figure
3). These values suggest that highland communities utilize
mixed gardens as a source of income by planting economically
valuable trees. In contrast, downstream areas rely on other
food crops as their main economic source [43]. Such
differences warrant attention, as they are crucial for
formulating policies aimed at environmentally friendly
conservation of mixed gardens.

X2=172.898,df =2, p=<2.22e-16
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Figure 3. Corrplot of tree status in the upstream, midstream,
and downstream areas of the Tukad Ayung Watershed

3.3 Contribution of aboveground tree biomass and carbon
sequestration in mixed gardens to support sustainable food
production

Mixed gardens as an agroforestry system provide various
ecosystem services that can be quantified through above-and
below-ground biomass, as exemplified by the 4bian mixed
gardens in Bali [8]. Among the three studied villages,
Abiansemal Village recorded the highest aboveground tree
biomass in the Tukad Ayung Watershed, amounting to 704.81
kg/ha, far exceeding that of Belancan Village (380.67 kg/ha)
and Kerta Village (380.37 kg/ha) (Figure 4). The chi-square
(%?) test for biomass distribution among the villages (> =
582.76, df = 538, p 0.089) indicated no statistically
significant difference, suggesting that although mean biomass
values varied numerically, these differences were not
significant at the 0.05 level. This finding does not necessarily
indicate higher human disturbance, as might be expected.
Rather, mixed gardens in Abiansemal Village are
characterized by denser vegetation and a greater proportion of
large, mature trees, which contribute to its higher biomass
accumulation.



The greater the total measured biomass, the larger the
ecosystem services provided, including carbon storage,
biodiversity maintenance, and nutrient cycling, all of which
support food security and watershed sustainability. Tree
biomass plays a vital ecological, social, and economic role in
the Tukad Ayung Watershed, particularly in regions that
depend on traditional irrigation systems (Subak) [8]. Tree
functions not only as land cover but also as buffers for
agricultural sustainability and as a key provider of ecosystem
services.

Trees growing around agricultural areas, riverbanks,
protected forests, and Abian farmlands generate biomass in the
form of trunks, branches, leaves, and roots, which store carbon
and enrich the soil with organic matter [2]. Food crops can
coexist with timber, fruit, or fodder trees, creating a farming
system more resilient to climate change [30]. Moreover, tree
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biomass provides shade, regulates microclimate humidity, and
offers protection from strong winds and heavy rains that can
damage crops.

Estimates indicate that carbon sequestration in the Tukad
Ayung Watershed reaches 190.3 kg/ha, 190.2 kg/ha, and 352.4
kg/ha in Belancan, Kerta, and Abiansemal, respectively
(Figure 4), reflecting the crucial role of vegetation, particularly
trees and perennial plants, in absorbing atmospheric CO-. This
capacity demonstrates the watershed’s significant potential to
contribute to climate change mitigation through carbon storage
in plant tissues [31]. The high carbon sequestration observed
in tree species indicates well-maintained vegetation cover and
substantial ecosystem service value. A higher rate of carbon
sequestration enhances the watershed’s contribution to local
climate stabilization, emission reduction, and air quality
maintenance.

Biomass Carbon
704.8
380.4
352.4
190.2
Kerta Abiansemal
L.ocation

Figure 4. Tree biomass and carbon storage in the Tukad Ayung Watershed

In the upstream areas, trees growing along slopes and
riverbanks help slow rainwater flow before it enters the river,
reducing erosion and sedimentation [7]. This function
represents a vital ecosystem service that maintains both the
quality and quantity of water available to downstream
agricultural lands. Trees also assist in filtering groundwater,
stabilizing slopes, and absorbing excess nutrients that could
pollute rivers [32].

In addition to ecological benefits, tree biomass provides
alternative energy sources, such as firewood and charcoal from
pruning residues, without compromising the main stands.
Products such as fruits, medicinal leaves, and timber enhance
farmers’ income and strengthen the economic resilience of
communities surrounding the watershed [31]. The long-term
integration of trees within the agricultural landscape of the
Tukad Ayung Watershed establishes a system more resilient
to drought, soil degradation, and flooding. This integration
reinforces the role of mixed gardens as a cornerstone of
sustainable food production and watershed resilience.
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4. CONCLUSIONS

The vegetation diversity of the Tukad Ayung Watershed,
based on the Shannon-Wiener index (H'), indicates a high level
of diversity, with Belancan Village (upstream) showing the
highest values among the three observed locations. This
reflects the effective preservation of ecological functions in
the watershed, such as sediment control, hydrological balance,
and support for sustainable food security among local
communities. It also illustrates how local land-use practices,
particularly mixed gardens, maintain landscape heterogeneity
and ecological resilience.

Tree biomass and estimated carbon storage are highest in
Abiansemal Village, reflecting the ecological benefits of
maintaining heterogeneous mixed gardens with large, mature
trees. Meanwhile, Belancan and Kerta Villages show lower
biomass due to the dominance of monocultural or
commercially driven planting patterns.

Vegetation composition across the watershed shows spatial
variation in tree origin and growth status. Belancan and



Abiansemal Villages are dominated by endemic species, while
Kerta Village exhibits greater influence from exotic species.
Although exotic trees exert ecological pressure in certain
zones, overall conservation within the watershed remains
effective, with human cultivation patterns—particularly in
Kerta—playing a major role in shaping vegetation structure.

This research highlights that mixed gardens function as a
critical agroforestry model for integrating biodiversity
conservation with productive land use. The spatial variation in
tree composition and biomass provides evidence for
differentiated management strategies. The upstream region
should focus on preserving native vegetation and preventing
conversion to intensive cultivation; the midstream area should
strengthen the reintroduction of native species to reduce
dominance of exotics; and the downstream region should
prioritize protecting large, mature trees and improving natural
regeneration to restore ecological balance. Therefore,
management strategies that locally adapt conservation policy
that support sustainable land-use practices and preserve the
ecological integrity of the watershed landscape.
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