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ABSTRACT

This research focuses on developing a multipurpose riparian zone designed to effectively reduce erosion and con-
trol nutrient flow into Lake Tondano. The goal is to enhance both conservation and pollution control strategies for
sustainable ecosystem management. Conducted at Lake Tondano in Minahasa, Indonesia, the research followed
three main stages: data collection, analysis, and design. The data collection included a vegetation survey of ripari-
an species, land use mapping, and measuring nitrogen and phosphorus levels in lake sediments. A total of 91 plant
species from 60 genera and 42 families were documented. Based on their Importance Value Index (IVI), non-inva-
sive status, and nutrient absorption capabilities, 15 species were selected for restoration in areas with high nutrient
concentrations, with sediment levels recorded at 0.09% nitrogen and 0.06% phosphorus in impacted zones. These
plant species were carefully identified and rigorously tested, originating from intact riparian zones. They will be
strategically employed in areas facing significant challenges from nutrient overloading. Using QGIS analysis, a
riparian zone measuring 100 x 30 m was designed at coordinates 1.1745604 latitude and 124.8972748 longitude,
targeting areas most impacted by nutrient pollution, which poses a risk of eutrophication and negatively affects
aquatic ecosystems. The multipurpose riparian zone incorporates distinct wet, transition, and dry zones, employing
a zigzag planting pattern to optimize pollutant filtration and nutrient uptake. This design effectively addresses criti-
cal issues of erosion and nutrient excessive enrichment, promoting ecological health and biodiversity in the region.
The novel contributions of this study include identifying specific plant species capable of thriving in nutrient-rich
sediments and quantifying their nutrient absorption capacities, thereby providing a scientifically grounded model
for similar conservation efforts in vulnerable ecosystems and enhancing overall resilience. However, long-term
impacts on water quality require further research to assess nutrient mitigation efficacy.

Keywords: ecosystem restoration, lake, nutrient management, pollutant, QGIS, riparian zone.

INTRODUCTION hectares, and serves as an important ecosystem
for the surrounding communities. As one of 15

Lake Tondano is the largest natural lake  prioritized lake ecosystems for conservation by

in North Sulawesi, covering an area of 4.638 the Indonesian government, this lake is vital for
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various activities, including agriculture, fisheries,
and the provision of clean water for nearby areas.

Lake Tondano is a primary economic source
for the local population. Many community mem-
bers depend on the lake’s ecosystem for agricul-
tural, plantation, livestock, energy, and fisheries
need, particularly the capture of Nike fish. Lake
Tondano is also a source of drinking water for the
cities of Manado, Minahasa, and North Minahasa.
Furthermore, Lake Tondano serves as a source of
electricity (hydropower). The major cities in the
castern part of North Sulawesi Province receive
their electricity supply from these hydropower
plants (Sittadewi, 2008). However, the manage-
ment of Lake Tondano has not effectively imple-
mented conservation principles, thus threatening
the existence of its ecosystem.

Due to this, Lake Tondano is currently facing
serious threats, such as pollution, sedimentation,
ecosystem degradation, and overfishing. Domes-
tic waste, agricultural runoff, fishing waste, and
garbage have accumulated within the Lake Ton-
dano ecosystem, reducing the lake’s carrying ca-
pacity (Runtuwene et al., 2023). Lake Tondano
has 35 inlet rivers and only one outlet river, the
Tondano River, and the numerous inlets contrib-
ute to an increase in nutrients, organic materials,
and pesticide residues entering the lake (Kum-
urur, 2002; Sittadewi, 2008). The protected area
of Lake Tondano has been transformed into set-
tlements and rice fields, even extending into the
lake’s waters (Karouw and Soeryanto, 2024).

Lake Tondano’s ecosystem is severely threat-
ened by water pollution and high erosion rates,
which contribute to to sedimentation (Walangi-
tan et al., 2024). During the period from 2008
to 2020, Lake Tondano also experienced high
erosion rates due to changes in land cover in its
catchment area, with the highest erosion rate oc-
curring in 2017 at 7,565.7835 tons/ha/year (Raco
et al., 2022). Fertilizer use in rice fields causes
nitrate and ammonia levels to fluctuate annual-
ly (Wantasen and Luntungan, 2016). This pollu-
tion is worsened by the degradation of riparian
and buffer zones, which once protected the lake.
Since the 1950s, clove plantations have replaced
riparian vegetation, contributing to increased
erosion and nutrient flow into the lake. Moreo-
ver, eutrophication in Lake Tondano results from
elevated nutrient levels, particularly phosphorus
and nitrogen, leading to excessive algal growth
that harms the aquatic ecosystem and contributes
to sedimentation (Li et al., 2022). Key factors

accelerating this process include poor waste
management and inadequate land practices.
Therefore, effective control and rehabilitation
efforts are essential to restore water quality and
preserve the lake’s ecosystem.

Ecosystem restoration approaches are recog-
nized globally as key components in lake conser-
vation programs. A review of over 330 studies
highlights the effectiveness of various restoration
techniques, such as riparian zone rehabilitation,
sediment reduction, dam removal, and floodplain
restoration, which have shown positive impacts
on freshwater fisheries (Coates, 2023). In crit-
ical source areas, establishing ecological ripari-
an zones is essential for preventing downstream
pollutant flow, safeguarding water quality, and
promoting healthier aquatic ecosystems (Chang
etal., 2021). Riparian zones, known for their high
biodiversity, play a crucial role in water filtration.
Their restoration not only enhances biodiversity
but also reduces surface runoff, purifies ground-
water, controls erosion along riverbanks and lake-
shores, and filters pollutants (Bahn and An, 2020).
Many studies have been conducted regarding on
the issues surrounding Lake Tondano, including
changes in lake area coverage, sedimentation
management, and morphometric analysis. How-
ever, two main areas remain under-researched:
(1) An adequate assessment of historical condi-
tions, disrupted ecosystem processes, and lim-
iting factors affecting biotic production in Lake
Tondano; (2) Previous studies have primarily
focused on identifying causes of problems with-
out systematically designed solutions. Therefore,
solution-oriented research that can aid in conserv-
ing the existence of Lake Tondano is necessary.

This research aims to develop an effective
multipurpose riparian zone that reduces erosion
rates and controls nutrient flow into Lake Ton-
dano. To achieve this goal, an ecosystem resto-
ration approach will be utilized, involving an in-
depth analysis of the issues within the Lake Ton-
dano ecosystem and the holistic application of
conservation principles. This includes identifying
erosion issues, nutrient flow, and declines in bio-
diversity in the riparian areas of Lake Tondano, as
well as employing biological technologies such
as phytoremediation to restore ecosystem balance
and mitigate the impacts of human activities.
Through this approach, integrated management
strategies will be developed to design an optimal
multipurpose riparian zone that maintains the sus-
tainability of Lake Tondano.
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METHODS

The research was conducted at Lake Tondano,
Minahasa, Indonesia. The research method con-
sisted of three main stages: data collection, data
analysis, and design. The data collection phase
included a vegetation survey and selection of
plants, land use mapping, and the measurement of
nitrogen and phosphorus levels in the lake’s sedi-
ments. The analysis stage involved integrating the
collected data using QGIS version 3.38 software.
Finally, the design stage focused on developing a
multipurpose riparian zone design to address the
environmental challenges faced by Lake Tondano.
The research flow diagram is presented in Figure 1.

Vegetation survey and selection of plants

The research began with a vegetation survey,
followed by the selection of plants to purify water
from key pollutants like nitrogen (N) and phos-
phorus (P). The survey, conducted between July
and August 2024, assessed the diversity of ripar-
ian vegetation around Lake Tondano. Purposive
sampling was used to select 10 locations, covering
both disturbed and undisturbed areas to capture
the environmental conditions within the riparian
zone. Vegetation sampling employed the belt tran-
sect method with 1x1 meter quadrats, positioned
perpendicularly from the dry zone to the wet zone

________________________________________________________
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near the lake and horizontally along the shoreline.
This allowed for comprehensive sampling across
varying moisture levels and water interactions.
Non-tree species collected were prepared as her-
barium specimens for taxonomic identification at
Yayasan Generasi Biologi Indonesia.

Following the survey, 15 plant species were
selected based on their Importance Value Index
(IVI), their status as non-invasive species, and
their potential to purify water by absorbing ni-
trogen and phosphorus. The selection criteria
emphasized their ability to serve as bio-accumu-
lators for phytoremediation and their capacity to
act as erosion barriers. A combination of trees,
shrubs, and grasses was chosen to form the basis
of the riparian zone model, aimed at enhancing
water quality and ecosystem health around Lake
Tondano. These species were then tested for their
ability to absorb nitrogen and phosphorus, with
laboratory analysis conducted at the Manado
Center for Industrial Standardization and Service.
As aresult, the 15 identified and tested plant spe-
cies from the intact riparian zone will be utilized
for restoration in areas with elevated nitrogen and
phosphorus levels, as determined by our analyses.

Land use mapping

Land use mapping around Lake Tondano
is based on data from Sulawesi River Regional
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Figure 1. Research flow diagram
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Center 1 (BWS), which manages regional land
and environmental resources. This mapping cate-
gorizes various land uses, such as agriculture, res-
idential areas, and natural habitats, allowing re-
searchers to identify patterns that may contribute
to environmental challenges like erosion and nu-
trient pollution. The land use map obtained from
this process is utilized to design the riparian zone
using QGIS software, highlighting potential areas
for restoring vegetation and converting unused or
abandoned land into effective filtering zones.

Measurement of N and P levels in Lake
Tondano sediments

The measurement of Nitrogen (N) and Phos-
phorus (P) levels in the sediments of Lake Ton-
dano was conducted to understand nutrient distri-
bution, which serves as an indicator of pollution
levels and a basis for determining the riparian
zone. Sediment samples were taken from sev-
en strategic points in the lake, chosen based on
hydrological maps and runoff from settlements,
agricultural land, and river flows. Sampling was
performed using a Van Veen Grab, and each sam-
pling point was documented using GPS to ensure
location accuracy. The obtained sediment sam-
ples were then stored in labeled sterile containers
and kept in cold conditions to maintain their sta-
bility until they reached the laboratory.

In the laboratory, the Nitrogen content was
analyzed using the Kjeldahl method, which in-
volves digesting with concentrated sulfuric acid
and titrating to calculate the concentration of N.
Meanwhile, the Phosphorus content was meas-
ured through spectrophotometry after extracting
the phosphate with strong acid. The results of the
N and P analyses were processed using QGIS
software to generate nutrient distribution maps
across the lake. These maps revealed variations
in N and P concentrations at different locations,
helping to identify areas with the highest levels of
pollution that require restoration actions.

Multipurpose riparian zone design

The final step of this research is to develop an
optimal riparian zone model that aligns with local
ecosystem conditions. This model covers a plot
of land 100 meters wide parallel to the lake and
30 meters perpendicular, starting from the flood
zone and including wet, semi-dry, and dry zones.
The dry zone has a width of about 10 meters,

with adjustments based on local conditions and
land ownership. geographic information systems
(GIS) using QGIS version 3.38 software were
employed to analyze land availability for plant-
ing riparian vegetation, based on the land use map
obtained from Sulawesi River Regional Center 1
(BWS). This analysis involved mapping unused
or abandoned land that could function as effec-
tive filtering zones, aimed at reducing erosion
and mitigating water pollution from agricultural
and residential waste. This approach is expected
to enhance the ecosystem quality of Lake Ton-
dano, considering environmental variations and
local needs. After selecting the appropriate plant
species, the next step is determining the required
amount of riparian vegetation for successful
restoration.

The riparian buffer zone is implemented in an
area of 3000 m?. To determine the required biore-
mediation ratio, a formula is used to calculate the
total nitrogen and phosphorus uptake. The total
nitrogen and phosphorus uptake is calculated us-
ing the following formula:

Total nitrogen uptake =
IVIplunti 1

=Y .(Absorpsi nitrogen i X
i=1( P gen plant i S WVlpiant i

Total phosphorus uptake =

= Si1(Absorpsi fosfor piane X grpet—) ()

After that, the limiting factor is determined
based on the comparison between nitrogen and
phosphorus. If the ratio of nitrogen to total nitro-
gen uptake is greater than the ratio of phospho-
rus to total phosphorus uptake, then nitrogen is
considered the limiting factor. Conversely, if this
is not the case, phosphorus is the limiting factor.
Next, the minimum number of plants needed is
determined based on the identified limiting factor.
If nitrogen is the limiting factor, the formula to
calculate the minimum number of plants is:

Minimum number of plants =
Nitrogen X Npgtio, (3)

" Total nitrogen uptake x Absorpsi nitrogenyigns,

If phosphorus is the limiting factor:

Minimum number of plants =
_ Fosfor X Pratio, (4)
Total phosphorus Uptake X Absorpsi fosforyiant,

To simplify the calculations, the authors have
created an application that computes the biore-
mediation ratio based on the formulas provided
above. This application is accessible at https:/
plantbioremediationcalculator.arsakara.com/.
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RESULTS AND DISCUSSION

Vegetation survey and selection of plants

Field observations around Lake Tondano re-
vealed a rich diversity of plant species that con-
tribute to the riparian ecosystem. The vegetation
survey identified 91 plant species from 60 genera
and 42 families, with most being angiosperms,
or flowering plants, which dominate the riparian
zone. The analysis of these plant communities
was based on the Importance Value Index (IVI), a
measure that combines relative density, frequen-
cy, and dominance. Key species identified with
high IVI values include Leersia hexandra Swartz,
Ischaemum latifolium (Sprengel) Kunth, Phrag-
mites australis (Cav.) Trin. ex Steud., Colocasia
esculenta (L.) Schott, Cyperus platystylis R.Br.,
Ipomoea aquatica Forssk., Dinebra chinensis
(L.) P.M. Peterson and N. Snow, Urochloa muti-
ca (Forssk.) T.Q. Nguyen, Ludwigia octovalvis
(Jacq.) P.H. Raven, and Commelina sp. These
species not only dominate the riparian zone due
to their abundance and distribution, but they also
play a significant role in shaping the structure and
function of the ecosystem. Their dominance, as
indicated by their high Importance Value Index
(IVI) values, reflects their adaptability and eco-
logical importance in maintaining the health and
stability of the riparian environment.

Among these, Leersia hexandra Sw. and Is-
chaemum latifolium (Spreng.) Kunth are the two
most dominant species in the buffer zone of Lake
Tondano, thriving in both flooded and dry areas.
Their presence plays a crucial role in erosion con-
trol and maintaining soil stability along the lake’s
edge. Leersia hexandra is known for its resilience
in various environmental conditions, ranging
from dry to wet and humid areas. Several stud-
ies highlight this plant’s ability to absorb heavy
metals through its roots, making it beneficial for
phytoremediation in wetlands contaminated with
heavy metals such as Cr(III) and Cu(II) (Chen et
al., 2022). Furthermore, the presence of endo-
phytic bacteria in the roots of L. hexandra can
reduce heavy metal toxicity by converting Cr(-
VI) into the less harmful Cr(Ill) form (Lin et al.,
2019; Liu et al., 2014).

Phragmites australis, a perennial grass from
the Poaceae family, is also a dominant species in the
riparian zone of Lake Tondano, particularly in dri-
er areas with muddy soil conditions. This plant has
long been utilized by humans for various purposes,
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including water purification by enhancing bacterial
activity at the roots through oxygen provision via
its aerenchyma system. Therefore, the dominance
of Phragmites australis in the riparian zone holds
significant potential for improving water quality in
Lake Tondano (Ailstock et al., 2001).

Additionally, Colocasia esculenta, which
often grows alongside Leersia hexandra and Is-
chaemum latifolium, has been shown to signifi-
cantly reduce water pollutants such as suspended
solids, BODs, COD, nitrate, and phosphate. C. es-
culenta has proven to be more effective in waste-
water treatment compared to other plant species
(Balachandran et al., 2018). Moreover, research
indicates that subsurface flow systems (SSF) us-
ing Colocasia esculenta as a primary component
can effectively reduce nutrient levels such as ni-
trate and phosphate, as well as organic matter in
wastewater. This occurs because C. esculenta can
absorb these nutrients through its roots, thus de-
creasing excess nutrient concentrations that can
lead to significant eutrophication or water quality
decline (Bindu et al., 2008).

The aquatic vegetation in this area is primar-
ily dominated by Eichhornia crassipes (Mart.)
Solms and Ipomoea aquatica Forssk., which
thrive abundantly due to their rapid growth rates
and high nutrient availability in the lake caused
by sedimentation and soil erosion, a condition
known as eutrophication. The eutrophication in
Lake Tondano is exacerbated by human activities
such as deforestation and waste disposal, which
increase nutrient levels and lead to outbreaks of
aquatic plants (Qin et al., 2013; Setyono and Hi-
mawan, 2018).

Out of the 91 identified plant species, selec-
tions were made based on their high IVI (Impor-
tance Value Index), invasiveness traits verified
through various websites (such as the Global
Invasive Species Database and other invasive
plant databases), and their root capabilities in
controlling erosion, as supported by literature
studies. The selection of these fifteen species
also considered their diverse life forms, including
trees, shrubs, and grasses. This diversity is essen-
tial, as each type of plant plays a unique role in
enhancing ecosystem resilience and functionali-
ty (Dunn et al., 2022). Trees provide shade and
habitat, shrubs contribute structural diversity and
support wildlife, while grasses stabilize soil and
improve water infiltration. Together, these varied
life forms create a robust riparian zone capable of



Ecological Engineering & Environmental Technology 2024, 25(12), 290-304

effectively addressing nutrient pollution and pro-
moting ecological health.

This process led to the identification of 15
riparian plant species from intact riparian zones,
which will be utilized in the design of a multipur-
pose riparian zone aimed at restoring areas with
elevated nitrogen and phosphorus levels, as deter-
mined by our analyses. These plants were further
analyzed for their ability to absorb nitrogen and
phosphorus from the environment. The meas-
urements of nitrogen and phosphorus absorption
were conducted with two repetitions. The testing
was carried out with samples taken from loca-
tions both far from and close to human activi-
ties. Certain plant species, such as Vigna luteola,
were not found in areas far from human activities,
while Metroxylon sagu was found near human ac-
tivities, although it was difficult to collect due to
high-water conditions. The results of the nitrogen
(N) and phosphorus (P) content analysis for the
plant species are presented in Table 1.

The analysis of nitrogen (N) and phosphorus
(P) absorption capacities among 15 riparian veg-
etation species revealed significant variability in
their potential for nutrient management within
the ecosystem. For instance, Phragmites austra-
lis exhibited the highest average total nitrogen
absorption at 1.12% and phosphorus absorption
at 0.50%, highlighting its effectiveness in nutri-
ent uptake. This finding is consistent with previ-
ous research emphasizing the role of Phragmites

australis in wetland environments, where it con-
tributes to nutrient cycling and water quality im-
provement (Ailstock et al., 2001). In contrast,
Vigna luteola demonstrated minimal absorption,
particularly in areas further from human activi-
ties, suggesting a more limited ecological role.

Species like Leersia hexandra and Ischae-
mum latifolium, which thrive in diverse environ-
mental conditions and show substantial nitrogen
absorption (0.69% and 0.38%, respectively),
could be leveraged for bioremediation efforts to
mitigate nutrient pollution (Chen et al., 2022).
The data also indicated that proximity to human
activity influenced the presence of certain plant
species. For instance, Metroxylon sagu was pri-
marily found near human activities, although it
was difficult to sample due to high water con-
ditions, illustrating the impact of anthropogenic
factors on plant distribution and ecosystem health
(Qin et al., 2013).

These findings underscore the crucial role
of selecting the most appropriate plant species
for the design of a multipurpose riparian zone.
Among the species surveyed, fifteen were iden-
tified for their high importance value index (IVI)
and strong ability to absorb excess nutrients, par-
ticularly nitrogen and phosphorus. These plants,
sourced from well-preserved riparian zones, have
been carefully chosen for their ecological benefits
and will be used in restoring and conserving ar-
eas with elevated nutrient levels. By using these

Table 1. The results of N and P content analysis on the plant species

Sample 1 Sample 2
No. Spesies Content Content Avgirt?ggetrc‘)tal Fﬁ]v:sr;g:autsozgl)
N (%) | P(%) | N(%) | P (%)
1 | Cyperus platystylis 0.46 0.51 0.41 0.30 0.43 0.40
2 | Leersia hexandra Sw. 0.77 0.57 0.61 0.60 0.69 0.58
3 | Urochloa mutica (Forssk.) T.Q.Nguyen 0.21 1.27 0.12 0.40 0.16 0.83
4 | Vigna luteola - - 0.09 0.32 0.09 0.32
5 | Ischaemum latifolium (Spreng.) Kunth 0.66 0.42 0.10 0.39 0.38 0.40
6 | Colocasia esculenta 0.33 0.33 0.15 0.31 0.24 0.32
7 | Ipomoea aquatica 0.56 0.20 0.31 0.41 0.43 0.30
8 | Dinebra chinensis (L.) 0.48 0.26 0.74 0.55 0.61 0.40
9 | Phragmites australis (Cav.) Trin. ex Steud. 1.17 0.45 1.08 0.55 1.12 0.50
10 | Diplazium esculentum (Retz.) Sw. 0.69 1.75 0.94 0.75 0.81 1.25
11 | Ficus septica 0.74 0.58 0.53 0.63 0.63 0.60
12 | Ludwigia octovalvis 0.80 0.32 0.71 0.56 0.75 0.44
13 | Metroxylon sagu 0.86 0.36 - - 0.86 0.36
14 | Cyperus papyrus 1.66 0.65 0.56 0.37 1.1 0.51
15 | Acrosticum aureum L. 0.78 0.33 0.56 0.99 0.67 0.66
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species, the riparian zone design will effectively
address nutrient pollution, improve water quality,
and enhance ecosystem stability. This selection
ensures that the riparian environment can recover
and thrive, contributing to the long-term health
and resilience of both the water body and the sur-
rounding land. Future research should focus on
assessing the long-term impacts of these species
on water quality and their contributions to miti-
gating nutrient pollution, thereby enhancing the
overall health of riparian ecosystems.

Analysis of nitrogen and phosphorus
distribution in Lake Tondano

To determine the appropriate amount of bi-
oremediators and select trial locations, a crucial
first step is to analyze the sediment content in
Lake Tondano. This analysis aims to assess the
distribution of nitrogen (N) and phosphorus (P)

contamination in the lake, providing a foundation
for devising an effective remediation strategy.
The results from this analysis offer insight into
the distribution of pollutants across various areas
of the lake. The results of the N and P content
analysis in Lake Tondano sediments are present-
ed in Table 2.

Based on the collected data, the distribution
of nitrogen and phosphorus across the entire Lake
Tondano area was mapped using the QGIS ap-
plication. This mapping aims to provide a clear
visualization of pollution distribution in the lake,
enabling the identification of the most affected ar-
eas. The mapping of nitrogen distribution is pre-
sented in Figure 2, and the mapping of phospho-
rus distribution is presented in Figure 3.

The results of the nitrogen (N) and phospho-
rus (P) analysis of the sediments in Lake Tondano
reveal significant variations that underscore the
influence of human activities in the surrounding

Table 2. Results of N and P content analysis in Lake Tondano sediments

Results

Parameter Unit

™ T2 T3

T4 T5 T6 T7

No.

Longitude 124.9134528 | 124.9167839

124.8972748

124.8684067 | 124.9019788 | 124.9165992 | 124.8620934

Latitute 1.2842769 1.2308649

1.1745604

1.2319336 1.2697458 1.2826532 1.2152902

1. Nitrogen (N) % 0.10 0.05

0.09

0.08 0.14 0.16 0.15

2. | Phosphorus (P) | % 0.02 0.01

0.06

0.03 0.04 0.04 0.03
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areas. Nitrogen concentrations range from 0.05%
to 0.16%, with the highest levels detected at sam-
pling points 6 and 7. Point 6, located in agricul-
tural areas, and point 7, which included both agri-
cultural and residential zones, indicate that these
human activities contribute to elevated nitrogen
levels. Intensive agricultural activities around the
lake have transported sand particles and nutrients
via rivers into the lake, contributing to sediment
buildup and nutrient pollution (Sinolungan et al.,
2008). Prior research conducted by Moningka et
al. (2015) noted a nitrogen content of 0.20% in
the sediments of the Remboken area, classified as
medium, with point 7 recording a nitrogen level
0f 0.15%. Based on spatial analysis conducted by
Moningkey et al., (2022), it is known that Lake
Tondano experiences a sedimentation rate of 4.4
cm per year.

Nitrogen in sediments can stem from vari-
ous sources, including atmospheric precipita-
tion, geological processes, livestock farming,
agriculture, and domestic waste (Ghaly and Ra-
makhrishnan, 2015). Atmospheric nitrogen pol-
lution can occur in the form of gases like NO,
N20O, and HNOs, primarily resulting from in-
dustrial activities (Aneja et al., 2001). However,
since Minahasa is not an industrial area, it is like-
ly that the nitrogen found in the sediments does
not originate from atmospheric sources. The
livestock and agricultural sectors significantly

contribute to nitrogen levels, particularly when
animal waste is utilized as fertilizer (Ghaly and
Ramakhrishnan, 2015). In addition, the agricul-
tural sector is also a major source of nitrogen
pollution, as nitrogen is an essential macronutri-
ent needed to increase crop yields (Bahri, 2016;
Gerakis et al., 2006). Alarmingly, research in-
dicates that 50-75% of the nitrogen applied in
agricultural practices is not absorbed by crops
and is lost through leaching (Raun et al., 2002).
Domestic waste also contributes to increased
nitrogen, phosphorus, and potassium levels,
which can trigger eutrophication in the lake.
High nitrogen levels in these areas indicate sig-
nificant contributions from domestic waste and
fertilizers, likely flowing into the lake, which
may potentially trigger eutrophication. Exces-
sive phosphorus input is also a major cause of
eutrophication, which can lead to the formation
of harmful algal blooms (Grossman and Aksoy,
2018; Schindler et al., 2016).

Phosphorus levels in the sediment range
from 0.01% to 0.06%, with the highest concen-
tration found at site 3, a densely populated area.
In nature, phosphorus exists in both organic and
inorganic compounds, though it most commonly
appears as insoluble or slightly soluble inorganic
compounds (Dodds and Whiles, 2010). The pri-
mary sources of phosphorus pollution stem from
human activities, notably fertilizers (79%), food
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additives (11%), detergents (7%), and other uses
(3%) (Johnston et al., 2014). Phosphorus gener-
ally enters the environment through agricultural
runoff, domestic waste, and industrial activities
(Chang et al., 2021). Pesticides from agricultural
runoff contribute to pollution (Konstantinou et
al., 2006; Machate et al., 2023; Satiroff et al.,
2021). Contaminants from agricultural land,
such as fine-sized sediments (Pulley and Collins,
2019) and deliberately applied chemical com-
pounds, for example, urea fertilizer (Glibert et
al., 2005), ammonium nitrate (Burt et al., 2011),
and phosphorus (Haygarth et al., 2005), can en-
ter freshwater systems. The concentrations of
nitrate and ammonia fluctuate temporally from
year to year, influenced by fertilization activi-
ties in the rice fields (Wantasen and Luntungan,
2016). Like nitrogen, phosphorus is an essen-
tial nutrient; however, in excessive amounts, it
can drive eutrophication. Elevated phosphorus
levels can trigger algal blooms, which degrade
water quality and disrupt aquatic ecosystems.
Higher phosphorus concentrations in certain ar-
eas suggest pollution from agricultural waste or
sediment containing high levels of phosphorus.
Reducing phosphorus levels can be achieved
through innovative management approaches,
such as employing phytoremediation in surface
waters (Chapman and Boucher, 2020).Accord-
ing to classifications (Janus and Vollenweider,
1981), Lake Tondano falls into the eutrophic
category. Furthermore, based on Indonesia’s
Ministry of Environment Regulation No. 28 of
2009, Lake Tondano is categorized as a hyper-
eutrophic lake. Hypereutrophic status indicates
that the lake or reservoir contains extremely
high nutrient levels, signaling significant pol-
lution from increased nitrogen and phosphorus
concentrations (Government of the Republic of
Indonesia, 2001).

Overall, these findings highlight that the sedi-
ment in Lake Tondano has been influenced by hu-
man activities, raising nutrient levels and posing
potential risks to water quality and the ecosystem.
Mitigation efforts, such as better waste manage-
ment and the application of phytoremediation
using plants capable of absorbing nitrogen and
phosphorus, are essential to reduce the negative
impacts of eutrophication and restore the lake’s
ecosystem. Without action, pollution and ecosys-
tem degradation could worsen, threatening aquat-
ic habitats and biodiversity within the lake.
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Multipurpose riparian zone design

The design of the multipurpose riparian zone
around Lake Tondano, based on a survey conduct-
ed using QGIS, recommends a buffer zone meas-
uring 100 meters in width and 30 meters in length.
This size is optimal due to the lake’s proximity to
agricultural activities, residential areas, and tour-
ism activities, particularly with cafes surround-
ing the lake, which contribute to nutrient runoff.
The width of riparian zones is a crucial factor that
must be tailored to the specific conditions of each
ecosystem to ensure the sustainability and biodi-
versity protection of the riparian area (Goebel et
al., 2003; Moraes et al., 2014). A riparian zone of
3000 m? has been designated for the location at
latitude 1.1745604 and longitude 124.8972748,
where sediment nitrogen and phosphorus levels
are recorded at 0.09% and 0.06%, respectively.
These nutrient concentrations suggest significant
contamination from surrounding human activities.

The riparian zone shown in Figure 4 high-
lights the designated “recommendation area” for
restoration, where selected vegetation will be
planted to improve water quality and ecological
health. The nutrient concentrations in this area
reflect significant contamination from nearby ag-
ricultural and residential activities, which are the
primary sources of pollutants entering Lake Ton-
dano. Based on pollutant distribution maps (Fig-
ures 2 and 3), critical points where these contam-
inants primarily enter the lake have been identi-
fied. These findings are essential for determining
the optimal placement of riparian buffer zones,
which will be strategically located in areas most
vulnerable to nutrient runoff. Focusing on these
high-priority zones will significantly enhance the
effectiveness of riparian buffers in filtering pollut-
ants before they reach the lake. Figure 4 provides
a detailed map of the proposed riparian zone.

Based on calculations using a bioremediation
calculator, the types and quantities of bioremedi-
ators suitable for a riparian zone of 3000 m? are
presented in Table 3.

Based on the data collected, a comprehen-
sive multipurpose riparian zone design has been
crafted. This design spans 100 meters parallel to
the lake and extends 30 meters perpendicular-
ly from the lake’s edge, tailored to the specific
characteristics of each plant species involved.
The proposed layout for the riparian zone is il-
lustrated in Figure 5 below. The detailed distribu-
tion pattern of the 15 bioremediator plants used
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Table 3. Types and quantities of bioremediators used
in the riparian zone

No. Type of bioremediator big:‘ear:gtc}/i;z)r
1 | Cyperus platystylis 380
2 | Leersia hexandra Sw. 770
3 ,L\l/gzt;lgga mutica (Forssk.) T.Q. 317
4 Vigna luteola 129
5 Eggaemum latifolium (Spreng.) 710

Colocasia esculenta 393
Ipomoea aquatica 358
Dinebra chinensis (L.) 345
9 eP)I("ugger:étnes australis (Cav.) Trin. 454

10 | Diplazium esculentum (Retz.) Sw. 26
11 | Ficus septica 45
12 | Ludwigia octovalvis 304
13 | Metroxylon sagu 144
14 | Cyperus papyrus 60
15 | Acrosticum aureum L. 29

to establish the riparian zone of Lake Tondano
is shown in Figure 6. In developing a multipur-
pose riparian design around Lake Tondano, which
spans an area of 3000 m?, it is essential to con-
sider the characteristics of non-invasive species,
local conditions, and ecological functions of each
plant species as phytoremediators. Fifteen plant
species from intact riparian zones will be used

in the design of a multipurpose riparian zone
aimed at restoring areas with elevated nitrogen
(N) and phosphorus (P) levels, as determined by
our analyses. These plants not only contribute to
the ecological balance of the area but also play
a crucial role in improving water quality by ab-
sorbing excess nutrients and contaminants from
the environment. This process considers the spe-
cific local conditions that support plant growth,
including aquatic zones, semi-wet transitional ar-
eas, and dry regions. Additionally, the restoration
effort involves a combination of trees, shrubs,
and grasses within the riparian zone model, all
aimed at enhancing water quality and promoting
ecosystem health around Lake Tondano. Various
types of plants—ranging from herbaceous grass-
es and wild plants to small woody shrubs and tall
trees—will be planted, considering their physi-
cal forms and structures, which influence water
runoff and the movement of pollutants, such as
fine sediments. The effectiveness of buffer zones
in reducing pollution heavily relies on the plant
species used, as each has different capabilities in
handling pollution and supporting the local eco-
system (Roberts et al., 2012).

The diversity of vegetation within this ripar-
ian zone is crucial for both bioremediation and
maintaining ecosystem balance. Riparian plants
in buffer zones effectively absorb pollutants, such
as nitrogen and phosphorus, serving as agents for
water purification in watershed areas (Yang et
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Figure 5. The layout of the distribution of the selected species in the riparian zone model
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Figure 6. Detailed distribution of bioremediator plants in the riparian zone

al., 2014). Riparian zones are transitional areas
between aquatic and terrestrial ecosystems that
connect and regulate ecological functions in both
habitats (Henning and Remsburg, 2009; Naiman
and Décamps, 1997). Furthermore, research by
Champagne et al., (2022) indicates that riparian
zones can sustain trophic structures even under
high agricultural intensity, emphasizing their
ability to function optimally despite agricultural
pressures. Additionally, riparian vegetation plays
a significant role in sediment erosion and deposi-
tion processes; plants along riverbanks stabilize
soil, thereby reducing erosion rates and enhanc-
ing fluvial stability (Hupp and Rinaldi, 2007).

To maximize the potential for remediation of
pollutants, particularly nitrogen and phosphorus,
it is critical to carefully map the riparian vege-
tation. This planning will ensure the successful
implementation of the desired riparian design.
Wet-tolerant plants, such as Colocasia esculenta,
Phragmites australis, Cyperus papyrus, Urochloa
mutica, and Ipomoea aquatica, are planted closer
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to the lake’s edge. These species possess deep,
dense root systems that can stabilize sediments,
reduce erosion, and absorb excess nutrients from
the water. Although Ipomoea aquatica is inva-
sive, it is still utilized because its growth can be
managed through daily harvesting, keeping its
population under control.

In the transitional zone, plants such as Vigna
luteola, Cyperus platystylis, Dinebra chinensis,
Ludwigia octovalvis, and Metroxylon sagu are
chosen for their adaptability to fluctuating moist
conditions. These plants act as a bridge between
the wet and dry zones, filtering flowing water and
capturing nutrients before they enter the water
body. In drier areas, trees like Ficus septica are
planted, as they can access deeper water and nu-
trients in the soil while stabilizing areas prone to
drought. This zone also includes Ischaemum lati-
folium and Acrosticum aureum, which contribute
to remediation efforts.

The significance of plant diversity in the ripar-
ian area is underscored by its capacity to enhance
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the remediation of pollutants, particularly ni-
trogen and phosphorus. By integrating various
growth forms, such as grasses, shrubs, and trees,
each species contributes uniquely to nutrient ab-
sorption, soil stabilization, and erosion control.
For instance, Cyperus platystylis and Leersia hex-
andra serve as sediment traps at the lake’s edge,
while Metroxylon sagu and Ficus septica help
maintain ecological balance in drier areas. The
arrangement of vegetation with diverse growth
forms creates a natural ecosystem gradient, al-
lowing each plant zone to filter water gradually
and absorb pollutants before they reach open wa-
ters. The varied vegetation also supports natural
filtration processes that can improve the quality of
water entering the lake. Tree-based riparian buff-
ers, though less effective at capturing sediment
and pollutants compared to grass buffers, pro-
vide significant climate benefits such as carbon
sequestration and regulating water temperatures.
Combining these two types of buffers in a zoned
riparian approach can enhance the overall envi-
ronmental benefits, addressing multiple ecosys-
tem services at once (Cole et al., 2020). Addition-
ally, research indicates that although grass species
excel at reducing sediment loss, both grasses and
trees are crucial for maintaining soil stability and
improving water quality (Dunn et al., 2022). This
integration of diverse plant species is particular-
ly vital for areas like Lake Tondano, where it not
only reduces erosion and enhances biodiversity
but also filters excess nutrients from runoff. Ulti-
mately, restoring the riparian zone not only boosts
biodiversity but also decreases surface runoff into
rivers and lakes, effectively filtering and purify-
ing groundwater while retaining harmful pollut-
ants (Bahn and An, 2020).

The layout of plant species is designed meticu-
lously, divided into three main sections: wet zone,
transitional zone, and dry zone, each serving vital
ecological roles. A zigzag planting system is im-
plemented to enhance pollutant filtration efficien-
cy, ensuring that each plant can function optimally
in minimizing runoff into the lake. This pattern
creates variability in nutrient absorption, prevents
the dominance of a single species, and expands
the absorption range of plants. The placement of
vegetation is adjusted according to the moisture
tolerance of each species, where more water-tol-
erant plants are located near the lake’s edge, while
drought-resistant species are planted further away.
This design also accounts for topographical varia-
tions and adjusts planting based on soil and water

quality analysis along the riparian zone. With this
structured arrangement, the riparian model aims to
establish plant groups that effectively control ero-
sion and filter pollutants. This approach not only
contributes to the health of the Lake Tondano eco-
system but also supports ecological sustainability
and integrity in the face of challenges posed by
human activities and environmental changes. The
combination of diverse species ensures that the ri-
parian zone functions as a robust buffer, playing a
critical role in maintaining water quality and sup-
porting biodiversity along the lake.

CONCLUSIONS

This research successfully identified 91 plant
species from 60 genera and 42 families surround-
ing Lake Tondano, showcasing the region’s rich
biodiversity. From this extensive analysis, 15 ri-
parian plant species were selected based on their
Importance Value Index (IVI), non-invasive sta-
tus, and ability to purify water by absorbing nitro-
gen and phosphorus. These species, chosen from
intact riparian zones, demonstrated resilience and
adaptability. They will be integral to the design of
a multipurpose riparian zone aimed at restoration
efforts in areas experiencing elevated nitrogen
and phosphorus levels, as determined through our
rigorous analyses. The selected species include
Cyperus platystylis, Leersia hexandra Sw., Uro-
chloa mutica (Forssk.) Nguyen, Vigna luteola,
Ischaemum latifolium (Spreng.) Kunth, Coloca-
sia esculenta, Ipomoea aquatica, Dinebra chi-
nensis (L.), Phragmites australis (Cav.) Trin. ex
Steud., Diplazium esculentum (Retz.) Sw., Ficus
septica, Ludwigia octovalvis, Metroxylon sagu,
Cyperus papyrus, and Acrosticum aureum L.

The research was conducted at Lake Tonda-
no, Minahasa, Indonesia, following a structured
methodology consisting of three main stages:
data collection, data analysis, and design. The
data collection phase involved conducting a
vegetation survey to document existing riparian
plant species, mapping land use, and measur-
ing nitrogen and phosphorus levels in the lake’s
sediments. This assessment particularly focused
on areas vulnerable to human activities, such as
agriculture and residential development. Utilizing
QGIS analysis, a riparian zone measuring 100 x
30 m was designed at coordinates 1.1745604 lati-
tude and 124.8972748 longitude, targeting nutri-
ent-rich locations contributing to eutrophication.
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The riparian zone design features three sec-
tions—wet, transition, and dry zones—each serv-
ing a specific ecological role. A zigzag planting
pattern optimizes pollutant filtration, enabling
the selected species to effectively mitigate runoff
into Lake Tondano. This diverse planting strategy
enhances nutrient uptake and prevents the domi-
nance of any single species, ultimately improving
the zone’s capacity to filter pollutants and support
ecological health.

The significance of this study lies in its poten-
tial for sustainable management of Lake Tonda-
no’s ecosystem. By addressing erosion and nutri-
ent pollution, the proposed multipurpose riparian
zone contributes to ecological health and biodi-
versity, serving as a model for integrating conser-
vation efforts with pollution control strategies in
other vulnerable ecosystems. The novel contri-
butions of this study include identifying specific
plant species capable of thriving in nutrient-rich
sediments and quantifying their nutrient absorp-
tion capacities, thereby providing a scientifically
grounded model for similar conservation efforts
in vulnerable ecosystems and enhancing overall
resilience. While this study focuses on the design
of a riparian zone for restoration, it has limita-
tions. Future research should assess the long-term
impacts of the selected species on water quality
and their role in mitigating nutrient pollution.
Such investigations are crucial for enhancing the
overall health of riparian ecosystems and ensur-
ing the sustainability of Lake Tondano amidst on-
going challenges.
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