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Abstract 
Lake ecosystems in Indonesia face serious environmental problems. One of those problems is eutrophication 

caused by excessive plant nutrients, particularly nitrogen (N) and phosphorus (P). Water quality degradation 

and biodiversity loss are the effects of eutrophication. The government of Indonesia (GoI) has issued a reg-

ulation on determining lake and stream buffer zones, but it has not been fully implemented in the field. 

Additionally, the data related to the effects of each buffer zone width is not available. This study aims to 

determine the effects of buffer zone widths (those of both streams and lakes) on eutrophication. It simulates 

the effect of lake and stream buffer zone widths on nutrient export to Lake Rawapening. The Nutrient Re-

tention sub-model, which is part of InVEST (Integrated Valuation of Environmental Services and Tradeoffs) 

software, has been used for this research to analyse information from several data sources, including a Digital 

Elevation Model (DEM) and measurements of soil depth, annual rainfall, land cover/use, watershed/sub-

watershed boundaries, and biophysical conditions. Several studies of eutrophication in Lake Rawapening 

have measured the magnitude of eutrophication but have not discussed the effects of buffer zone widths. 

Therefore, this study accommodates the updated data on how much effect of buffer zone widths on the re-

duction of nutrient export. Five scenarios of buffer zone width are considered:  30 m., 90 m., and 150 m, 

where the lake buffer zone widths and the stream buffer zone width are 30 m. The results indicated that the 

maximum nutrient export reduction of lake buffer zones was only 2.63% (for N) and 3.56% (for P). On the 

other hand, the 30 m stream buffer zone width reduced the nutrient export to Lake Rawapening by up to 

43.05% for N and by 44.90% for P. A 30 m combined lake and stream buffer zone width slightly increases 

the nutrient export reduction effectiveness, i.e., 0.41% and 0.56% for N and P, respectively. 
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1. Introduction 

Lake ecosystems play a vital role not only for humans but also for other living things. As catch-

ment area transition zones, terrestrial, aquatic, and riparian ecosystems are important parts of lake 

ecosystems (KLH, 2014c). Around the world, lakes provide numerous ecosystem benefits to hu-

mans, and many other organisms rely on them for survival (Mammides, 2020). With around 840 

lakes, Indonesia derives many benefits from lake ecosystems, such as controlling flood and 

drought, sediment anchoring, global climate control, water and energy supply, fishing and agri-

culture, tourism, research, and education, and the sustaining of habitats for flora and fauna (KLH, 

2014c).  

Lake ecosystems face various environmental issues currently. They not only relate to lake water 

bodies but also to lake buffer zones and catchment areas, e.g., lake eutrophication. Anthropogenic 

or cultural eutrophication is one of the greatest environmental threats to the health of lake ecosys-

tems (Zhang et al., 2022). It results from excessive levels of nutrients, particularly nitrogen (N) 

and phosphorus (P), in lake water. These nutrients derive from plants and cause the unwanted 

enrichment of aquatic systems. Human activities exacerbated this enrichment, leading to high 

rates of nutrient inputs seeping from point and non-point sources into the lake body (Chislock et 

al., 2013; Wang et al., 2020). N and P nutrients are crucial for agricultural production because 

they are necessary to increase crop yields. Recently, the overuse of these nutrients has increased 

to maintain crop productivity (Li et al., 2020). Uncontrolled plant and algae growth brought on 

by eutrophication results in an imbalance between the production and the consumption of algae 

(Khan & Mohammad, 2014; Morsy et al., 2017). Eventually, lake eutrophication reduces lake 

utilization benefits (Khan & Mohammad, 2014; Piranti, 2019), both ecologically and socio-eco-

nomically. The negative impacts of lake eutrophication include algae blooms, biodiversity de-

cline, available dissolved oxygen depletion, water weed (e.g., water hyacinth) spread, water qual-

ity and quantity decline, transportation disruption, and general lake economic value reduction 

(Irianto & Triweko, 2019; Piranti, 2019). 

The government of Indonesia (GoI), through the Ministry of Public Works and Housing (MPWH), 

has introduced a regulation on the determination of lake and stream buffer zones, which range 

from 10 m. to 100 m., depending on the characteristics of the streams, and at least 50 m. for lake 

buffer zones (Ministry of Public Works and Housing, 2015). One of the aims of this regulation is 
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to protect the flourishing of lakes and streams from development activities in the surrounding 

area. Lake and stream buffer zones, called riparian buffer zones, form the interface between 

aquatic and terrestrial environments. They play an important role in the maintenance of aquatic-

terrestrial ecosystem function by filtering nutrients carried by groundwater and surface runoff 

before the groundwater and runoff enter streams or lake bodies to prevent eutrophication (Vought 

et al., 1995; Cao et al., 2018). Unfortunately, the lake and stream buffers regulation has not yet 

been fully implemented in the field. Thus, many lake ecosystems in Indonesia are still under mas-

sive pressure from development activities, leading to ecosystem degradation (Republik Indonesia, 

2021)., for example, due to anthropogenic eutrophication. The eutrophication level was a deter-

minant factor in setting lake national priorities  (KLH, 2014c). The Lake Rescue Movement has 

also contributed to the decision that lake eutrophication countermeasures should become a top 

program priority (KLH, 2011, 2014a, 2014b).  

Several studies on eutrophication in Lake Rawapening have been conducted, such as Nugroho 

(2022b), Piranti (2019), and Wuryanta & Murtiono (2018). However, all studies focused on the 

magnitude of nutrient export and spatial distribution of eutrophication in Lake Rawapening. 

Nugroho (2022b) estimated nutrient export's magnitude and spatial distribution using the InVEST 

(Integrated Valuation of Environmental Services and Tradeoffs) software suite. Piranti (2019) 

observed the magnitude of nutrient export during the rainy and dry seasons. Wuryanta & Murtiono 

(2018) observed the magnitude of nutrient export into Lake Rawapening from agricultural land. 

Murtiono & Wuryanta (2016) also conducted observations of eutrophication sources in Lake 

Rawapening. Similar studies on eutrophication exist worldwide, such as Lake Chaohu, China 

(Yang et al., 2020); Lake Poyang, China (Pu et al., 2021); Lake Lugano, Switzerland (Tu et al., 

2019); and Lake George, Florida (Longley et al., 2019), but one which focuses on determining 

the effects of buffer zone widths on eutrophication is limited (Bhagowati & Ahamad, 2019).  

This study aims to determine the effects of buffer zone widths (those of both streams and lakes) 

on eutrophication. This study involves obtaining updated data for the future and can be used as 

evidence for formulating government regulations regarding stream and lake buffer zone widths. 

This study achieves this aim by simulating the effect of lake and stream buffer zone widths on 

nutrient export to Lake Rawapening using the nutrient retention/export model. The article follows 

a systematic structure to investigate the effects of buffer zone widths on eutrophication and its 

potential implications for government regulations. The following section describes the approach 

used to collect data and simulate the impact of buffer zone widths on nutrient export to Lake 

Rawapening. The results and discussion section presents the findings of the simulations and ana-

lyzes the implications of different buffer zone widths on eutrophication. Finally, the conclusion 

summarizes the study's key findings, highlights its significance, and offers recommendations for 

future lake and stream buffer zone management. 

2. Research Methods 

 2.1. Study Area 

This study was carried out in the catchment area of Lake Rawapening, i.e., Rawapening Sub-

watershed, upstream from Tuntang Watershed, between 110o17' - 110o30' East longitude and 7o5' 

- 7o25' South latitude (Piranti, 2019). Apriliyana (2015) has stated that Lake Rawapening, a semi-

natural lake, was one of the fifteen lakes given an official priority designation by the government 

of Indonesia (Chulafak et al., 2021; Soeprobowati et al., 2012). This priority is given due to its 

various environmental problems, such as eutrophication and sedimentation. Rawapening Sub-wa-

tershed is located in the administrative district of Semarang Regency and Salatiga City, Central 

Java Province. It has an area of about 27,130 ha (Nugroho, 2017; Piranti, 2019). More information 

on Lake Rawapening can be found in (Nugroho, 2022a, 2022b). A map of the study area is pre-

sented in Figure 1.  

2.2. Data  

This research collects data from literature and institutional documents (Nugroho, 2022b). The data 

presented in Table 1 is used in modeling nutrient export using the Nutrient Retention sub-model 

and simulating the effects of lake and stream buffer zone widths on nutrient export to Lake Ra-

wapening. The table provides information on the data sources and additional remarks for each 

dataset, including the digital elevation model, soil depth, annual rainfall, land cover/use, and wa-

tershed/sub-watershed boundaries. Furthermore, the biophysical table contains essential parame-

ters such as coefficients for potential evapotranspiration, nutrient load, vegetation filtering values, 

and flow accumulation threshold, crucial for simulating nutrient dynamics and buffer zone effects 

in the study area.  
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Table 1. The data used in modeling nutrient export using the Nutrient Retention sub-model and the simula-

tion of lake and stream buffer zone widths' effects on nutrient export to Lake Rawapening. 

Data Source Remarks 

Digital elevation 

model (DEM) 

The United States Geological Sur-

vey (USGS) 

Shuttle Radar Topographic Mission (SRTM-DEM) image with spatial resolution 

of 1arc-second (30 m) 

Soil depth Balai Besar Wilayah Sungai 

(BBWS) Pemali Juana  

Land system map and soil type map (Regional Physical Planning Programme for 

Transmigration - RePPProT) 

Annual rainfall Pusat Sumber Daya Air dan Tata 

Ruang (PuSDATARu) Central 

Java 

Monthly rainfall data from 19 rainfall stations (2008-2017) 

Land cover/use Balai Penelitian dan Pen-

gembangan Teknologi Pengelo-

laan Daerah Aliran Sungai 

(BPPTPDAS) 

Updated Rupa Bumi Indonesia (RBI) map from Badan Informasi Geospasial 

(BIG) scale 1:25,000  

Watershed/ sub-wa-

tershed boundaries 

Balai Pengelolaan Daerah Aliran 

Sungai dan Hutan Lindung 

(BPDASHL) Pemali Jratun 

 

Biophysical table InVEST documentation Containing: 

(1) code (integer) for each land cover/use class (lucode); (2) description/name of 

each land cover/use class (lulc_desc); (3) maximum root depth for vegetation 

cover/land use class (mm) (root_depth); (4) value of non-vegetated land cover/use 

class 1; (4) Coefficient of plant evapotranspiration for each land cover/use class 

(Kc), to calculate potential evapotranspiration using plant physiological character-

istics to modify references evapotranspiration (decimal value between 0-1.5); (5) 

Nutrient load (N/P) for each land cover/use class (kg./ha./year)( load_n/load_p), 

based on the coefficient of nutrient export; (6) vegetation filtering value per pixel 

for each land cover/use class (eff_n/eff_p); (7) percent between 0-1 the minimum 

number of pixels that flow into a pixel to be considered part of the stream network 

(Flow accumulation threshold) the default value is 1000. 
 

 

Figure 1. Map of the study area showing the sub-watershed boundary and elevation (Rawapening Sub-wa-

tershed). 
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2.3. Data analysis 

This study comprises two main steps, i.e.: (1) calculating the nutrient export from Lake Rawapen-

ing and (2) simulating the lake and stream buffer widths' effect on nutrient export reduction. The 

sub-model of Nutrient Retention is used to analyze nutrient export from Lake Rawapening. This 

sub-model is part of the InVEST (Integrated Valuation of Environmental Services and Tradeoffs) 

software. The software model was developed by the Natural Capital Project Stanford University 

(Sharp et al., 2015). This study uses The InVEST model as an analytical tool because it can help 

analyse various spatial resolutions, including local scales such as Lake Rawapening. The Nutrient 

Retention sub-model involves three steps to analyze the number of N and P retained and exported 

by different land covers, in every watershed or sub-watershed and at each pixel. These stages are: 

(1) calculating the annual average runoff from each land cover class using the Water Yield sub-

model, (2) determining the number of N and P particles retained and exported in each land cover 

class based on the nutrient loading and filtering capacity in a table, and (3) calculating each pixel 

of the number of N and P retained and exported (Sharp et al., 2015; Sharps et al., 2017). The 

model counts the number of nutrient particles entering the river/water body through the flow of 

nutrients exported at each pixel. The nutrient export at the watershed or sub-watershed level was 

calculated by aggregating the N and P loads reaching each pixel's stream/lake body. Details of the 

analysis of nutrient export from Lake Rawapening can be found in Nugroho (2022b). Details of 

the biophysical table, such as root depth and coefficient of plant (Kc) can be found in Nugroho 

(2017). 

The effect of lake and stream buffer zone widths on total N and P exports was spatially simulated 

by converting the land cover into riparian forests. Riparian forests in this simulation were assumed 

to have the same characteristics as forests with the largest nutrient retention ability. The simulation 

used five scenarios based on buffer zone width, i.e. : (1) 30 m. lake buffer, (2) 90 m. lake buffer, 

(3) 150 m. lake buffer, (4) 30 m. stream buffer, and (5) 30 m. lake and stream buffer. This study 

used a 30 m. minimum buffer zone width corresponding to the spatial resolution of SRTM-DEM, 

i.e., 30 m. The research methodology is shown in Figure 2. 

 

Figure 2. A flowchart showing the research methodology. 

2. Results and Discussion 

2.1. The nutrient export magnitude and the effect for each simulated lake and 

stream buffer zone width 

The results of the analysis showed that the estimated N exports entering Lake Rawapening totaled 

847,899.59 kg./year (37.5%), and the estimated P exports totaled 153,145.44 kg./year (35.7%) 

(Nugroho, 2022b). These high nutrient export levels contributed significantly to the 
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eutrophication process in Lake Rawapening, which was classified as anthropogenic eutrophica-

tion. Previous studies found that the high N and P exports came from rain-fed paddy fields, irri-

gated paddy fields, settlements, and vegetable farmland (Murtiono & Wuryanta, 2016; Nugroho, 

2022b). This condition occurs because crops only use a small portion of the nutrients from applied 

fertilizers, leaving a considerable amount of unused nutrients to enter the water supply through 

leaching and runoff. The mode and timing of fertilization and the extent of land cover are the key 

factors determining nutrient export levels by runoff from watersheds (Li et al., 2020). According 

to Piranti (2019), community activities, reflected in the land cover/use classes in the catchment 

areas, affected the number of nutrient exports. Excessive fertilizer uses in farming and domestic 

waste disposal (Nugroho, 2022b) due to urbanization and fertilizer production, which increase N 

and P exports, are major contributors to anthropogenic eutrophication in aquatic ecosystems. 

Sharp et al. (2015) reported that topography (slope), climate (rainfall and temperature), and land 

cover conditions are the main factors influencing the number of nutrients exported into water 

bodies.  

The simulation of the effect of lake and stream buffer zone widths on the total export of N and P 

nutrients indicated that the wider the lake buffer covered by riparian forest, the greater the effect 

of the buffer zone on reducing the nutrients exported into the lake body. The 30 m. lake buffer 

was able to reduce the export of N and P nutrients by 14,150.77 kg and 3,458.79 kg, respectively, 

or 1.67% and 2.26% of the total nutrient export that would have occurred without a lake buffer 

(Figure 2 and Figure 3). Increasing the buffer width to three times only increases the percentage 

of nutrient export reduction by less than 1%. When the width of the lake buffer becomes 150 m., 

the export of nutrients N and P decreases by 2.63% and 3.56%, respectively. Thus, in general, it 

can be concluded that the effect of lake buffers in reducing the levels of nutrient exports into the 

lake body is not significant. This condition is mainly due to the characteristics of the nutrient 

exports that follow the surface flow so that the nutrient load not only enters from around the lake 

but is also carried by the stream flow of the catchment area above it.  

Simulations of the effect of the stream buffer width on the reduction of the nutrient load entering 

Lake Rawapening were also carried out based on the characteristics of the export of nutrients that 

follow the runoff. The simulation results show that with a 30 m. wide stream buffer, the export of 

nutrients entering the lake body is significantly reduced. There is a drop of 43.05% (364.996.47 

kg) for N and 44.90% (68.765.93 kg) for P. The stream buffer in the form of riparian forest with 

high retention capacity can filter surface runoff containing nutrients before the runoff enters the 

stream, reducing the amount of nutrient load entering the lake body. Vought et al. (1995) stated 

that the loading dynamic and export of nutrients in a watershed are mainly controlled by hydrol-

ogy; thus, stream network characteristics are important, mainly related to nutrient transport. 

Anbumozhi et al. (2005) reported that the greatest reductions are found along higher-order 

streams with a low gradie, leading to slow movement. Plant sequestration also influences the re-

duction of nutrient exports (Mayer et al., 2005). When the stream buffer is combined with the 30 

m. wide lake buffer, nutrient exports to Lake Rawapening are reduced by 43.46% (N) and 45.46% 

(P). Therefore, the inclusion of only a 30-m.-wide lake buffer only has an effect of about 0.5%. 

The quantities of N and P nutrients that enter Lake Rawapening when there is a combined 30 m. 

lake and stream buffer are 479,392.81 kg (N) and 83,522.73 kg (P), respectively (Figure 2). The 

magnitude of the export of N and P nutrients and the nutrient export reduction based on the buffer 

zone widths are presented in Figure 3 and Figure 4, respectively. 

 

Figure 3. Total nutrient exports into Lake Rawapening for each buffer zone width. 
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Lake Buffer 150

m

Stream Buffer 30

m

Stream and Lake
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0

100000

200000

300000

400000

500000

600000

700000

800000

900000

N
u

tr
ie

n
t 

E
x
p

o
r
t 

 (
k

g
)



Forum Geografi, 37(1), 2023; doi: 10.23917/forgeo.v37i1.21537 

Nada et al.  Page 62   

 

Figure 4. Nutrient export reduction based on buffer zone widths. 

2.2. The spatial comparison of the effect of lake and stream buffer zone widths on 

nutrient export to Lake Rawapening 

In addition to land cover/use classes, the proximity to the stream network affects the volume of 

nutrient exports (Brooks et al., 2013). The closer the nutrient sources are to the streams, the higher 

the nutrient export value. When the source is close to the stream, the nutrient load will be trans-

ported to the stream faster (Nugroho, 2022b). Thus, there will be less potential for retention by 

land cover. Considering this transport characteristic, keeping the riparian buffer intact is im-

portanto intercept nutrients before they enter the streams (Cao et al., 2018). Despite making up 

only a small portion of the catchment area, the riparian buffer zones significantly control on-point 

source pollution (Li et al., 2019).  

 

Figure 5. Spatial comparison of the effect of lake and stream buffer zone widths on nutrient exports to Lake 

Rawapening : (a) N-export – no buffer, (b) N-export – 150 m. lake buffer, (c) N- export – 30 m. stream 

buffer, (d) P-export – no buffer, (e) P-export – 150 m. lake buffer, and (f) P-export – 30 m. stream buffer. 
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Spatially, the effect of the lake buffer zone can be observed in the decreased value of N and P 

exports around Lake Rawapening (Figure 5a to 5c for N and Figure 5d to 5f for P). Although the 

nutrient export values around Lake Rawapening have decreased, the nutrient export value from 

vegetable farmland remains high (indicated by the dark blue color on the map). Thus, the lake 

buffer zone can be less effective than a stream buffer zone (2.63% and 3.56% for N and P, res-

pectively, based on a 150 m. lake buffer zone width). On the other hand, the stream buffer zone 

can significantly reduce nutrient export values across Lake Rawapening. The effect of the stream 

buffer zone can be easily observed in the decreasing levels of nutrient export from arable farmland 

(from dark blue to light green on the map: Figure 5a to 5c and 5d to 5f for N and P, respectively). 

The simulation indicated a significant nutrient reduction of 43.05% and 44.90% for N and P, 

respectively (Figure 3). The spatial comparison of the effect of lake and stream buffer zone widths 

on nutrient export to Lake Rawapening is presented in Figure 5. To ensure readability, only the 

maps of no buffer, 150 m. lake buffer and 30 m. stream buffer are compared. 

3.3. Discussion 

The buffer zone is an effective way to complement the land management system, including nutri-

ent management. This research divides the buffer zone into a stream buffer zone and a lake buffer 

zone. Stream buffer zones (often called riparian buffers) are naturally vegetated areas along rivers. 

The stream buffer zone is important to the river ecosystem and other ecosystems, such as lakes, 

ponds, and wetlands (Shapiro, 2015). The lake buffer zone, on the other hand, is the area of land 

that surrounds and has a certain distance from the edge of the lake which functions as a lake 

protection area (Ministry of Public Works and Housing, 2015).  

Based on the research results, we can conclude that the stream buffer zone is more effective in 

reducing nutrient export than the lake buffer zone. This result aligns with the research conducted 

by Vought et al. (1995), which stated that the 10 m stream buffer zone can reduce phosphorus by 

65% – 95%. The results of this study also show that the reduction of Phosphorus (P) is higher 

than that of Nitrogen (N) for all buffer zone width scenarios. This reduction is because phosphorus 

has characteristics that mean it is more easily absorbed by the soil (Vought et al., 1995). Based 

on the study by P    & Ł         (2018), we can say that improving water quality by reducing 

nutrient sources in streams is an important way of reducing nutrient export into lakes. Strategies 

for controlling the main pollutant sources of water must be considered in lake management. In 

addition, land use in riparian areas (stream buffer zones) plays an important role in the self-puri-

fication process of rivers because these areas can absorb pollutant materials (Ministry of Environ-

ment and Forestry Republic of Indonesia, 2017). The greater the distance between a river and a 

lake, the more optimal the self-purification process (Agustiningsih et al., 2012; Zahara et al., 

2016; Zubaidah et al., 2019).  

This study's results lead us to recommend that management zones consisting of grass or herba  

ceous cover should be established next to the riparian forest to improve the functioning of buffer 

zones. These zones would filter runoff and trap sediment, pesticides, or nutrients, especially those 

from agricultural land or erosive areas (Nurmi, 2010). Another recommendation for improving 

buffer zone management is to analyze their geomorphology, including curvature, roughness, and 

elevation; these characteristics significantly influence nutrition (Martinsen & Sand-Jensen, 2022). 

This approach can be combined with the results of this study, especially for the stream buffer 

zone, which has the highest level of effectiveness in reducing nutrient export.  

This research has limitations. The quality of the input data determines the quality of the modeling 

results. The results of this study also require validation in the field, using methods such as making 

research demonstrating plots for direct measurements. Several factors in the field have also not 

been accommodated in this study, such as the socio-economic conditions of the community. 

Therefore, further research is needed to show in more detail the effects of the buffer zone on 

nutrient exports so that the research results can become inputs for government policy-making and 

be implemented directly in the field. 

4. Conclusion 

By applying high dosages of fertilizer, especially in rainfed paddy fields, irrigated paddy fields, 

settlements, and arable farmland, agricultural practices have contributed significantly to the ac-

celerated eutrophication of Lake Rawapening. This eutrophication occurs because crops only use 

a small portion of the nutrients in applied fertilizers, leaving a considerable amount of unused 

nutrients to enter groundwater and streams through leaching and runoff. Riparian buffer zones are 

optimal for reducing non-point source pollution before it enters waterways. The simulation of the 

effect of lake and stream buffer zone widths suggested that stream buffers are much more effective 
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than lake buffers in reducing Nitrogen (N) and Phosphorus (P) nutrient export. The 30 m. width 

stream buffer can reduce the nutrient export of N and P by 43.05% and 44.90%, respectively; by 

contrast, % the 150 m. lake buffer zone reduces P by only 2.63% and N by 3.56%. Spatially, the 

most significant reduction of nutrient exports was located in arable farmland with the highest 

nutrient loads when a 30 m. width of the stream buffer zone was implemented. The results of this 

study also show that the reduction of Phosphorus (P) is higher than that of Nitrogen (N) in all 

buffer zone width scenarios. This reduction is because phosphorus has characteristics that make 

the soil more easily absorb. Rivers also can self-purify so that they can absorb pollutant materials. 

The greater the distance between the river and the lake, the more optimally the self-purification 

process will run. Considering the effectiveness of stream buffers in reducing nutrient export to 

Lake Rawapening, it is important to create intact riparian buffers along the stream network. Es-

tablishing such riparian buffers, in compliance with the lake and stream buffers regulations, 

should be emphasized in areas with high nutrient loading, mainly arable farmland and irrigated 

paddy fields, to maintain the function of the aquatic ecosystem of Lake Rawapening. This study 

is based on modeling. Therefore, a field study is needed for further analysis because several other 

conditions in the field have not been accommodated in this study, such as the socio-economic 

conditions of the community. The results of this study could form the basis for the next piece of 

research. In this way, the present research results can help form a comprehensive understanding 

leading to much-needed forecasting, policy, and infrastructure, e.g., an effective buffer zone man-

agement model for Indonesia and implementing the best widths and types of buffer zones.  
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