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Abstract  

The wet-dry tropics of Asia support large populations dependent on subsistence 

agriculture. Sedimentation of water storages is an increasing problem, and 

governments are relying on catchment management to reduce sediment yield. 

However sources of sediments are poorly understood.  Sediment budgets can be 

useful in informing catchment management; however the resources and data 

required to create a sediment budget may be prohibitive. This study presents a 

multidisciplinary approach to the investigation of sediment sources and the creation 

of a first-order sediment budget for a catchment in the data-poor wet-dry tropics of 

eastern Indonesia. The approach integrates results from geospatial analysis, key 

informant interviews and radionuclide tracer measurements. Free software and 

imagery were used to demonstrate that geospatial analysis can be achieved without 

high costs. Surface soil erosion rates were predicted using Revised Universal Soil 

Loss Equation (RUSLE) and used to map the spatial distribution of relative rates of 

surface erosion.  Key informant interviews enabled the identification of gully erosion 

sites, many of which were not detectable through spatial analysis. Key informant 

interviews also contributed to the understanding of drivers and socio-economic 

impacts of erosion. Radionuclide tracers 137Cs, 210Pb(ex) and 239Pu were used to 

determine the relative contributions of surface soil to sediment. The dominant 

sediment sources in the Kambaniru catchment (1227 km2) were surface soils (31%), 

and the subsurface sources, channel change (23%), gully erosion (8%), and landslides 

(1%), with an estimated annual sediment load of 1,440,000 t yr-1. This sediment 

budget showed sub-surface soils were a major source of sediment and this was 

confirmed by radionuclide tracer results. These results contradict assumptions that 

underpin Indonesian catchment management policies. The geospatial, interview and 

field methods applied in this study were effective in identifying, mapping and 

quantifying sub-surface sediment sources, and can readily be applied generally in 

areas where data are few and technical capacity and financial resources are low.  

Key words: Sediment budget, sediment sources, GIS, radionuclide, RUSLE, mixed 

methods, wet-dry tropics, Indonesia  
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1. Introduction  

1.1    Context of the Research 

 

The wet-dry tropics are occupied mostly by developing countries and are dominated 

by savanna landscapes, characterised by long and hot dry seasons alternating with 

short and intense wet seasons. Wet-dry savanna landscapes support about 10% of 

the human population and are undergoing high rates of agricultural conversion, up 

to twice the rate of tropical forests (Russell-Smith et al., 2013).  These factors make 

them particularly prone to erosion and sediment-related issues.   

 

The loss or accumulation of sediments and associated nutrients can have substantial 

negative impacts on agriculture and water quality. Soil erosion and sediment-related 

issues have direct impacts on the livelihoods of poor rural communities in the 

developing world with reliance on subsistence agriculture (Walling et al., 2001). A 

sediment budget can inform sustainable catchment management for improving food 

and water security (Nagle et al., 1999). However even in developed, data-rich 

countries with highly educated professionals and systematic data collection, 

assembling the information required to develop a reliable sediment budget is 

difficult, with the result that there have been few applications of this approach to 

catchment management planning (Walling and Collins, 2008). Components of 

sediment budgets, such as sediment volume and flux, can be estimated using 

environmental models. Many models are used, each proving reliable for just one or a 

few erosion and sedimentation processes (de Vente et al., 2013). A complete sediment 

budget requires a complex array of methods (Hinderer, 2012), and the resources 

required to create a sediment budget may be prohibitive (Walling and Collins, 2008). 

Many studies are limited to small areas (e.g. upland sub-catchments, Critchley and 

Bruijnzeel, 1995, Rijsdijk et al., 1990), and plot scale measurements of sediment 

sources cannot be reliably scaled up to whole basins (Vente and Poesen, 2005, de 

Vente et al., 2013, Wallbrink et al., 2003).  
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Increasingly, however, research is focusing on developing a set of integrated 

procedures for establishing useful sediment budgets with few resources (Walling et 

al., 2001). While some integrated sediment budget research has been conducted in 

the wet-dry tropics of Africa (Defersha et al., 2012, Nyssen et al., 2009, Laraque et al., 

2009b) and South America (Laraque et al., 2009a, Amsler and Drago, 2009), there are 

few reported studies in the wet-dry tropics of Asia. In addition due to a geological 

history of uplift, high stream power, erodible soils and frequent earthquakes, the 

islands of Indonesia have some of the highest rates of sediment transport in the 

world (Milliman et al., 1999).  However the only sediment budget studies conducted 

in Indonesia are from sub-catchments in the wet tropics of Java. Therefore there is a 

critical need to develop methods to construct sediment budgets for catchments that 

are data-poor (Nagle et al., 1999).  

 

1.2 Problem statement  

 

Water is a critical limiting resource in the eastern Indonesian province of Nusa 

Tenggara Timur (NTT). Most people are dependent on subsistence farming and the 

late dry season is known as the ‘hunger season’ because famine occurs each year. To 

increase food security of the rural poor, it is vital to understand the factors that cause 

the erosion of valuable soil resources and reduction of water availability for 

agriculture.  
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-----

 

Figure 1-1 Map of project location.  

 

The major water catchments of NTT province, the Kambaniru (Figure 1.1), Aesesa, 

Noelmina, and Benenain rivers have been classified in a national system as “critical” 

in terms of a range of land use, hydrology, social, economic and institutional factors 

(Anwar, 2005). In the lower reaches of each river is a weir which supplies irrigation 

water for rice production. Sedimentation has reduced the capacity of all of these weir 

pools and the corresponding irrigation infrastructure, to the extent that irrigable 

paddy fields no longer receive sufficient irrigation water to produce crops. In the 

case of the Kambaniru irrigation area, over 600ha of the 1440ha of rice paddy fields 

no longer receive sufficient irrigation water allocations. Despite the problems of 

rapid sedimentation of these weirs and associated irrigation infrastructure, new 

weirs are being constructed in these and other catchments in the province.  
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In response to the ‘decline in catchment health and function’, recent National and 

NTT provincial government regulations prescribe integrated catchment 

management to improve the management of natural resources for ecosystem health 

and improved rural livelihoods. The Indonesian central government has legislated 

(RI, 2012) that every catchment will have an integrated catchment management plan 

as a matter of urgency, starting with the ‘critical’ catchments.  

 

Effective catchment management planning requires evidence-based decision-

making.  Two of the current issues with catchment management planning in 

Indonesia are: (1) policies are based on a series of assumptions about catchment 

processes that are not supported by current scientific understanding; and (2) 

physical data for catchments in Indonesia are incomplete and unreliable.   

 

In contrast local and provincial government employees have local knowledge and 

the ability to complete field collection of primary data. However they rarely have the 

capacity and resources to undertake the mapping and modelling required to 

improve the understanding of catchment processes and provide accurate and 

relevant input into catchment management planning.  

 

In some other parts of the world, sediment budgets are used to inform catchment 

management planning, but the existing sediment budget models require data that 

are not available in the many parts of the wet-dry tropics of Asia.     

 

1.3    Aim  

 

The aim of this project was to increase the understanding of sediment sources in the 

wet-dry tropics and create a first-order sediment budget in a region that has little 

data and technical capacity and where financial resources are low.   
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1.4    Scope  

 

This research investigated sediment sources and the creation of sediment budgets for 

eastern Indonesia, using the Kambaniru River in east Sumba, NTT, as an example.  

This study used a multidisciplinary approach combining free digital data, free open-

source software, local knowledge and selected field measurements to improve the 

understanding of sediment sources and produce elements of a sediment budget. This 

was complemented by an assessment of radionuclide surface tracers, to provide 

additional information for the sediment budget and to test some of the assumptions 

about catchment processes that underpin current policy.     

 

The purpose of the sediment budget created in this study was to inform 

management, using a relatively simple approach that could be applied by natural 

resource managers. As a result the sediment budget was focussed on understanding 

sediment sources rather than sediment sinks. Quantification of sediment production 

was intended to indicate the main sediment sources, and it does not infer a high 

degree of precision. 

1.5    Research Questions  

 

1. What are the relative contributions of different sediment sources to sediment 

yield in the Kambaniru River catchment? 

2. What are the management options for reducing sediment yield in the 

catchment? 

3. How can better management be achieved in the current governance context?  

4. How could these research methods be applied to improve catchment 

management in the wet-dry tropics? 
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1.6 Significance of the study 

 

There are three aspects to the significance of this study: improving understanding of 

catchment processes in the wet-dry tropics; providing recommendations of 

appropriate management actions for reducing the sediment load in the Kambaniru 

River; and demonstrating a multidisciplinary approach for creating a sediment 

budget in a data- and resource-poor region. 

 

1.7     Structure of the thesis  

 

Chapter 2 provides background and context to the research, reviewing the current 

understanding of sediment sources in rivers of Indonesia and more broadly in South 

East Asia and northern Australia. This is followed by a description of the catchment 

management policies in Indonesia and a critique of the assumptions inherent in 

these policies, with particular reference to current scientific knowledge.  

 

Chapter 3 presents the biophysical and socio-economic characteristics of the study 

area, highlighting the predominance of marine sedimentary formations with 

relatively low elevation, extensive monsoonal grassy savannas, the prevalence of fire 

and the increasing farming pressures on the landscape.  

 

Chapter 4 describes the sediment budget approach, and the methods of geospatial 

analysis and measuring radionuclide sediment tracers used to produce the results 

presented in chapters 5 to 7.   

 

Chapter 5 presents the results of geospatial analyses, investigating contributions of 

surface and gully erosion, channel change and landslides to total sediment yield.  
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Chapter 6 presents the results of radionuclide tracer analysis, including the 

contribution of surface sources to total sediment yield and trends in relative 

contribution of surface and subsurface sources across the catchment. 

 

Chapter 7 presents a sediment budget created from the results presented in chapters 

5 and 6. The results presented in the sediment budget are also discussed to address 

research questions 1 and 2.   

 

Chapter 8 synthesizes the results of the study, and discusses the wider advantages, 

limitations and possible applications of this sediment budget approach in wet-dry 

tropical environments. This addresses research questions 3 and 4. 

 

Chapter 9 summarises the conclusions of the study, and presents implications for 

management and recommendations for future research.  
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Chapter 2: 

 

 Catchment processes and policies 
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2 Catchment processes and policies  

2.1 Introduction 

 

This chapter provides context for the thesis with respect to environmental processes 

and management policies. It begins by summarising the current understanding of 

sources of river sediments and the influence of vegetation cover and land use in the 

wet-dry tropics of Asia and Australia, by a review of the literature. This summary is 

then placed in the context of global best practice in participatory integrated 

catchment management.   The past and current Indonesian laws and policies 

pertaining to catchment management are discussed. The current Indonesian 

catchment management regulations are then critiqued with reference to research on 

catchment processes, with particular emphasis on management practices identified 

to reduce sediment load in rivers. 

  

2.2 Definition of terms  

 

This section outlines the definitions of, and the reasoning for, erosion process and 

soil profile terminology, presented from the broadest to the most specific terms.  

 

Surface soil refers to the top 5cm of the soil profile. Surface soil is commonly known 

as topsoil, but the term ‘topsoil’ is also synonymous with the A soil horizon, which 

implies characteristics of soil that has been on the surface for a long period of time. 

In the wet-dry tropics of south east Asia, with high erosion rates and a long history 

of human influence on the environment, the soil A horizon has often been lost, 

therefore the term surface soil is used to include areas where the A horizon has been 

lost and the B horizon is exposed.  

 

Surface erosion refers to rill and sheet erosion processes affecting the surface soil, 

which can also be referred to as slopewash. Surface erosion was chosen to include 

the whole range of processes affecting surface soil.  
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Subsurface erosion is defined as the group of processes which predominantly 

subsoil is eroded, including but not restricted to landslides, gully erosion, river bank 

erosion. Some surface soil is also eroded as part of these processes.  

 

Subsurface soil refers to the soil profile below 5cm, it is synonymous with subsoil. 

The term subsurface soil was chosen for continuity with the term surface soils. 

 

Channel change refers to horizontal movement of the river channel, including both 

erosion and deposition processes. Net channel change therefore can be positive, 

indicating more erosion than deposition, or positive indicating deposition is 

dominant. Due to limitations of available data, it was not possible to include changes 

in river depth for the whole of the catchment.  

 

Gully erosion is the removal of soil along drainage lines by surface water runoff, 

leading to the formation of gullies. Once started, gullies will continue to move by 

headward erosion or by slumping of the side walls. Pipe erosion is not discussed as a 

separate erosion process as it was not observed in the field, but may contribute to the 

formation of some gullies.  

 

Landslide refers to both landslides where the bulk of material constituted soil, and 

rockfalls where the bulk of material constituted bedrock.  

 

 

2.3 Sources of sediments in the wet-dry tropics 

 

The wet-dry tropics are characterized by an annual short, intense wet season in 

which the majority of rainfall occurs, followed by a long dry season with little 

rainfall. This climate often supports savanna vegetation, broadly defined as 

grasslands with varying densities of tree cover (Kottek et al., 2006). Savanna 

environments support about 10% of the world’s population and cover over one-sixth 
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of the world’s land area (Russell-Smith et al., 2013).  Savannas are some of the most 

fire prone vegetation on earth, and by the end of the long dry season fire risk and 

fire intensity increases (Bradstock et al., 2012). Late dry season fires can remove the 

majority of ground cover, leaving much of the ground bare at the time of the first 

intense rainfall events of the wet season.  

 

High sediment loads can be expected in tropical landscapes with a dynamic geology. 

Milliman et al. (1999) suggested that the major islands of the East Indies; Sumatera, 

Java, Borneo, Sulawesi, Papua and Timor may contribute up to 20-25% of the 

sediment supply to the oceans, globally, from only 2% of the land area. The 

characteristics of these islands; high maximum elevation, high rainfall intensity, 

relatively short rivers (high stream power), steep slopes and earthquake activity, are 

shared with much of the wet-dry tropics of Asia, particularly Indonesia.  In addition 

the fire prone savanna vegetation, high population density and high rainfall 

intensity at times of sparse ground cover is expected to exacerbate erosion.  

 

Little is known about sediment sources in the wet-dry tropics of Asia, which include 

southern and central India, Thailand, Cambodia, Vietnam, Lao, Bangalesh, Myanmar 

and eastern Indonesia. Studies so far have largely focussed on the role of a single 

sediment source or process; surface erosion (eg. Chatterjee et al., 2014, Jain and Das, 

2010, Dabral et al., 2008, Bhattarai and Dutta, 2007, Krishna Bahadur, 2009, Witz and 

Muga, 2009)   gully erosion (Bradbury and Ghosh, 1988, Singh and Dubey, 2000, ul 

Rasool et al., 2011), or roads and paths (Sidle and Ziegler, 2010, Ziegler et al., 2000). 

 

Erosion studies in Indonesia so far have largely focussed on the island of Java, where 

there is a wet tropical climate. Early studies by Dutch foresters in Indonesia focussed 

on the role of surface erosion from agriculture on steep slopes in the upper 

catchments of major catchments in Java (Purwanto, 1999). As a result there was 

major investment in the creation of terraced rice paddies and other soil conservation 

measures. Studies on sediment sources in these catchments continued in the early 

1990’s. One study evaluating the success of soil erosion projects in the upper Konto 
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catchment. Rijsdijk et al. (1990) found that although much of the sediment was 

produced by agricultural lands, gullies, settlements, paths and roads were also 

significant sediment sources. Further research in Javanese catchments of Cikumutuk 

(tributary of the Cimanuk) and Gunung Kidul highlighted that substantial sediment 

originated from the risers and drains between terraced rice paddies, and the creation 

of new rice paddies (Rijsdijk, 2005, Rijsdijk et al., 2007). Terraced rice paddies were 

encouraged in many areas as soil conservation structures, however Purwanto (1999) 

and Van Dijk (2002) suggest that their creation may have actually increased the total 

sediment loss in these areas. Settlements, roads and paths were also major sediment 

sources. All of these studies focussed on upland subcatchments, and literature 

searches revealed no studies on whole catchments.  

 

In summary, (1) little is known about sediment budgets in the wet-dry tropics of 

Asia, (2) erosion studies have largely been focussed on surface erosion in upland 

catchment and (3) planning and implementation of erosion remediation works have 

not been based on evidence.   

 

Sediment budgets in a variety of environments have shown that conclusions 

regarding the relative contribution of sediment sources differ between studies at the 

plot or subcatchment scale and those at the catchment scale (Walling and Collins, 

2008). This discrepancy is due to many plot or sub-catchment scale erosion studies 

not accounting for storage of sediment within the catchment and underestimating 

the contribution of predominantly subsurface erosion processes such as landslides, 

gullies, channel bank erosion (Hinderer, 2012), creep and pipe erosion. 

 

Wallbrink et al. (2003) demonstrated that plot scale studies underestimated 

subsurface soil contributions to fine sediment at the catchment outlet in the Bundella 

catchment in south eastern Australia.This study found that at the plot scale, 

cultivated land produced >70% of sediment, followed by steep forested areas, then 

pastures. Therefore plot scale measurements indicated that cultivated land should be 

the focus for erosion control activities. However, at the catchment scale, 



17 

 

approximately 70% of eroded material originated from erosion of gullies and 

channels across all land uses.  The declining relative contribution of surface erosion 

with increasing scale is also likely to be the case for Javanese catchments, as is 

suggested by radionuclide tracer analysis in the Cimanuk River in Java (Wasson, 

2007). This analysis indicated that subsurface sediment sources are dominant at the 

catchment scale.  

 

Erosion studies in the wet-dry tropics of northern Australia indicated that sub-

surface sediment sources are dominant, but variable between catchments. In the 

Daly River catchment, Wasson et al. (2010) used radionuclide tracers to determine 

the relative contribution of surface soil to sediment accumulated over the past 30 

years. This study found that 89-97% of fine sediment originated from gully erosion 

and channel change. Almost all of the sediment was determined to be the result of 

hydrologic change, not directly related to land use change.  Surface erosion 

accounted for less than 10% of sediment. However it should be noted that grazed 

riparian buffers remain on cultivated land in the Daly River catchment. A modelling 

and radionuclide tracer study of sediment sources in the Daly catchment (Rustomji 

and Caitcheon, 2010) found a greater contribution of surface soil (12-26%), with 

channel change and gully erosion expected to be the main sediment sources.  

 

Sediment sources in the Mitchell River catchment in western Queensland, were 

similar to the Daly River catchment, with the exception of large sediment 

contributions from extensive alluvial gully networks in the lower catchment 

(Shellberg, 2011, Rustomji et al., 2010). Similarly in the Normanby catchment (north 

east Queensland), it was found that erosion of small alluvial channels and gullies 

was a major sediment source (Brooks et al., 2013). Previous applications of the 

SedNET model in the Normanby catchment indicated that surface erosion was 

dominant (Brodie et al., 2003), however addition of further empirical evidence 

indicate that surface contribution to sediment yield was around 1% (Brooks et al., 

2013). 
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These large northern Australian catchments are sparsely populated and dominated 

by grazed native vegetation (ABS, 2009, Woinarski et al., 2007). Furthermore, north 

Australia is geologically stable, and elevation is largely less than 1000m asl, therefore 

steep slopes are rare. In contrast, Timor Island, 600km to the north of Australia is still 

rapidly uplifting, and earthquakes are common. Steep slopes are common with a 

maximum elevation of almost 3000m. The island supports a much higher population 

with a long history (>3000years) of cultivation.  Despite these differences subsurface 

sediment sources remain dominant in the Caraulun catchment, Rouwenhorst (2013) 

demonstrated that landslides and channel change were of greatest importance. 

Several authors suggest that, in Sumba, shifting cultivation and burning regimes 

may have led to severe sheet erosion in upland areas (Barlow and Gondowarsito, 

2007, Russell-Smith et al., 2007, Muditha, 2000). However no empirical research has 

been conducted into sediment sources. 

 

In summary, the understanding of sediment sources in the wet-dry tropics of South 

East Asia is rudimentary. Studies in the wet-dry tropics of northern Australia 

indicate that sub-surface sediment sources, particularly channel change and gully 

erosion dominate. However many of these studies also note the limitations of 

sediment budgets in vast, remote and data-poor environments (Rustomji et al., 2010, 

Rustomji and Caitcheon, 2010, Brooks et al., 2008).  

 

 

2.4 Influence of vegetation cover and land use on catchment 

processes 

 

The influence of vegetation, particularly forests, on catchment erosion and 

hydrology processes has been a matter of debate for almost a century. There are two 

schools of thought, the first simplifies catchment processes and is commonly upheld 

by policy makers, while the second is more widely accepted in the scientific 

literature (Bruijinzeel, 2004).  The first school of thought places forests as a 



19 

 

controlling factor in increasing rainfall, improving soil and water quality, increasing 

dry season flows and reducing flood peaks. This school of thought sometimes refers 

to forests as ‘sponges’ that absorb water during peak flow times, reducing flood 

peaks, maintaining release of water during dry season, and preventing soil erosion. 

The theory evolved as large scale logging and deforestation for agriculture occurred 

and led to reports of reductions in spring flow, and increases in flood magnitude 

(Bruijnzeel, 2004). This places forests as the primary regulator of catchments and 

therefore prescribes widespread revegetation and forestation programs, including 

establishing broad-scale forestry plantations (Bruijnzeel, 2004).  

 

The second school of thought, more broadly supported by scientific literature, 

reflects the complexity of catchment processes. The following sections summarise 

the current research-based understanding of the role of vegetation in catchment 

processes.  

 

Soil infiltration capacity controls the volume of water that can be absorbed during 

rainfall events, particularly during high intensity rainfall. Soils under primary forest 

are often deep, undisturbed and contain high proportions of organic matter and 

biota. Raindrops falling from the forest canopy can be absorbed by porous and 

uncompacted soils, until infiltration capacity is exceeded, at which point overland 

(Hortonian) flow begins to occur. Increased roughness of the soil surface slows the 

rate of overland flow, and can reduce total overland flow by a small amount, but 

once the infiltration capacity is exceeded this will have little impact on infiltration 

(Gupta, 2013). Dense, deep-rooted vegetation, along with healthy soil biota can 

increase and maintain the infiltration capacity of soils.   

 

Total water yield increases in catchments after forest clearance (Hibbert, 1969, 

Hamilton and King, 1983, Bosch and Hewlett, 1982), as one might expect with the 

removal of evapotranspiration by trees. Conversely, reforestation with fast-growing 

production trees decreases total water yield instream (Kuczera, 1987, Bosch and 

Hewlett, 1982). Fast-growing trees use more water than slow-growing trees. 
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Production forestry trees are generally chosen for short rotation times as well as 

timber quality, and short rotation implies fast growth and relatively high 

evapotranspiration rate.  However, water yield in streams is influenced by many 

factors, including the infiltration capacity of soil and subsurface water movement as 

well as the evapotranspiration rate of trees (Kuczera, 1987, Bosch and Hewlett, 1982).  

 

 

Complete clearing of a catchment for conversion to agriculture or other intensive 

uses, can cause soil compaction and reduce infiltration capacity, therefore reducing 

subsoil flows in springs and streams in the dry season. However, if the infiltration 

capacity is maintained, no significant difference is expected. Some researchers have 

suggested that reforestation with production timber can have a negative impact on 

total water yield during the dry season, as deep rooted trees continue to grow and 

transpire in the dry season (Calder, 2003). Some commonly planted production 

species, Teak (Tectonia grandis) and to a lesser extent Mahogany (Swietania 

macrophylla) also have low total water use efficiency (Cernusak et al., 2007) 

suggesting that broadscale plantings may reduce water yield.  

 

These principles were demonstrated in the GenRiver Model (Lusiana et al., 2008) in 

the Belu catchment of West Timor, Indonesia. Reforestation of the catchment with 

plantation species was projected to have a minor impact on reducing run-off but 

significantly increased evapotranspiration, and little net impact on low flows.  

 

Large floods are generally caused by intense rainfall over a large area for a sustained 

period. During such an event, forest cover has very little influence as soil infiltration 

capacity is often reached in the first five minutes of rainfall. Forest cover can reduce 

high flow peaks during small rain events but are unlikely to influence the peak flood 

height during intense, prolonged rain events (Bruijnzeel, 2004).   

 

Soil infiltration capacity is also reduced by raindrop impact, which can seal the soil 

surface by breaking down soil aggregates. Raindrop impact is also a key process in 



soil surface erosion, with large raindrops detaching soil particles for entrainment in 

overland flow. Leaf litter and other ground cover is essential in protecting the soil 

surface from raindrop impact. Teak (Tectonis grandis) is often planted for timber 

production in forest rehabilitation and reafforestation projects in Indonesia. Teak has 

large leaves, producing large raindrops with raindrop energy up to 9 times greater 

than unimpeded rainfall (Calder, 2001). The high energy raindrops cause soil surface 

sealing, therefore reducing this infiltration capacity (Calder, 2001).  

These biophysical and hydrological processes fail to explain the perceived increase 

in magnitude and frequency of large floods on the major rivers of Asia. Reviews on 

the subject (FAO, 2005, Bruijnzeel, 2004) suggest that it is not the flood size and 

magnitude that has increased, but the impact of those floods. Increasing population 

density and demand for agriculture, drives people to live on flood prone land. Thus, 

when a major flood arrives there are many more people and assets at risk of 

drowning than there would have been in the past.   

2.5 Influence of shifting agriculture on erosion 

Just as benefits of reforestation are often simplified and overstated, so is the degree 

to which shifting agriculture is believed to be the cause of erosion and 

sedimentation.  

Shifting or swidden 

agriculture (sometimes 

referred to as ‘slash and 

burn’ agriculture), can be  

defined as an agricultural 

system in which farmers fell 

then burn patches of 

vegetation in the dry season, 

21 

Figure 2-1: Swidden agriculture cycle, Source: (Fox, 2000). 
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to clear the land and release nutrients. Cleared fields are then cultivated and 

harvested for one or more years until the productivity declines, and then these 

gardens are left fallow. Regrowth areas are quickly recolonised and regenerate into 

secondary forest (Figure 2.1; Fox, 2000).  Farmers practising shifting agriculture 

generally have 3-4 garden plots, which are used in rotation. The swidden agriculture 

cycle has been maintained for thousands of years in South East Asia. Fox (2000) 

suggests that shifting agriculture may be the most sustainable agricultural landuse in 

infertile upland areas in eastern Indonesia. 

 

With recent increases in population pressure and changing development agendas 

agricultural systems have changed in many areas. Commonly, fallow periods have 

been reduced due to increasing population pressure and changes in land tenure 

(Cairns and Garrity, 1999, Vliet et al., 2012). The sustainability of the swidden cycle 

depends on maintaining sufficient fallow periods to allow for recovery of soil 

nutrients.  

 

There is a common belief amongst governments and policy makers that rates of soil 

erosion are higher under shifting agriculture systems than permanent agriculture, 

however soil erosion commonly increases where shifting agriculture plots are 

converted to permanent agriculture (Vliet et al., 2012, Ziegler et al., 2009). The 

influence of these practices on river sediment loads and sedimentation of water 

storages at a catchment scale has rarely been investigated (Sidle et al., 2006). 

Understanding the relative contribution of sediment sources can provide a strong 

evidence base for effective catchment management in the wet-dry tropics of Asia 

(Parsons, 2012, Walling and Collins, 2008).  

 

In summary, sediment sources are poorly understood in the wet-dry tropics of Asia, 

and many assumptions are made about the impacts of land use on soil and water at 

a catchment scale, but few studies have addressed this issue.  However, empirical 

evidence is only one of the requirements for effective catchment management. An 

effective policy framework which supports implementation of evidence-based 
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planning is essential.  Integrated catchment management and relevant Indonesian 

policies are discussed in subsequent sections. 

 

2.6 Global emergence of integrated catchment management  

 

Catchment management planning has evolved to be more participatory and 

integrated over the last 20-30 years, from growing recognition that land and water 

systems are interrelated and cannot be effectively managed in isolation.  

 

The initial phases of catchment or watershed management in the United States 

during the 1980’s were focussed on forestry and forestry-related hydrology, 

managed by government forestry departments. Activities were generally focussed 

on addressing biophysical impacts of land and water degradation, not addressing 

the underlying causes. There was little or no consideration and consultation with 

local communities (Achouri, 2005).   

 

During the 1990’s, the focus turned to land resources management, including 

activities that would bring economic benefits to local communities. This focused on 

local communities as beneficiaries, and started to address social and economic issues 

as well as biophysical impacts (Achouri, 2005).  This approach was known as 

integrated catchment management. Thus, there has been a fundamental shift from a 

purely technical approach to a community-centric approach (Achouri, 2005).  

 

Participatory catchment management represents further advancements in catchment 

management theory, with stakeholders driving the catchment management process 

at a local scale. This places equal emphasis on the needs of the environment and 

local communities.  

 

Many researchers remain critical of the current catchment management policies  

which are often based on oversimplifications of environmental systems and 
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processes (FAO, 2005, Bruijnzeel, 2004, Calder, 2003), largely due to lack of technical 

expertise. 

 

2.7 Indonesian legislation governing catchment management 

 

This section provides context for understanding the current catchment management 

legislation. The section begins by outlining the hierarchy of Indonesian legislation 

followed by the history of forest management through the Dutch colonial, Soekarno 

and Suharto periods of Indonesian history, as a basis for understanding the 

development of catchment management during the era of decentralisation. 

Legislation related to catchment management is outlined, described and analysed, 

critiquing technical content, with respect to the current state of knowledge presented 

previously.   

 

Indonesian legislation consists of a basic hierarchy of laws and regulations, as 

described in Republic of Indonesia Law regarding formation of legislation1  No. 

12/2011(RI, 2011b):  

1. National Law (Undang-Undang Republik Indonesia) 

2. National Regulations (Peraturan Pemerintah) 

3. Ministerial Regulations (Peraturan Menteri) 

4. Regional Regulations  (Peraturan Daerah)  

National laws are executed by national regulations, which are then interpreted and 

implemented by the ministerial regulations (where required), with increasing level 

of detail. In the era of regional autonomy, regional regulations can be created and 

implemented at a Provincial, District or Village level at any time, provided they are 

not in conflict with national laws or regulations (RI, 2011b).  

 

                                                      
1 Undang-undang tentang pembentukan peraturan perundangan Nm 12, Thn 2011 
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There has been rapid development of both National and Regional (provincial) 

catchment management regulations in the past 5 years, and little current literature is 

available. Therefore evidence is taken from two sources; my own translation and 

interpretation of the laws and regulation, and presentations and explanations 

provided at three catchment management workshops. Indonesian law and 

regulations documents all provide: 1) the year of endorsement and publication, 2) 

the interaction between current document and existing laws and regulations, in the 

form of an extensive list of laws and regulations. Where a relevant law or regulation 

is omitted from this list, it is assumed that there is no interaction between the 

documents. This information provides the basis for outlines of laws and regulations 

relating to catchment management (section 2.6.3).       

 

The final sections of this chapter provide summaries and analyses of the catchment 

management planning processes and technical content of the most recent National 

and Regional catchment management regulations, based on my own translation and 

interpretation of the regulations and participation in three catchment management 

workshops at different stages of development and implementation of the regulations 

in the form of catchment management plans. Participation in these workshops 

provided clarification of the technical basis for information used in developing 

catchment management regulations and plans. Where the regulations are not 

explicit, some information has been taken from the Noelmina River catchment 

management plan2 (BP-DAS, 2011) as the embodiment of the catchment 

management regulations.   

 

Catchment management regulations are informed by National laws, originating 

from different government Ministries. The Ministry of Forestry (MoF) currently has 

responsibility for integrated catchment management; therefore the evolution and 

current laws and regulations of the Forestry sector are discussed in depth.  

The Ministry of Infrastructure and Public Works (MoIPW) has responsibility for 

water resource management, but these policies are described only briefly because the 

                                                      
2 Rencana Pengelolaan Daerah Aliran Sungai Terpadu di DAS Noelmina 
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regulations produced by this ministry are generally not referenced in and are partly 

contradictory to catchment management regulations released by the MoF.  

 

2.7.1 History of forest and catchment management laws in Indonesia   

 

During the Dutch era, pre-1942, Indonesian forests were centrally governed, 

primarily for timber production which benefitted the Dutch colonisers. Forest 

management was conducted using the ‘scientific forest management’ approach, 

which aims to maximise timber production through active management of forests, 

with equal emphasis on harvesting and forest regeneration, improved through 

experimental research. This notion also excludes the community from forests and 

fails to recognise the strong interactions between communities and forests that had 

shaped the forest over many generations (Peluso and Vandergeest, 2001).  The focus 

was primarily on Java with some activities on the ‘Outer Islands’, of which only the 

tall forests of Sumatera, Kalimantan and Sulawesi received much attention (Peluso, 

1992).  Large areas of forest were claimed as government forest estate, for timber 

production and conservation irrespective of traditional ownership or use. Local 

people were essentially excluded from the forests and this exclusion was enforced by 

the local people employed by the Dutch administration. Forestry was included in 

University curriculums and many Indonesians were schooled and employed in this 

form of scientific forest management (Peluso, 1992).  

  

 The Japanese occupation (1942-1945) brought drastic changes in forest management, 

with extraction increasing at least threefold, and very little forest regeneration 

(Peluso, 1992). During this period forest workers were forced into slave labour in 

very poor conditions. In order to harvest more remote forests, workers were 

established in camps within the forest boundaries. Facing starvation, many forest 

workers and their families began to occupy, clear and farm forest areas that 

technically remained within the forest estate (Peluso, 1992).    

At the beginning of Independence, post 1945, the new Indonesian Forestry 

Commission was established. The Dutch forestry laws were translated essentially 
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word for word (Barr, 2006, Peluso, 1992) as the Dutch trained Indonesian foresters 

tried to re-establish central government control over forest management. There were 

however many people (villagers, revolutionaries, political parties) who disagreed 

with this return to the state owned scientific forest management, believing state 

control of forests was not in the spirit of the new independent state, and forests 

should be managed for the people, by the people. The Soekarno government 

attempted to reconcile state and adat law, with the Basic Agrarian Law in 1960 

recognising adat law where it did not conflict with “state interest” (Peluso, 1992).  

The fundamental role forests play in the livelihoods of forest dwellers and those who 

live on the fringe was recognised by political parties, and forest policies and political 

ideologies closely linked. This rebellion against state control took many forms, the 

physical results of which were evident in the form of destruction of large areas of 

disputed forests in Java.  It is important to understand this fundamental difference 

between the centralised, so-called scientific approach and community managed 

forests which remains an unresolved issue in forest and catchment management 

regulations to the present day (Peluso, 1992). 

 

The advent of Soeharto’s New Order government in 1967 effectively ended any state 

recognition of forest dwellers’ rights to the forest, increasing political and military 

power, and enabled the government to regain control over designated forest areas, 

returning to the colonial model of state-controlled scientific forestry management, 

producing high quality timber for export and thus state revenue (Barber, 1989).    

 

In the 1980’s the government responded to increasing pressure to allow local people 

access to forest resources with social forestry programs. These programs were 

focussed on unproductive and deforested forest lands, with a primary focus on 

increasing the productivity of the forest estate with the benefits to communities a 

secondary goal. As a result, programs were largely ineffectual due to the 

government’s reluctance to relinquish any real control to local communities (Barber, 

1989).  
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By the early 1990’s a major shift in regulations occurred, from large-scale timber 

production from native forests to establishment of large scale industrial plantations 

on the ‘Outer Islands’. This predominantly affected areas of Kalimantan, Sumatera 

and later Irian Jaya (Mayer, 1996). Throughout the New Order and previous 

regimes, forests had been controlled centrally, for the benefit of the State and 

ostensibly the environment, with forest dwellers perceived largely as a hindrance to 

scientific management (Mayer, 1996). 

 

In 1967 the Republic of Indonesia Law regarding Forestry3 No. 5/1967 (1967 Basic 

Forest Law;  RI, 1967) designated 143 million hectares, which equates to three-

quarters of the nation’s total land area as ‘Forest Estate’ (Kawasan Hutan) (Barr, 2006). 

This was based on the forest areas designated in colonial times, with additional new 

areas designated as government-owned forest. In the first phase of forest designation 

forest areas were defined according to physical attributes, some of which were not 

related to forest cover. There was no consideration of the current land use within 

these boundaries and in many cases whole villages and their farmlands were 

included within the forest boundaries. This designation of forest lands was 

undertaken in all areas of Indonesia, including Nusa Tenggara Timur province, 

where little forest management had been implemented previously. This was the first 

stage of a three-stage process for designating forest areas.  

 

The second phase of designating forest areas was measurement (pengukuran) and 

designation of forest boundaries in the field, and can only be undertaken by the 

provincial Body for Consolidation of Forest Boundaries (Badan Pemantapan Kawasan 

Hutan, BPKH). During this phase each village must have areas for housing and 

agricultural use, known as exclusion zones (RI, 1967). Designated forest areas in East 

Sumba district are all in various stages of the second phase, despite initiation of the 

process decades ago (U Nathan 2014, pers. comm).      

 

                                                      
3 Undang-undang pokok-pokok Kehutanan Nm 5/1967 
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The third phase in declaration of forest areas is the ‘decree’ (Penetapan) which is 

coordinated by the BPKH and undertaken by a locally formed committee. Led by the 

head of the District (Bupati) and District Forestry Department, the committee is 

legally obligated to include representatives from relevant government departments, 

community, religious leaders and can include universities and NGOs (RI, 1967). 

 

2.7.2 Forest Management in the Era of Decentralisation  

 

Following the collapse of Soeharto’s New Order regime, the Indonesian government 

moved towards decentralisation of decision-making, with many responsibilities 

delegated to the District (Kabupaten) (Aspinalli and Fealy, 2003).   

 

Decentralisation of forest management was legislated by Republic of Indonesia Law  

regarding Forestry Number 41 19994 (1999 Forestry Law; RI, 1999) which revised the 

1967 Basic forestry law. Under this law, the forest estate was divided into three main 

functional categories: conservation forest; protection forest and production forest. 

The purpose of each forest category, primary responsibility for management and 

level community involvement in management is outlined in the following 

paragraphs (RI, 1999).  

 

Conservation forest (Hutan Konservasi) areas, which include National Parks and 

reserves, remained the responsibility of the National government and were 

designated primarily for conservation of biodiversity and water resources (RI, 1999).  

The community is largely excluded from the forest, but more recent regulations 

(Minister of Forestry Regulation No. 56, 2006 regarding Guidelines for Zonation of 

National Parks5 (RI, 2006)) allow for some community access to forest resources. 

Although legislated, the zonation process has not yet been implemented in many 

areas (Mulyana et al., 2010). 

 

                                                      
4 Undang-Undang Republik Indonesia Nomor 41 Tahun 1999 tentang Kehutanan 
5 Peraturan Menteri Kehutanan Nomor P.56/2006 tentang Pedoman Zonasi Taman Nasional 
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Protection forest (Hutan lindung) is managed by the District (Kabupaten) government 

for the protection of land and water resources. The 1999 Forestry Law states that 

protection forests will regulate water flow, prevent floods, control erosion, prevent 

intrusion of sea water and protect soil fertility. Under permit, communities are 

allowed to ‘use forest areas’ (RI, 1999), use environmental services and harvest non-

timber forest products. This includes planting of tree crops and other non-timber 

forest products for future use. Planting is not limited to native species (RI, 1999).  

 

Production forest (Hutan produksi) is managed by the District government for timber 

production. Communities are allowed access to non-timber forest products, but 

harvesting of timber by local people is strictly forbidden (RI, 1999).  New social 

forestry programs are creating opportunities for the community to establish timber 

plantations for their own benefit. This is restricted to new plantings, rather than 

existing timber resources (RI, 2007). This program is being established but 

 has not yet been evaluated (U. Nathan 2013, pers. comm).    

 

This process therefore delegated responsibility for management to the District 

Forestry Departments, but the previously designated forestry boundaries are to be 

retained. The 1999 Forestry Law states that 30% of every catchment or island should 

be forested land.  The forest will provide for environmental, social and ‘economic 

uses for the local community’(RI, 1999; section 18).     

  

These forest categories are recognised and accepted by relevant government 

authorities, and are adopted as the basis for all forestry programs. However 

communities have varying perceptions of the extent and purpose of the designated 

forest categories. Some farmers are unaware that their ancestral lands and villages 

have been declared ‘forest estate’ (S. Paranggi, 2012, pers. comm). 

 

In summary, designated forest areas account for 30% of the land area of Indonesia. 

The primary purpose of these forest areas varies depending on forest categories from 

conservation and soil and water resource protection to timber production, and 
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varying levels of community access can be allowed depending on the forest 

category. The national Ministry of Forestry (MoF) and its forest categories are 

important for catchment management planning because;  1) catchment management 

regulations are based on these laws and principles; 2) designated forest areas 

represent a large proportion of land, 3) there remains conflict over land use within 

these areas which needs to be resolved before remediation measures can be 

implemented successfully.    

 

2.7.3 Current Indonesian Catchment Management Laws and Regulations 

 

Moves towards catchment management began in the 1980’s when the MoF 

determined priority catchments for land rehabilitation works, based on the following 

criteria (Rachman, 2002, Anwar, 2005): 

 

 area of critically ‘at risk’ forest and land; 

 soil erosion levels; 

 hydrological condition (discharge levels, sediment content, pollutant content 

and sediment delivery ratio); 

 socio- economic factors (population pressure to the land, percentage of poor 

in population); 

 existing investment (important building, dams); and  

 local or regional development regulations.  

 

However it was not until 2012 that the first specific National Government Regulation 

regarding Catchment Management No. 37/20126 (National regulations) was released 

with the MoF having primary responsibility for implementing catchment 

management. 

 

                                                      
6 Peraturan Pemerintah Republik Indonesia tentang Pengelolaan Daerah Aliran Sungai Nm. 37/2012 
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In the period between determining priority catchments in the 1980’s and releasing 

National Regulations for catchment management a myriad of regulations has been 

released, pertaining to water and catchment management, including the Nusa 

Tenggara Timur Provincial Regulations regarding Integrated Catchment 

Management No. 5 2008 7 (NTT regulations).  In the official legal process, the Law 

provides the basis for all regulations. To enable execution of laws, national 

regulations are developed, followed by ministry level regulations which are 

designed to provide detailed instructions for execution and implementation of the 

law and national regulations (RI, 2011b).   

 

Provinces are able to make their own regulations at any time, provided it is not in 

direct conflict with National laws and regulations. Figure 2.2 summarises the current 

laws and regulations.  

 

 

Figure 2-2 - Flow chart summarising the current Indonesian catchment and water management laws 

and regulations 

                                                      
7 Peraturan Daerah tentang Pengelolaan Daerah Aliran Sungai Terpadu Nm 5/2008 
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The actual process was that the NTT regulations were released first (RI, 2008), 

followed by two different, but seemingly contradictory Ministerial regulations from 

the MoF regarding development of catchment management plans (RI, 2009a, RI, 

2009b). The final piece of regulation to be released was the National catchment 

management regulation (RI, 2012). The order in which these documents were 

released would not be problematic if they were consistent, but there are 

inconsistencies regarding the planning methods, level of stakeholder engagement 

and research requirements.  

 

During the period that the NTT and National catchment management regulations 

were being created, two other key national regulations were released, based on the 

Water Resources Law, No. 7 20048 (RI, 2004); the Government Regulations regarding 

Water Resource Management No. 42/20089 (WRM regulation) and Government 

Regulations regarding Rivers No. 38/201110 (Rivers Regulation) (RI, 2008, RI, 2011a). 

These regulations were created by the Ministry of Infrastructure and Public Works, 

but they are not acknowledged in the 2012 National Catchment Management 

Regulations, although they include requirements for water resources management 

planning, including land management to improve water quality and availability. The 

Water Resources Management Regulations also detail methods for allocating water 

for domestic, irrigation and environmental flows.  Whilst there is considerable 

overlap in the catchment management planning and water resource management 

planning systems, the former is the undertaking of the Ministry of Forestry and the 

latter is the responsibility of the Ministry of Infrastructure and Public Works.  

 

The Rivers Regulation is largely focussed on urban land use planning and restricting 

development on river banks. This maintains the requirement for no development in  

                                                      
8 Undang –Undang Republik Indonesia Nm. 7 2004 tentang Sumber Daya Air 
9 Peraturan Pemerintah Republik Indonesia Nm. 42 Thn 2008 tentang Pengelolaan Sumber Daya Air 
10 Peraturan Pemerintah Republik Indonesia tentang Sungai Nm.38/2011 
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extensive riparian buffer zones in rural areas (50-100m), but reduces the buffer width 

in urban areas (10-30m) (RI, 2011a).   

 

The most contradictory element of the Rivers Regulation is the prescription that 95% 

of the baseflow of the river is required to reach the estuary (RI, 2011a, section 25), 

which is in direct conflict with the requirements of the Water Resources 

Management regulation which prioritises domestic and irrigation flows (RI, 2008).   

2.7.4 Comparison of the NTT and National catchment management regulations 

 

The following sections present an overview of the NTT and National catchment 

management planning regulations, reviewing planning processes, levels of 

stakeholder engagement and potential for inclusion of relevant research results.  The 

section concludes with a comparison of the two regulations.  

 

 

NTT Provincial Integrated Catchment Management Regulations 

 

The NTT regulations were drafted by the NTT multi-stakeholder catchment 

management Forum (Forum DAS) and approved by the NTT Governor (NTT, 2008). 

The following provides a basic overview of the planning and management approach 

prescribed by these regulations. It is important to understand the basis of these 

regulations for comparison with the National Regulations.  

 

Catchment management in NTT was developed to address four key issues, as 

determined by Forum DAS (NTT, 2008, p.17):  

 

 Rapid increase in the area of ‘critical land’, in regard to soil and water resources. 

Currently [2008] the area classified as critical in the NTT is over 2,195,000 ha or 

46% of the land area;  

 

 Decreasing productivity of farm land;  
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 Decreasing function of river catchments as water catching/holding areas; 

 Reductions in the capacity of catchment areas to reduce the speed of surface runoff, 

especially in high intensity rainfall events in the wet season. 

 

“These conditions have caused reductions in land cover, increases in erosion and shallowing 

of rivers, so that floods and landslides cannot be avoided and cause great loss of assets and 

life”(NTT, 2008, p.17). These statements are not supported by data, references or any 

explanation of their basis, and are discussed in the following sections.  

 

The principles of catchment management, stated in the regulations include 

community empowerment, community-driven action and recognition of local 

knowledge, which claims a commitment to involvement of communities as 

stakeholders in the planning process (NTT, 2008). This is also demonstrated through 

the aims of catchment management to establish coordination, integration and 

synchronisation among a range of stakeholders, with the joint goals of establishing 

an optimal water management system, increasing land productivity and increasing 

the prosperity of the community.   

 

The regulations prescribe a participative planning process, including engagement 

and participation of a variety of stakeholders, to be facilitated in the multi-

stakeholder forum. The resulting plan will be in place for 15 years, during which 5 

yearly revisions are to be performed by the multi-stakeholder forum. The planning 

process consists of the five steps below (NTT, 2008, p.6);  

1. Inventory of catchment characteristics, based on research and data collection 

2. Identification of problems 

3. Identification of stakeholders 

4. Formulation of plan including: 

a. aims and targets 

b. policy and programs 

c. organisational structures 

d. monitoring and evaluation 
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e. incentive and disincentive programs  

f. funding allocations 

5. Approval and endorsement by the Governor  

 

In summary, according to NTT regulations the catchment management planning 

process will be participative, undertaken by a multi-stakeholder forum and focussed 

on coordination of activities to improve the catchment function and environment. 

This could be classified as ‘empowerment’ in the spectrum of stakeholder 

participation (IAP2, 2013).  
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National Catchment Management Regulations 

 

The National catchment management regulations (RI, 2012) were purported by the 

Head of the National Catchment Management Division of the Ministry of Forestry  

to be largely based on the NTT regulations (BPDAS, 2012), and were expected to 

follow a similar format. However the planning mechanisms described in the 

National regulations are different to those in the NTT regulations. At the National 

level the aims of catchment management are not stated and planning is to be 

undertaken by the government representatives in three stages (RI, 2012; p.6);  

 

1) Inventory of data and information, based on existing government datasets 

2) Planning of catchment management restoration works undertaken by a nominated 

interagency government team  

3) Endorsement by the Bupati/Governor/ Minister   

 

Planning is to be undertaken by the National government for catchments across 

provinces, the Provincial government for catchments that cross District boundaries, 

and the District government where the catchment is within a single District. There is 

no requirement in the National regulations for inclusion of non-government 

stakeholders (NGO, business or community) in the planning team, or for community 

engagement (RI, 2012, p10).  The remainder of the regulations set out the technical 

approaches to creating the catchment management plan, based on interpretation of 

the data provided by the National government in the inventory process. Although it 

is not explicit in the regulations, common practice in Indonesia is the ‘socialisation’ 

of new rules and regulations, thus the required level of community involvement is 

limited to informing the public (IAP2, 2013).  The final plan will be in place for 15 

years, with 5 yearly revisions. 

 

Comparison of the National and NTT regulations indicates that planning 

mechanisms in the NTT provincial regulations are inclusive and participative 

requiring a high level of stakeholder involvement and requiring further research to 
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underpin decision-making.  In contrast the more recent National regulations 

prescribe a formulaic planning approach, to produce a technical document, based on 

existing government data. Little or no stakeholder engagement is required.   

 

As funding for current catchment management planning processes is provided by 

the Ministry of Forestry, the 2012 National regulations are currently being 

implemented in preference to the NTT regulations. Therefore catchment 

management is being implemented as a technical process with little community 

involvement, not the stakeholder-driven process prescribed by the NTT regulations 

(Hobgen et al., unpublished data11). The scientific basis of these regulations will be 

discussed in the following section. 

 

2.7.5 Critique of technical content of current regulations 

 

The National and NTT catchment and National Water Resource Management 

regulations are based on the similar understanding of catchment processes and 

prescribe largely the same catchment rehabilitation activities (RI, 2012, RI, 2008, RI, 

2011a). While the Rivers Regulations relate only to the river and immediate banks, 

conservation approaches are compliant with, but less detailed than those described 

in regulations listed above. This section will broadly cover a range of technical 

assumptions about catchment processes that are present in the catchment 

management regulations, but not supported by the current literature on the topic, 

particularly influence of land cover on the size and frequency of flooding and 

sources of sediment leading to sedimentation of water storages.     

 

There is a perception that the size and frequency of annual flooding is a result of 

catchment degradation. The perception of trends in flooding was demonstrated by 

the presentation of Figure 2.3 at a catchment management workshop in Waingapu, 

April 2010. The figure titled ‘Monthly average discharge during the year for 

                                                      
11 Hobgen, S., Myers, B., Muga, E. (2013) Unpublished data from interviews of key 

stakeholders 
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Benenain River at Noil Benenain Numbei measurement station’ spans the period 

1985-2000, and in the accompanying explanation the orange line was described as 

indicating that large floods are increasing in size and frequency, as a result of 

catchment degradation. This interpretation is based on several unfounded 

assumptions; first, that analysis of a small dataset of depths at one location is 

sufficient to establish an average of flow size and change; second that significant 

land degradation has occurred during this period; and third that any changes in 

river flow are caused by catchment degradation.     

 

 

Figure 2-3 Figure presenting Mean monthly discharge data (m3/sec) from the Benanain River, 

presented at catchment management workshop in Waingapu, 2010.   

The management solution proposed for reducing this perceived increasing flood 

frequency is to revegetate the upper catchment, largely with timber production 

species. However, as discussed previously, flood peaks are influenced by the 

infiltration capacity of the soil, not the presence or absence of forest. In addition, soil 

infiltration capacity is likely to have an impact on small flood peaks, but is unlikely 

to influence large flood peaks (Bruijnzeel, 2004).     
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All regulations place a strong emphasis on the relationship between the upper, mid 

and lower catchments, identifying the upper catchment as the water catchment area, 

source of sediment and the focus for rehabilitation works. This is articulated in a 

description of the upper catchment in the NTT guidelines (NTT, 2008, p.5): 

 

“The top of the catchment is undulating, hilly or mountainous... and forms the source of 

water that enters the river directly and/or through the streams, with erosion sources, some of 

which is transported into the lower catchment to become sediment.”  

 

The perception that the upper catchment is the source of all sediment may arise from 

the poor understanding of sediment sources, derived from research in the upper 

reaches of Javanese catchments. Regulations prescribe that erosion rates are 

estimated from the Universal Soil Loss Equation (USLE) model for surface erosion in 

a GIS environment (Wischmeier and Smith, 1978, BP-DAS, 2011 p.49). The USLE is 

designed only for evaluation of surface erosion processes, and does not account for 

gully erosion, channel bank erosion, mass movements or the contribution from 

roads, paths and settlements (Nagle et al., 1999). It has also been suggested that the 

USLE model overestimates surface erosion in tropical catchments (Lu et al., 2001, 

Brooks et al., 2014b, Kinnell, 2010) (see Section 4.4.1).   

 

In the catchment regulations, it is implied that surface erosion is caused 

predominantly by land degradation. Although land degradation is not defined, there 

are implications that it is caused by timber harvesting and uncontrolled fire (as 

stated in catchment management workshops), and shifting cultivation practices 

(stated in regulations). However some researchers are of the opinion that shifting 

cultivation can cause less erosion than permanent agriculture (Fox, 2000, Sidle et al., 

2006, Rijsdijk, 2005).   

 

Subsurface sediment sources are poorly addressed in catchment management 

regulations. Landslides are the only subsurface dominant erosion process included 

in erosion risk evaluation. Channel bank erosion in the mid and lower catchment is 

mentioned in the section pertaining to floods. Bank erosion however, is considered a 
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symptom of floods, caused by land degradation in the upper catchment (BP-DAS, 

2011, p.94), and the inference is that reforestation works in the upper catchment will 

therefore prevent channel bank erosion in the mid and lower catchment. This is very 

unlikely given that reforestation may not prevent floods, and even if reforestation 

was undertaken along the whole river bank in the mid and lower catchment, 

channels are unlikely to become entirely stable. Evidence of this is channel bank 

erosion in the large catchments of northern Australia where channel bank erosion is 

dominant even though the catchment is largely native vegetation (Rustomji and 

Caitcheon, 2010).  

 

Gully erosion is not mentioned in any of the above regulations, but is a moderate to 

large sediment source in most published sediment budgets in the wet-dry tropics 

(Rustomji et al., 2010, McCloskey, 2010, Brooks et al., 2013, Bartley et al., 2007).  

 

In summary, the following key assumptions in the regulations and plans are 

considered unfounded, given the research findings from other parts of the wet-dry 

tropics:  

1) The upper catchment is the source of all sediment 

2) Surface erosion processes are the dominant erosion process 

3) Shifting agriculture is a major cause of erosion  

4) Gully erosion is not a significant sediment source 

5) Channel change in the mid and lower catchments is caused by land 

degradation in the upper catchment 

6) Floods are caused by degradation of the catchment, and will be prevented by 

reforestation 

This thesis addresses the first five assumptions, which are related to erosion and 

sedimentation.  
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Chapter 3 –  

Biophysical and socioeconomic 

characteristics of the Kambaniru 
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3 Biophysical and socioeconomic characteristics of the 

Kambaniru Catchment 

 

Understanding the landscape of Sumba is essential for interpreting erosion and 

sedimentation, just as a basic understanding of farmers, farming practices and 

human population dynamics is essential for finding practical and effective solutions 

for reducing erosion and sedimentation. This chapter provides an overview of the 

biophysical and sociocultural conditions in Sumba and outlines the environmental 

services provided by the Kambaniru Catchment. 

3.1    Location 

 

The island of Sumba is located south of the Banda Arc of islands, in the eastern 

Indonesian province of East Nusa Tenggara (Propinsi Nusa Tenggara Timur, NTT). 

Sumba island is approximately 300 km west of Timor Island and 800 kms north west 

of the Western Australian Kimberley coast (Figure 3.1). Waingapu is the 

administrative capital and population centre of the District of East Sumba (Kabupaten 

Sumba Timur) located on the north eastern coast of the island.  The Kambaniru 

catchment is the largest on Sumba island, located wholly within the East Sumba 

District. 

 



46 

 

 

 

Figure 3-1 Kambaniru catchment in the East Sumba Government district of NTT, Indonesia 

 

3.2     Biophysical Context  

3.2.1 Climate  

The climate of Sumba is wet-dry tropical, characterised by a long, hot dry season and 

short, variable wet season (Monk et al., 1997). Rains in the wet season are usually the 

result of north-west monsoon winds which have already lost most of their moisture 

over western Indonesia before they reach NTT, with the remainder of the rainfall 

resulting from tropical cyclones. From April onwards the southeast trade winds 

bring cool, dry air that has passed over the Australian continent. East Sumba has one 

of the driest climates in Indonesia with low annual rainfall (average of 840mm at the 

coast) and strong seasonality; an average of only 45mm of rainfall in 5 months (June 
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– end of October). The small number of rainy days and strong seasonality indicate a 

true monsoon drought cycle (van Steenis unpublished; cited in Monk et al., 1997, 

BKMG, 2012).  

 

The southern part of East Sumba, particularly in the higher altitudes (700-1200m), 

receives more rainfall over a longer wet season; commonly 5-6 months in the south 

and 3 months on the north coast. Reliable rainfall data are only available for the 

north coast. However the modelled rainfall distribution (Hijmans et al., 2005) 

suggests the highest elevations receive 2-3 times the average annual rainfall of the 

north coast (around 2000-2400mm/yr, see Figure 3.2). This is supported by the 

similarity between recorded data and Worldclim modelled rainfall at the Mau Hau 

climate observation station (840 mm/yr and 820mm/yr respectively). Also, observed 

vegetation clines are as expected for modelled rainfall, with open savannas  

dominant on the lowland plains, and dense semi-deciduous tropical forests 

predominating in undisturbed areas of the higher elevations.  

 

Figure 3-2 Mean annual rainfall in Sumba, from Worldclim global climate model and location of 

Mau Hau Climate Station at Waingapu airport. 
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3.2.2 Geology   

 

While the majority of the Banda Arc of islands result predominantly from recent 

volcanic activity, the tectonic history of Sumba remains a topic of debate (Fortuin et 

al., 1997, Rutherford et al., 2001). Sumba is considered a micro-continent with 

theories variously proposing that it originated from the Australian crust, the Asian 

continent or as part of the oceanic floor in a volcanic arc (Rutherford et al., 2001).  

The oldest element of the island consists of a basement of Cretaceous volcanics, 

including the Masu Formation andesites and basalts accompanied by gabbroic and 

granodioriditic intrusions (see Figure 3.3).  
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Figure 3-3 Geology of the Kambaniru catchment 

    

Most studies agree that these basement volcanics undertook a complex series of 

movements, subsidence and rotations before they began emerging up to 4km from 

the sea floor in approximately their current location, 7 million years ago (Rutherford 

et al., 2001, Fortuin et al., 1997), and are still uplifting on average 0.7  mm annually 

(Fortuin et al., 1994). During the time of subsidence the basement rocks were buried 
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by volcaniclastic turbidites and other sediments, the remains of which are currently 

up to 600m thick. In eastern Sumba these sediments form the Kananggar Formation 

(Effendi and Apandi, 1981).      

 

Hills consisting of the volcanic Masu Formation form part of the headwaters of the 

Kambaniru catchment, near the southern coast of the island.  The mid and lower 

parts of the catchment consist almost exclusively of Kananggar Formation 

sediments, overlain in part by reef limestones. In the lower catchment these 

limestone terraces form the eastern and western boundaries of the catchment.  

3.2.3 Topography   

 

Sumba has a relatively low relief, with the highest peak just 1225m above sea level 

compared with high maximum elevations on the nearby islands of 

Sumbawa (2851m), Flores (2370m) and Timor (2963m). Much of Sumba island is 

composed of low, steep hills, with shallow fertile valleys.  The northern and eastern 

coast are predominantly flat limestone terraces with shallow stony soils, dissected by 

deep ravines.    

  

The Kambaniru catchment spans 1,227km2 making it the largest catchment on 

Sumba Island. At the top of the catchment is the forested peak of Mt Wanggameti 

(1225m), the highest point in East Sumba and part of the undulating mountains that 

form the southern catchment boundary.  These steep hills are predominantly 

forested and form the headwaters of the Billa, Waikanabu, Ramuk and Wanggameti  

subcatchments (Figure 3.4). At the base of the higher hills these tributaries meet and 

the Kambaniru river flows north through low hills, over the Kambaniru weir to the 

outskirts of Waingapu and eventually into the Savu Sea (Figure 3.1).   
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Figure 3-4 Kambaniru subcatchments and elevation (Source ASTER DEM) 

The headwaters of the western Ngadulanggi and Pulupanjang subcatchments are 

characterised by low hills and low gradient valley floors. In many locations there are 

no defined drainage lines, despite large catchment areas. These areas fit the 
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description of the ‘dambo’ wetland features (Figure 3.5). Von der Heyden (2004)  

defined a dambo as a shallow, seasonally waterlogged depression with no defined 

channel, which forms the headwaters of an ephemeral or perennial stream. Other 

researchers include dense perennial grasslands as a defining feature of dambos  

(Grenfell et al., 2012, Whitlow, 1989, McCartney, 2000).  While dambos are generally 

reported in Africa, they were also recently reported in northern Australia (Nawaz, 

2010). The wetland features found in the headwaters of the Pulupanjang and 

Ngadulanggi sub catchment of the Kambaniru Catchment meet the criteria for 

dambos and will be referred to as dambos hereafter.  

  

Figure 3-5 Satellite image of dambo wetland features in the upper Pulupanjang sub-catchment, 

dotted lines indicate dambo boundaries at the break of slope. 

 

Slope  

Standard slope classes indicate that the slope of almost 70% of land in the catchment 

is steep, greater than 10 degrees (17 % slope).  Steep and very steep slopes are 

located throughout the catchment (Figures 3.6 and 3.7). 
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Figure 3-6 Distribution of slope classes in the Kambaniru catchment 
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Figure 3-7 Proportion of land area in a range of slope classes in the Kambaniru Catchment (Source: 

Analysis of ASTERv2 DEM) 
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3.2.4 Hydrology 

The Kananggar Formation is generally porous, but the presence of relatively dense 

layers, has resulted in perched springs. Where the Kananggar volcaniclastic 

sediments are interspersed with limestone layers, there are large springs. One 

example is the spring at the head of the Pulupanjang tributary (Figure 3.8). 

 

Figure 3-8 The Pulupanjang tributary, immediately downstream from the spring which forms the 

headwaters of the stream 

 

The spring in Pulupanjang is considered a sacred site, where rituals are conducted. 

In the field, the ‘keeper of the spring’ told of much larger flows at the start of the wet 

season, often with a red tinge to the water (from the description it may be cave 

dwelling algae) which indicates short groundwater flow paths, rather than a deeper 

aquifer.      

 

Hill communities in the Kananggar Formation believe that planting trees around 

water sources increased the flow from the spring, and ensured that stream flow 

would last well into the dry season (Palanggarimu and David, 2010). There is 

evidence for this from a number of locations where the land use in entire micro 

catchments has been transformed. Residents report observing in the past 20 years 
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that springs dried out when the forest surrounding the spring was destroyed, and 

that spring flow resumed when degraded grassland was planted with timber and 

food production trees. Long-time residents reported new springs emerging after tree 

planting, now fulfilling domestic water requirements where previously they had to 

walk 1-2kms to fetch water (U. Palanggarimu 2011, pers. comm.) . These small 

springs are common throughout the catchment, and are a source of drinking water 

for local people, but given the small flow rates they are unlikely to make a significant 

contribution to dry season flows in the river. It is counterintuitive that reforestation 

would increase spring flow, given trees are net users of water (Bruijnzeel, 2004) and 

the hydrologic processes that may create this situation warrant further quantitative 

investigation, but are outside the scope of this project.  

3.2.5 Soils 

Little is documented about the soils of Sumba, however field observations indicate 

strong affinity with geological formations and topography. The hills and slopes on 

the Kananggar Formation currently have black skeletal soils 5-15cm deep in 

grassland areas, with high organic matter content but little horizon development. 

The dambos found in the valleys have relatively deep (3-6m from field observations) 

black vertisols, with little profile development (Figure 3.9). In some locations layers 

of colluvial deposition are evident.     

 

Undisturbed forest soils on the Masu Formation in the upper catchment show a 

distinct brown clay loam A horizon (30-40cm in depth in one profile), over a reddish 

brown clay B horizon (1-2m in depth in same profile). These soils show greater 

horizon development and strong pedal structure. Soil profiles in cleared farmlands 

of the same soil type indicate that the A horizon has largely been eroded (Figure 3.9). 

This is consistent with the soil loss caused by the conversion of forest to agricultural 

land that has been well documented for South East Asia (Sidle et al., 2006).     
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Figure 3-9 Soil profiles from the Masu (left) and Kananggar (right) Formations 

 

3.2.6 Vegetation  

 

The vegetation of the deeply incised limestone plateaux of the north and east coast of 

the island is predominantly dry, grassy savanna, with isolated trees. The plateaux 

are dissected sharply by deep, cool ravines of gallery vine forests.  

The vegetation varies with elevation and proximity to the coast. This transition is 

associated with increasing annual rainfall, deeper and more fertile soils, lower 

temperatures, and less frequent fires. 

 

The vegetation of the hills of the Kananggar Formation in the middle of the 

catchment is mainly perennial grasslands on steep slopes, with small, irregular 

patches of trees. The larger patches of forest are associated with water sources or  

and in most cases are of cultural significance (similar to 'sacred groves' in Timor, 

(McWilliam, 2001)).  The remaining forests, known as family forests (hutan keluarga) 

are mixtures of tree crops (coconut, areca nut, tamarind, banana, papaya) and timber 

production trees (teak, mahogany and local timber species) planted by farmers, often 
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close to their homes. Although forest cover is low, the reliance of the local 

communities on forest timber and non-timber forest products is high compared with 

the area of forest (Russell-Smith et al., 2007).    

 

In the late wet season the rocky hills of the Kananggar Formation are a brilliant 

green, carpeted with the fresh growth of perennial grasses, but by the end of the long 

dry season there is a patchwork of brown dormant grasses and black fire scars 

(Figures 3.10 and 3.11).  

 

Figure 3-10 Typical grassy savanna in mid catchment the early dry season. Photograph B.Myers 
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Figure 3-11 Satellite images comparing ground cover in March (late wet season) with September (late 

dry season) in the same part of Ngadulanggi subcatchment Source- Google Earth accessed 15/10/2013 

Much of the vegetation distribution, particularly in the lower and mid catchments 

appears to have been shaped by fire. This is indicated by sharp vegetation 

boundaries between grasslands and dense forests. 

 

The forests on volcanic soils in the upper catchment are classified as monsoon 

deciduous forest (Wikramanayake et al., 2001). The only large remaining patch of 

this forest in East Sumba is the Laiwanggi-Wanggameti National Park. This area is 

considered sacred forest (hutan adat) and has been protected for cultural and 

religious reasons for many generations (S. Paranggi, 2014, pers. comm).  

 

3.2.7 Fire 

 

Fire is a common tool for land management activities in East Sumba and NTT. Fisher 

et al. (2006) found that in 2003 and 2004 an average of 29% of Sumba Timur district 

was burnt, with fires predominantly in savanna grasslands and cropped farmland.  
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Field observations and communication with local farmers indicates that while there 

is yearly variation there has been no significant change in fire frequency and extent 

in the past 10 years (see Figure 3.12).   

 

Figure 3-12 The grasslands of the Pulupanjang subcatchment, in the late dry season Sept 2012. 

 

Fires are lit for a complex range of agricultural and sociocultural reasons. In 

agriculture, fire is used to clear new areas for crop planting, burn crop residues, and 

to prepare gardens for planting. In livestock farming, fire is used to provide fresh 

growth of green fodder for grazing in the dry season (Fox, 1977, Fisher et al., 2006, 

Fowler, 2013). Grassland fires for providing green fodder are often lit in the late dry 

season and are not controlled. 

 

Fire and burning is part of the Sumbanese culture (Fowler, 2013). Fires are lit to keep 

paths through grasslands open and are still commonly used in the traditional (but 

illegal) hunting of pigs and deer, particularly in small forest areas high on the slopes 

(Ballagh et al., 2011). A fire is started at the base of a slope, releasing smoke up into 
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the forests, causing animals to flee upslope and out of the upper edge of the forest, 

where hunters wait. The impact and extent of this type of burning is difficult to 

quantify due to the small size and extent of forest patches, but it may be significant 

due to the high biodiversity and socioeconomic value of these remnant forest 

patches (Russell-Smith et al., 2007).  

 

Deliberate lighting of fires is also used as a tool in conflict (Russell-Smith et al., 2007). 

This can be in the form of conflict over land tenure and land use rights between the 

District Forestry Department and local farmers, (as discussed in Chapter 2), between 

villages, or between individuals within villages. Even if this kind of burning 

contributes a relatively small area to the total land area burnt, it is an important 

consideration when developing land rehabilitation strategies.  

 

Uncontrolled fires burn much larger areas than is necessary for agricultural 

purposes. Subsistence farmers regularly lose important assets such as houses, crops 

and tree plantations (BPBD, 2011). Uncontrolled fires observed during this study 

also burn into the forest edges, often killing fire sensitive species on the fringes of the 

forest, which are replaced by grassland or weed species, potentially causing an 

incremental reduction in the size of forest patches.  

 

3.3 Sociocultural Context  

This section outlines the demographic and economic situation in the catchment. 

Understanding the sociocultural context is important for developing appropriate 

management recommendations. 

3.3.1 Demography 

 

East Sumba District has an area of 7000 km2. The population in 2008 was reported as 

220,600 (BPS, 2009), giving an average population density of 33 people per km2. 

Waingapu is the largest town, with approximately 61,000 people. Peri-urban sprawl 

from Waingapu extends into the adjoining government district of Pandawai, where 
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an additional 15,000 people reside. The population density of East Sumba is a 

quarter of that of the whole of Indonesia, and one-thirtieth of the population density 

of Java (Figure 3.13).  

 

Figure 3-13 Population density comparison between Sumba and other parts of Indonesia in 2008 

(BPS, 2009),  

Government figures indicate that the population of East Sumba more than doubled 

in 30 years, from 103,000 in 1970 to 220,500 in 2008 (BPS, 1992, BPS, 2009). This 

increase in population had a corresponding increase in pressure upon limited 

natural resources.    

 

The population growth rate of East Sumba during the 1980 – 1990 was 1.44% and 

slowed during 1990-2000 to 1.12%, and 1.02% during 2006-2009 (BPS, 2009) (Figure 

3.14).  It is difficult to distinguish between rural and urban areas, due to changing 

district boundaries, but in the Tabundung sub-district (Kecamatan) which formerly 

included large areas of the upper and mid catchment there was a steady increase in 

population density from 11.5 persons/km2 in 1970 to 16.8 persons/km2 in 2008. Exact 

figures for population increases need to be viewed with some caution, as they may 

also reflect improvements in government records.  
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Figure 3-14 Comparison of population growth in Sumba and Indonesia, Source of data: BPS 2009 

 

The population in scattered villages in the upper and mid catchment was 

approximated because catchment and administrative boundaries do not align. 

However the population density is approximately 13.4 persons/km2 in the upper 

catchment, 4.6 persons/km2 in the mid catchment and 611 persons/km2 in the lower 

catchment (BPS, 2009). High population density in the lower catchment is influenced 

by the close proximity and urban fringes of Waingapu, as well as the relatively 

intense cultivation of the fertile irrigated rice paddies of the Kambaniru-Kawangu 

irrigation district (see Figure 3.15).   
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Figure 3-15 - Population density by village within the Kambaniru Catchment 

The low population density in the mid catchment may be explained by the difficult 

terrain and relatively infertile soils derived from limestone and marine sediments. In 

comparison, the relatively fertile volcanic soils in the upper catchment support a 
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higher population density.  The longer wet season in the upper parts of the 

catchment also creates a longer and more reliable growing season.  

 

Anecdotal evidence collected in interviews during this project suggested that 

throughout the catchment there has been a general movement of people from 

hilltops to river flats and lower elevation farm lands in the past 50 years, in response 

to a number of factors. There was a long history of conflict between local clans, and 

raids from neighbouring islands stealing slaves for trading purposes, prior to Dutch 

colonisation (Forth, 1981). To protect people and livestock, houses and livestock pens 

were located in kampungs (clusters of houses) on hilltops, often protected by stone 

fences. Following Dutch occupation and ‘pacification’ in 1910, the incidences of raids 

from villages decreased, and people increasingly built permanent homes near  

productive farmland, or in larger villages, both of which were usually located near 

permanent streams or rivers (Forth, 1981). This trend is continuing, with government 

policies encouraging the relocation of people to increase their access to essential 

services (U. Hapu 2014, pers. comm). Thus it is likely that population pressure will 

increase on the relatively fertile floodplain soils along the major tributaries and main 

channel of the Kambaniru River.    

 

3.3.2 Economy  

 

The majority of people in the mid and upper catchment are subsistence farmers, 

relying on vegetable gardens, and rain-fed rice paddies with a small cash economy 

based on sale of livestock to markets in Waingapu or to large companies for export 

to Java. Most farmers generate a cash income of less than USD$200 a year (BPS, 

2009). Recent data from the villages of Maidang and Lukuwingir in the mid-

catchment revealed that the majority of cattle, buffalo and horses being cared for by 

local farmers were owned by businesses in Waingapu (David and Palanggarimu, 

2009). Small livestock, including pigs, goats and chickens, made a larger contribution 

to household income than the sale of cattle, horses and buffalo (Christian David, 

personal communication). This broadly corresponds with the findings of Russell-
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Smith (2007), although this earlier study found a greater importance of horses, than 

the more recent survey by David & Palanggarimu (2009). There is also a small 

number (<5% of population) of public servants in the mid and upper catchment 

providing essential healthcare and education services.  

 

3.3.3 Education 

Education levels in Sumba are low, particularly in remote villages. For Sumba Timur 

as a whole, less than 50% of the population over the age of 10 have completed 

primary school. Approximately 24% of adults hold a Junior High School Certificate 

as the highest level of attainment, and just 10% of the population have completed 

Senior High School (or equivalent) (BPS, 2009). These reported rates can be expected 

to be much lower in remote villages, as these figures include the urban population 

which makes up more than 30% of the total population, where schools are more 

easily accessible.   

 

3.4 Land use  

3.4.1 History of Land Use change 

The aim of this section is to describe the history of Sumba, with a focus on the 

history of land use change, especially deforestation (Figure 3.15) and how these 

changes influence erosion rates in the Kambaniru catchment.    

 

There have been few archaeological studies on Sumba, but evidence on nearby 

Timor suggested the region was inhabited by hunter gatherer peoples 40,000 years 

ago (O'Connor et al., 2010, O'Connor et al., 2014). Recent evidence from Flores Island 

to the near north suggested that hominids occupied the islands much earlier 

(800,000ya) (Brown et al., 2004). 

 

A recent study combining genetics and linguistics indicated that Austronesian 

peoples settled in Sumba approximately 3,500 years ago, and brought shifting 

cultivation farming practices (Lansing et al., 2007). The rich mixture of Austronesian 
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and Aboriginal languages and genes encountered in modern Sumbanese people 

possibly also indicates a mixing of cultures, which may have supported continuation 

of hunter gatherer practices.   

 

The first reports of Timor as a source of sandalwood, are from Chinese traders in the 

year 1225, with records of trade in the fourteenth century indicating trade was well 

underway (Hagerdal, 2012). At this time the Chinese records noted that sandalwood 

was so plentiful on the mountains that it was cut for firewood (Farram, 2004).   

 

The extent of sandalwood harvest on Sumba remains a matter of debate. During the 

Dutch colonial period (1800-1950) Sumba was known as Nusa Cendana or 

Sandalwood Island, suggesting extensive sandalwood stands. However a VOC visit 

to the island circa 1685 ‘found the various things to be quite to the opposite. The truth was 

that there grew very little sandalwood. It was useless, and completely lost its smell after it 

had been cut.’ (Tange 1689, quoted in Hagerdal, 2012 p.21). Hagerdal (2012) did find 

that some export of sandalwood from Sumba occurred via the Sikka people, selling 

the sandalwood at the port of Larantuka in Flores. The earliest written records of 

trade agreements with Sumba are from the Dutch East India Company in 1756 and 

relate that agreements were reached between over 48 signatories across the islands 

that now form the province of NTT, although the extent to which this was 

implemented is not known.  

 

The Dutch East India Company established Batavia (now Jakarta) in the late 

16thcentury and Dutch forces officially controlled Indonesia from the early 17th 

century. Prior to 1906, contact with Dutch officials in Sumba was limited to a trade 

post, as governance was considered too difficult due to ‘warring tribes’ and there 

was little potential economic gain (Forth, 1981). In 1912 the first permanent post 

comprising a church, hospital and government offices was established. This is 

relatively late in comparison to Kupang which was first established as a trading post 

in 1653. Dutch records from Kupang indicated the decline in sandalwood production 

due to extensive harvesting as early as the late 19th and early 20th century (Farram, 
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2004). However, Fox (1977) suggests that Sumba was never a major producer of 

sandalwood, which is supported by earlier evidence from Hagerdal (2012).  

 

Horses (now commonly referred to as Sandalwood or Timor ponies) were probably 

introduced from Java sometime after the 14th century when they became common in 

Java, although the only evidence of this is that the Javanese word for horse (jarun) is 

very similar to the Sumbanese term (njara) (Roos, 1872). By the second half of the 17th 

century horses were common. In 1840 trade in horses was well established (Forth, 

1981) and in 1869, 1100 sandalwood horses were the only significant export from the 

port of Waingapu (Roos, 1872). The increase in horse numbers required additional 

grazing lands.  

 

The subsequent introduction of cattle by the Dutch in 1912 may also have increased 

pressure on grazing lands. However Forth (1981) notes a decline in the number of 

horses over the 20th century, which may indicate cattle replaced horses without large 

increases in grazing pressure on grasslands.  
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Figure 3-16 Timeline of changes in land use 

 

3.4.2 Current Landuse 

 

In the upper catchment, where subsistence farming is dominant, the relatively fertile 

valley floors are productive lands used mainly for rain-fed rice and maize cropping, 

whilst hill slopes are farmed using shifting agriculture techniques to grow rain-red 

dry rice varieties, maize, taro and cassava. In addition vegetables are grown in 
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intensive household gardens.  The headwaters of a number of tributaries originate in 

the Laiwanggi-Wanggameti National Park, which is largely primary forest.  

 

In the mid catchment the narrow flood plains, known as tana mondu, are planted 

with maize, fruits and vegetables, including coconuts, bananas, tomatoes, cabbages, 

chilli and several varieties of squash, eggplant and spinach. Some of these vegetables 

are sold at local markets in Waingapu. Crop irrigation is rare and many farmers only 

plant one maize crop per year, two if the wet season is longer and rainfall is more 

consistent than normal. The hills and slopes are predominantly grasslands used for 

grazing cattle, horses and buffalo. Shallow soils prevent cropping activities on these 

hillslopes. There are only small patches of forest in the mid-catchment, despite 

broad-scale planting reported by the District Forestry Department.  

 

As with the mid-catchment the flood plains of the lower catchment are intensively 

farmed with maize and vegetable crops. Small-scale irrigation of corn and vegetable 

crops is more common in the lower catchment. The floodplains of the lower 

catchment are extensively irrigated for rice production, often with 2-3 crops per year, 

relying on irrigation water from the Kambaniru weir. During the 20 years since 

construction of the weir, farmers have reported significant reductions in the area of 

irrigated land due to insecurity of water supply. Over 30% (527ha) of rice paddies in 

the Kawangu district that were converted for irrigated rice production now produce 

only a single, rainfed, rice crop each year.  

 

The major population centre of Waingapu and the surrounding urban sprawl is 

partially located on the floodplains and lower slopes in the lower catchment, with 

the remainder on the coastal plains.   
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3.5 Some Environmental Services provided by the Kambaniru 

Catchment  

3.5.1 Forests 

Forests provide a range of food and other non-timber forest products. Forest tubers 

‘iwi’ provide an important food resource at the end of the dry season. If there has 

been a poor harvest of rice and corn, many farmers rely on forest tubers until the 

next harvest. Non-timber forest resources include firewood and vines for making 

rope, palm leaves for weaving, and leaves and roots for making the natural dyes for 

handwoven ‘Sumba Ikat’ cloth (Russell-Smith et al., 2007, Forshee, 2001).  Forests 

also have important biophysical values, particularly for the protection of soil and 

water resources, carbon sequestration, providing important habitat for wildlife, 

including seven endemic bird species (Jones et al., 1995).  

 

Forests are important in cultural identity in East Sumba.  Mt Wanggameti, the 

highest peak in Sumba, is located within the dense primary forests of the Laiwanggi 

Wanggameti National Park. The name ‘Wanggameti’ means ‘the place that ushers 

away death’. The adjacent village which forms the headwaters of the Ramuk 

tributary is known as ‘Katikuwai’ which translated literally means the ‘head of the 

water’. The adjacent downstream village is known as ‘Katikutana’ literally ‘head of 

the soil’ (S. Paranggi, pers.comm, 2010).  Forest areas in the upper catchment were 

considered sacred forest ‘hutan adat’, in the traditional Marapu religion and parts 

were declared protected forest by the Dutch colonial government. The community 

welcomed the proposal in 1984 to declare a National Park. In the past a range of 

complex social and cultural rules governed how the forest may be used, and 

permission from the spirits of the ancestors ‘Marapu’, was required before any timber 

was removed from these forests.   
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3.5.2 Livelihoods 

 

Nusa Tenggara Timur province had the third lowest GDRP (Gross Domestic 

Regional Product) per capita of Indonesian provinces in 2011, at just USD527, in 

comparison with the Indonesian average of USD3220 (BPS, 2012).  Many subsistence 

farmers live under the UNDP poverty line, with incomes less than Rp 200,000 (USD 

20) per month. According to government figures in 2011, 34% of people are 

considered poor, and 82% of these people derive their livelihoods from primary 

production; farming, livestock, forestry and fisheries (BPS, 2012).  In this context, the 

Kawangu – Kambaniru irrigation area serviced by the Kambaniru Weir is vital to the 

local economy and rice production.   

 

There is one large weir structure on the Kambaniru River, the Kambaniru Weir. This 

weir provides agricultural water supply for Kawangu – Kambaniru rice fields, with 

infrastructure including canals to 1440ha of rice fields, the largest single irrigation 

area in East Sumba (DinasPU, 2008). 

 

The weir was officially opened in 1996 and is rapidly filling with sediment, 

significantly reducing the water storage capacity (See Chapter 5). The short 

timeframe (1994-2012) between completion of the weir and significant quantities of 

sediment deposition indicate high sediment transport and sedimentation rates, and 

an increasing likelihood of shortages of irrigation water resulting from this 

sedimentation, in the absence of effective dredging of the weir pool and removing 

sediment from irrigation channels.    
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3.6.   Governance  

3.6.1. Administrative 

 

Figure 3-17 Village administrative boundaries in the Kambaniru catchment 

The Kambaniru catchment is the largest catchment on the island of Sumba, and falls 

within the East Sumba District (Kabupaten Sumba Timur).   In 2012, the East Sumba 

District was divided into 22 subdistricts (Kecamatan) and 156 villages. The 

Kambaniru River Catchment spans 21 villages belonging to 8 subdistricts (Figure 

3.17).  
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3.6.2.  Designated Forest Lands  

There are three large areas of designated forest (kawasan hutan) which fall partly 

within the Kambaniru catchment: the Laiwanggi Wanggameti National Park; 

Kapohak Penang Forest for land and water protection ; and Praimbana Mandas 

Production Forest (see Figure 3.18). These designated forest areas, which are legally 

considered government land, cover 40% of the Kambaniru Catchment. The 

definitions and restrictions placed on different types of forest were discussed in 

Chapter 2.  

 

The Laiwanggi Wanggameti National Park (Taman Nasional Laiwanggi Wanggameti) 

includes 15% of the catchment, which is designated by the government for 

biodiversity conservation. This is in the highest part of the catchment, including the 

headwaters of the Ramuk, Waikanabu and Katikuwai tributaries.  

 

The Praimbana Mandas Production Forests (Hutan Produksi Praimbana-Mandas) cover 

18% of the catchment area, and is designated for timber production. The District 

government in partnership with local non-government organisations have 

committed to implementing ‘Social Foresty’ in this area, which allows the 

community to manage timber production forests, for their own benefit.    These areas 

are located in the headwaters of the Ngadulanggi and Pulupanjang tributaries.  

 

Kapohak Penang forest (Hutan Lindaung Kapohak Penang) is designated for the 

protection of land and water resources on ‘vulnerable’ land characterised by steep 

slopes and shallow soils, not dissimilar to other areas of the catchment. The Kapohak 

Penang Forest covers 7% of the Kambaniru Catchment. Currently local people do not 

have any rights to use timber from these forests, but social forestry programs in 

these areas are focussing on the potential for planting non-timber forest resources, 

particularly fruit and nut trees.    

 

As discussed in Chapter 2, it is important to recognise that although these are 

designated forest areas, in many cases they include whole villages; large areas of 
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grazed grasslands, cultivated agricultural lands and housing. 

 

Figure 3-18 Designated forest areas in the Kambaniru catchment 
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3.7 Conclusion  

 

Sumba is located in the highly seasonal wet-dry tropics, with low annual rainfall and 

low topography, compared with other parts of NTT and western Indonesia. Savanna 

vegetation is most widespread, and tropical monsoon forests are common at higher 

elevations. Fire and grazing have influenced the distribution of current vegetation to 

some degree, while the extent of sandalwood extraction remains a matter of debate.   

The increasing population of Sumba is largely reliant on dryland and increasingly 

irrigated agriculture for livelihoods. Sedimentation of water storages and irrigation 

infrastructure threaten access to water resources.   
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Chapter 4  

 

Research design and methods 
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4 Research Design and Methods  

4.1 Sediment budget approach   

 

This chapter describes the research framework and methods used in this thesis to 

investigate sediment sources and develop a first-order sediment budget for the 

Kambaniru catchment in Nusa Tenggara Timur, Indonesia.  A sediment budget is a 

conceptual framework that aims to estimate total sediment yield in a catchment, and 

quantify the contribution of sediment sources and sediment storage in sinks. The 

accuracy required depends on the purpose of the sediment budget, however the 

achievable accuracy of the sediment budget is determined by the available resources, 

therefore there is a trade-off between increasing accuracy of the budget and 

increasing cost. As discussed in Chapter 2, in the Indonesian province of Nusa 

Tenggara Timur little reliable data exists for integrated catchment management 

planning.  This study aimed to increase the understanding of sediment sources and 

sinks and present these in a sediment budget, to inform catchment management 

planning in the Kambaniru catchment.  The emphasis was on assessing the relative 

contribution of sediment sources. The study also aimed to develop and evaluate 

methods with potential for application in other regions with little data, where 

technical capacity and financial resources are low. 

 

Sediment budgets may be created from intensive field surveys, but are generally 

limited to small catchments 0.1 km2 – 10 km2 (eg.Bartley et al., 2007, Smith et al., 2011, 

Nichols et al., 2013), because creating a sediment budget for larger catchments (>1000 

km2) is prohibitively expensive.  Furthermore, many researchers note constraints in 

extrapolating results from one subcatchment to a larger scale due to differences in 

topography, geology, climate and landuse (Brown et al., 2009, Hinderer, 2012). To 

overcome these limitations (discussed in Chapter 2) two different approaches have 

emerged; quantification of sediment production at the source using geospatial 

analysis techniques, and sediment sourcing using sediment tracers.  

 



80 

 

Geospatial and sediment sourcing techniques have different advantages and 

limitations. Geospatial analysis combined with targeted field work can quantify the 

amount of sediment accumulated in a weir and the contribution from sediment-

producing features (gullies, landslides, channel change), however the precision of 

surface soils erosion estimates remains low, due to the complexity and spatial 

variability of hillslopes (Jetten et al., 2003). In contrast, radionuclide sediment tracers 

provide data on the relative contribution of surface soils and subsurface sediment 

sources at sub-catchment and catchment scales, but are ineffective for locating 

sediment-producing features within the catchment. 

 

This study combined results from geospatial analysis and radionuclide sediment 

tracers to provide an effective base for understanding both the location and relative 

importance of sediment sources in a large catchment. Social data and field survey 

were also used to improve these analyses. Interview responses were used to provide 

insights into where, when, how and why different erosion, sediment transport and 

deposition processes have occurred across the catchment. This was particularly 

important where historical data were limited.  

 

A summary of the methods and sources of information is provided in Figure 4.1 and 

the sections that follow describe the methods used in more detail.  
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Figure 4-1 Summary of methods and data used to inform components of the sediment budget. 
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4.2 Data Sources  

4.2.1 Geospatial approach 

 

There is a long history of developing and using geospatial analysis to quantify 

sediment-producing features in the landscape.  The oldest and most established 

methods use aerial photography for all or part of the analysis. One perceived 

limitation of aerial photography is that it requires interpretation and digitisation of 

features by the researcher and can be very time-consuming. Because of the time 

required, aerial photography has largely been replaced by high-resolution satellite 

imagery. High-resolution imagery allows for automated or semi-automated 

classification processes, potentially increasing the speed and reducing the 

subjectivity of the analysis. High-resolution imagery is now available at similar 

resolution to aerial photography, i.e. 0.5m pixel size. Studies using satellite imagery 

vary in scale and resolution, ranging from broad-scale erosion risk mapping 

activities (Angima et al., 2003, Witz and Muga, 2009) to detailed mapping and 

quantification of erosion sources using a mixture of remote sensing and field 

measurements (Sattar, 2011, McCloskey, 2010, Karki, 2013). Geospatial  techniques 

can be an effective way to investigate erosion processes over larger areas (Brooks et 

al., 2008) although published research using these techniques is often restricted to 

analysis  of one type of erosion feature such as gullies (Sattar, 2011, McCloskey, 

2010), landslides (Larsen and Montgomery, 2012, Guzzetti et al., 2012) or channel 

change (Karki, 2013).  

 

The data sources and geospatial analysis methods adopted in this thesis have been 

chosen in an attempt to create methods that could be implemented with minimal 

funds, by local government and non-government land managers in other catchments 

in data-poor areas.  Informal discussions in government offices in East Sumba 

suggested that government staff generally have basic computer skills and own or 

have access to a computer, a handheld GPS unit and occasional access to the internet. 

Therefore data and methods were deemed appropriate if they met the following 

criteria: 
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 Required only occasional use of the internet – i.e. for downloading data and 

programs, but not constant connectivity.  

 Required little computing power (memory and RAM)  

 Used relatively simple programs with user-friendly Graphic User Interface 

(GUI) 

 Produced maps which were accurate and informative and were appropriate 

for use in the field and reports 

 Included no large or recurring costs such as software licence fees or costs to 

purchase data 

While this constrained the complexity of methods used, it increased the likelihood 

that the research will be relevant, understandable, have sustained use for ongoing 

monitoring, and easily be implemented elsewhere.  

 

In recent decades the availability of free satellite imagery, digital elevation models 

(DEMs) and global datasets at a resolution that is appropriate for broad-scale studies 

has increased. Concurrent improvements in the functionality, power and usability of 

free open-source GIS software packages mean a range of sophisticated landscape 

analysis and modelling can be performed in low resource settings.  

 

In addition, free high-resolution satellite imagery (current and archival) can now be 

accessed through Google Earth. Many practitioners disregard this imagery as a 

valuable resource, as the imagery can be viewed only as a picture and cannot be 

downloaded or analysed using remote sensing software (e.g. Carbonneau and 

Piegay 2012). However, it often has a similar spatial resolution to that of aerial 

photography, which has been the primary data source for erosion and sedimentation 

studies (e.g. Shellberg et al., 2012). 

 

This study used free satellite imagery and geospatial data, as well as free open-

source software, to map and measure sediment sources. The following sections 

outline the materials (data and software) used for this approach.  
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Data  

All of the data used are summarised in Table 4.1.  

Table 4-1 Summary of data used in geospatial analysis 

Data Data type Resolu

tion 

Data 

format 

Access Comments 

Landsat  Satellite 
imagery 

30m Full image, 
8 bands  

earthexplorer.usgs.gov Archive begins in 
1972, Landsat 8 
every 15 days  

ASTER 
DEM v2 

Digital 
Surface 
Model  

30m Full http://asterweb.jpl.nas

a.gov/gdem.asp 

 

Digital 
globe  

Satellite 
Imagery  

0.5m Picture  Google Earth 

earth.google.com 

Download 
Google Earth 
software 

Geo eye  Satellite 
Imagery  

0.5m Picture  Google Earth 
earth.google.com 

 

World Clim  Current 
rainfall & 
climate 
modelling 

1km Full data, 5 
layers  

www.worldclim.org Also includes 
predictions from 
global climate 
change models  

 

Landsat 5 imagery was chosen for analysis of land cover, the mid-resolution (30m) 

data are the highest resolution free imagery available for immediate download from 

the internet. Landsat is provided in TIFF file format for seven spectral bands, and 

has been applied in many environments for the analysis of land cover. Landsat data 

obtained from USGS has already undergone systematic radiometric and geometric 

accuracy corrections by incorporating ground control points while employing a 

Digital Elevation Model (DEM) for topographic accuracy (USGS, 2012).  

 

    

ASTER GDEM v2 – (Advanced Spaceborne Thermal Emission and Reflection 

Radiometer Global Digital Elevation model v2, released in 2011) is a 30m resolution 

digital elevation model. ASTER DEM (30m resolution) is a Digital Surface Model 

passively captured by satellite, which means that it represents the ‘surface’ of the 

earth, which in dense vegetation may actually represent the canopy height, rather 

than the soil surface. The effect of vegetation on elevation representations in Digital 

Surface Models means that there are some errors in recorded versus actual elevation, 
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predominantly where there is dense vegetation obstructing the satellite view of the 

terrain. The ASTER v2 DEM was chosen in preference to the Shuttle Radar 

Topographic Mission (SRTM) Digital Terrain Model due to the higher resolution of 

ASTER DEM (30m) in contrast with the 90m resolution of the SRTM data. The 

ASTER v2 data which was used in this project also achieved greater accuracy than 

the prior ASTER release due to addition of more stereo images to improve coverage 

and reduce occurrence of artefacts. Use of an improved algorithm has improved the 

spatial resolution and increased horizontal and vertical accuracy (NASA, 2011). 

 

 

World clim 

The Worldclim dataset is the output of global climate modelling. Climatic 

parameters including rainfall and temperature are free to download. The WorldClim 

dataset was derived from the compilation of many climate datasets across the globe. 

A smoothing algorithm, implemented in the ANUSPLIN package (Hutchinson, 

2004), was used for merging the datasets with latitude, longitude, and elevation as 

independent variables (Hijmans et al., 2005). The result is a global climate model, 

available in raster data form with a 1km grid cell size. The climatic variable grids are 

presented as monthly averages, with the monthly average rainfall data used in this 

study.  

 

Geology mapping  

Digitised geology mapping is available from BAKOSURTANAL (National mapping 

agency) based on the paper maps from US Army geological survey in 1981 at a scale 

of 1:250,000  (Effendi and Apandi, 1981). The digital mapping is available in vector 

format.  

 

Digital globe, Quick bird and Geoeye imagery  

High-resolution digital satellite imagery sourced from sensors such as Quickbird 

and GeoEye can be viewed on Google Earth, although image quality and access to 

image bands beyond the visible spectrum is not provided. Google Earth imagery 
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provides a valuable source of information from which features of the earth surface 

can be identified and digitised, on screen, much like an aerial photograph.  The 

resolution for most images is 0.5-1m, with historical (2003-2005) and recent imagery 

(2012-2013) available for most of the Kambaniru Catchment study area.  

 

 

Construction plans of Kambaniru Weir  

Blueprint plans of the weir construction included contours of the pre-construction 

land form, as well as the final weir and river diversion structures. Blueprints were 

obtained from the NTT Provincial Irrigation Department office in Waingapu. This 

provided initial information on the shape of the river (prior to weir construction), 

and a basis for calculating the 1994 weir pool volume in the section of the weir  up to 

380m upstream of the weir. The weir pool is defined as the total area in which the 

water level rose as a direct result of construction of the weir structure. As the weir 

pool was expected to exceed 380m in length, other sources of information were 

sought.  

 

Topographic map  

The topographic map ‘Waingapu’ sheet was created by BAKOSURTANAL at 

1:25,000 scale from 1995 aerial photography. The map was obtained from the 

BAKOSURTANAL office in Cibiniong, Java.  

 

Mean Annual Flow Data  

Mean annual flow data for the Kambaniru River provided by the NTT Public Works 

Division  (DinasPU, 2013), was based on implementation of the Sacramento model 

(Burnash et al., 1973). The uncertainty of this estimate is not recorded, however it is 

likely to be high, as some parameters were estimated based on measurements from 

the Noelmina catchment in West Timor.   
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Software  

Free open-source software (FOSS) is defined as cost-free software where source code 

is also made available for alteration, development and redistribution (Steiniger and 

Bocher, 2009). This project accessed three different open-source spatial software; 

SAGA GIS, Google Earth and Quantum GIS, to develop a low-cost geospatial 

analysis and presentation methodology appropriate for developing nations. These 

software are described here:  

 

SAGA GIS 

System of Automated Geoscientific Analysis (SAGA) GIS is free open-source 

software originally developed for land and watershed analysis (Bohner et al., 2011) 

(www.saga-gis.org). There is a wide range of automated analysis modules for 

analysis of digital elevation models (morphometry), and the ability to conduct 

classification of satellite imagery. In this research, SAGA version 2.0.8 was used for 

analysis and modelling using satellite imagery and digital elevation models. 

However a significant limitation of SAGA is the limited capacity to produce neat, 

user-friendly maps. Data that was analysed and ready for map production was 

exported from SAGA GIS as tagged image format files (.tiff).  

 

Google Earth 

Google Earth is a digital globe, which incorporates both software and data. The 

Google Earth software has some limited vector data functionality, which allows the 

creation of points, polygons and lines, and input of attribute data. These vector 

functions were used in Google Earth and the data exported as keyhole markup 

language files (.kml).  

 

Quantum GIS  

Quantum GIS, referred to as QGIS is a user-friendly GIS system, focussed on 

production and use of vector data, including GPS data (Sherman et al., 2011). The 

majority of vector data editing was completed using QGIS ‘Wroclaw’ version 1.7.4. 

(www.qgis.org). As QGIS has the capability to display raster data (.tiff) and import 
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KML files, and a map composer function, it was used for combining data and 

production of all maps. The only limitation of QGIS for this application was the lack 

of flexibility with labelling functions. In the few cases where this was a problem, the 

original map was edited using Inkscape open-source graphics software (Albert et al., 

2010) (www.inkscape.org).  

 

This section has outlined the digital data and software used throughout the project. 

The following sections provide the details of data collected in the field and the 

methods employed.   

4.2.2 Social data collection - Interviews 

 

Interviews provided information used for three purposes: 1) background 

information on the social and political history of weir construction and land use 

change; 2) observations of erosion processes in the catchment, particularly location, 

history, initiation factors for gully erosion and channel change; and 3) specific 

technical information on past river conditions, water depth and weir construction.  

 

Interviews were chosen in preference to focus group discussions, as past experience 

indicated that focus group discussions produced a group consensus view which 

reflected the views of a small number of influential people. It was particularly 

important to obtain information from various individuals independently when 

discussing river bank height, and other estimations, to enable cross-checking from 

these different sources.    

 

Laminated high-resolution satellite images of the current river channel (from Google 

Earth) were also used as a tool to record the pre-weir river channel, and 

corresponding gravel bars. Respondents were able to see the location of their house, 

the current river channel and other topographic features. Once they were oriented 

on the image, respondents sketched the location of the pre-weir river channel using a 

whiteboard marker. This sketch was photographed and cleaned before the next 

interview. This kind of tool is often used in participatory GIS approaches (Sandström 
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et al., 2003). The advantage of sketching directly on to high-resolution imagery is that 

there are many visual clues that the participant and researcher can interpret 

together, and the result is a spatially explicit ‘sketch’ map, which is easily digitised 

with no additional interpretation by the researcher.    

 

Interviewees were chosen from two groups, using the purposive sampling technique  

(Tashakkori and Teddlie, 2003). Most respondents were farmers actively farming on 

river or stream banks, and some were current and past village government officials 

still residing in the area. Key informants from local government departments 

involved in the construction phase of the weir were sought, however given the time 

lapse, no one directly involved in the project or construction management of the weir 

was found. However a number of local people interviewed were labourers during 

the construction of the weir and had detailed recollections of the weir structure.   

 

I speak fluent Indonesian and can maintain basic conversations in the local language, 

so concurrent translations were not necessary; however conversations were recorded 

for additional analysis. I was accompanied at all times by a local guide appointed by 

the village leader and a field assistant to assist with recording interviews and to 

ensure all relevant information was requested. At times, the local guides or field 

assistants assisted in translating from the local dialect to Indonesian, where 

requested by myself or the interviewee.  It should also be noted that I was previously 

known to some of the informants. This assisted in creating a rapport and is assumed 

to have not affected the validity of results, given the impersonal nature of the 

information requested.  

 

Interviews were semi-structured and informal, guided by, but not limited to, 

predetermined questions (Appendix A). Each interview was preceded by a 

discussion of the project aims, a description of the interview process and a request 

for verbal or written consent to be interviewed, consistent with Human Ethics 

Research guidelines and HREC approval 12077. Where initial consent was not given 

(rarely) the research team accepted this decision politely and continued on to other 
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households. While a single person was invited to be interviewed, often other family 

members joined the conversation at the request of the interviewee, to provide 

additional information. This was allowed, as in this cultural context it would have 

been inappropriate to request that only the interviewee speak, and in many cases the 

additional comments provided valuable information.  Interview questions varied 

depending on the location, and interviewees were only asked to provide information 

about locations they visited frequently, or were capable of recalling with some 

accuracy.  

 

Where practical, interviews were conducted in houses and then continued in 

gardens on the river bank, to allow the interviewee to show the exact locations of 

previous river channels, land features or eroding banks to reduce the potential for 

misunderstanding. Prior to going to the river bank, residents were asked to estimate 

the height of previous and current riverbanks. Current riverbanks were measured at 

corresponding locations in the field to check the accuracy of the respondents’ 

estimation of heights in metres. Where residents were unsure of the bank height, 

they were asked if there were trees (bamboo or banana most commonly) on the river 

bank prior to inundation. If trees were present, respondents were asked if they were 

still visible during the inundation and to what level. This provided an approximate 

measure because the heights of mature trees are reasonably constant (e.g. bananas 3-

4m, bamboo 6-8m).   

 

4.2.3 Field Measurements  

 

Field measurements were undertaken in a number of stages, using simple, 

repeatable methods, summarised below: 

 

Water depth profiles in the weir pool were measured along seven transects at five 

metre intervals, 30-380m upstream of the weir structure.  Water depth was measured 

by lowering a weight at the end of a rope and measuring the length. Upstream of 

this, depth profiles were measured using a small, portable depth sounder over 6 
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profiles from 380m to 6.2km upstream of the weir. In the latter approach, 

measurement intervals were not at regular intervals upstream due to equipment 

limitations. Profiles were developed from field measurements and notes and the 

average depth at 5m intervals were calculated from these profiles.  

 

Channel bank heights were measured (i) in the weir pool from a boat, at the same 

locations as depth profiles in the weir pool, and (ii) further upstream during 

sediment sampling. 

 

Sediment thickness in the weir pool was measured on sediment banks where 

interview respondents indicated there had been exposed river gravel prior to weir 

construction. Sediment depth was measured with a steel rod hammered in to 

sediment until reached a hard gravel base. This is a minimum estimate of sediment 

depth, as it is possible the hard base does not represent the 1994 gravel river bed, but 

gravel which accumulated later.   

 

Sediment bulk density was estimated by sampling sediments at three locations in the 

weir pool. Wet and dry sediments were sampled at each location giving a total of 6 

samples. The total volume of the sample was recorded in the field, where 

compaction occurred on sampling, the median value between the volume inside the 

tube and the volume displaced was used to calculate volume. Samples were dried in 

the lab at 105 oC for 24h, and weighed. Bulk density was determined using Equation 

4.1 

𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔𝑐𝑚−1) = 
𝐷𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3)
            Equation 4.1 

 

The average of all values was used in calculations of total sediment deposition.  

 

Gully erosion measurements were taken in the field using a measuring tape, 

recording the maximum length, width and depth where active erosion was evident. 

A photograph and GPS point were also taken. The general shape of the gully was 

also sketched. 
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4.3 Estimation of total sediment deposition and annual sediment 

yield  

 

Total sediment deposition (1994 -2012) was estimated using an iterative mixed 

methods approach, using key informant interviews, analysis of satellite imagery and 

field measurements. Blueprint plans and interview results informed the field 

measurement strategy and satellite image analysis. Sediment and bedload 

deposition was estimated by determining the total weir capacity (1994) and 

subtracting the current weir capacity (2012). Bedload was estimated at 20% of the 

volume of material trapped in the weir, as recommended by Ziegler et al. (2014) for 

tropical catchments with an area of 1000-10000 km2. Bedload was subtracted from 

the estimated sediment yield and the remaining difference in volume was assumed 

to be sediment. Methods for determining capacity are outlined in Figure 4.2.  

 

Figure 4-2 Method for estimation of total accumulated sediment 

The surface area of the 1994 weir pool was digitised on Google Earth (2012 geoeye 

imagery), by following the break of slope and highest terrace banks.  The digitised 



93 

 

outline was cross-checked against information provided by interview respondents, 

and the 1995 topographic map.  The 2012 surface area was digitised on the same 

image, following the current channel boundary.  

 

The 2012 channel volume was estimated from the digitised surface area multiplied 

by the average depth obtained from field measurements. Due to the variation in 

depth in pools compared to straight sections, the channel was divided into sections 

based on morphology, and depth was calculated based on measured depths for each 

section.  

 

The estimate of the total volume of sediment deposition in the weir pool from 

upstream of the extent of the blueprint plans (380m upstream of the weir) to the 

upstream extent of the weir pool (7500m upstream of the weir) was based on the 

assumption that the sediment was approximately a wedge shape, where the deep 

end of the wedge is 380m upstream of the weir. Equation 4.2 was applied to estimate 

the volume of the wedge: 

 

𝑣 =
(𝑎 𝑥 𝑑)

2
−  𝑐      Equation 4.2 

 

where v is the total volume of material deposited between 1994 and 2012; a is the 

area of the weir pool; d is the depth of the water, 380m upstream above the weir in 

1994; c is the 2012 weir pool volume from 380m – 7500m upstream of the weir wall, 

calculated from measured average depths of river channel segments, and the 

digitised weir pool area. This is a rudimentary calculation, designed to indicate the 

order of magnitude of sediment deposition in the weir pool.  

 

Material stored in the weir was composed of coarse (>2mm) and fine (63µm – 2mm) 

bedload and fine sediment (<63µm). Coarse bedload was assumed to contribute 20% 

of material entering the weir, and was subtracted from sediment calculations.  

Accumulated sediment volume was converted to weight using measured bulk 

density in the equation: 



94 

 

 𝑤 = 𝑣 ∗ 𝑑     Equation 4.3 

where w is the weight of sediment; v is the estimated sediment volume; and d is 

average measured bulk density.  

 

Sediment deposition in the weir pool can be used as an indicator of total sediment 

yield. Sediment deposition does, however not take into account the fine material that 

is entrained in flow and travels over the weir and into the Savu Sea with few 

obstructions. Sediment plumes into the Savu Sea are clearly visible on satellite 

imagery taken during the wet season (e.g. Figure 5.3).

 

Figure 4-3 Sediment plume from Kambaniru River, February 2005. Image – Digital lmage satellite 

Imagery from Google Earth 

The mass of sediment deposited in the weir was used to estimate the annual 

sediment yield following the equation 

𝑦 = 𝑡 ( 
𝑚

𝑎
) 
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where y is the annual sediment yield in tonnes; t is the average trap efficiency of the 

weir (1994-2012); m is the total mass of accumulated sediment in tonnes and a is the 

number of years.  

 

The trap efficiency of the weir is an indication of how much of the sediment load in 

the river can be expected to be trapped by the weir (expressed as a percentage). The 

usual method for predicting this is the capacity to inflow ratio, which compares the 

total weir pool capacity to the yearly river inflow (Brune, 1953). Brune’s calculations 

were developed based on reservoirs, which retain the majority of inflow. In contrast, 

at the Kambaniru Weir, water flows over the weir wall throughout the year. In the 

wet season the water level and sediment load are relatively high and a large 

proportion of water flows unhindered over the weir wall. As a result, using Brune’s 

method the trap efficiency is likely to be overestimated for the Kambaniru Weir. 

Therefore reported sediment yields calculated using Brune’s Law are considered a 

minimum total annual sediment yield.  

 

4.4 Geospatial Analysis of Sediment Sources 

4.4.1 Surface soil erosion modelling using RUSLE 

The Universal Soil Loss Equation (USLE) was developed by the United States 

Department of Agriculture as a tool for on-farm soil conservation planning in the 

1970’s (Wischmeier and Smith 1978). USLE was later revised (Renard et al. 1994) and 

has since been applied in many contexts due to the minimal data requirements and 

ease of implementation (e.g. Angima et. al (2003) in Kenya; Lu et. al (2001) for whole 

of Australian continent; Witz & Muga (2009) in Flores, Indonesia). The original data 

that forms the basis of the USLE model was collected largely in the United States, on 

agricultural lands of relatively low slope and low rainfall, leading to justifiable 

criticism about the accuracy of the surface soil erosion rates (t/ha/yr) in a broader 

range of environments (Zhang et al., 1996, Evans, 2012). Despite this, there are few 

other models that have been so widely applied, and can be implemented in data-

poor environments.  
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Many other models of greater complexity have been developed in the 35 years since 

USLE was first implemented, including many minor revisions and modifications of 

USLE. The most commonly used of these is the Revised Universal Soil Loss Equation 

(Renard et al., 1997), which made minor revisions to the original model.  Lu et al. 

(2001) applied the RUSLE to the entire Australian continent, and warned that erosion 

rates for the tropics were likely to be overestimated, as the model assumes an 

endless supply of soil, not accounting for rocky or shallow soils. Brooks et al. (2014b) 

added that inappropriate K and C values are often used. In the tropics, C values are 

often based on late dry season values, but the USLE model assumes that C values are 

constant over time, this led to overestimation of soil erosion rates by 10 to 104 times in 

the Normanby River catchment in the wet-dry tropics of northern Australia (Brooks et 

al., 2014b). For these reasons the estimates of erosion rates are used only for 

comparison with other studies, and for mapping the spatial distribution of relative 

surface erosion risk. 

  

The general RUSLE formula to determine erosion risk is: 

 

𝐴 =  𝑅 𝑥 𝐾 𝑥 𝐿 𝑥 𝑆 𝑥 𝐶 𝑥 𝑃           Equation 4.4 

 

where A is the relative erosion risk (Renard et al. 1997), the contributing factors are: 

 

K - soil erodibility factor, recognises that some soils types are more easily eroded  

S – slope steepness factor   

L – slope length factor recognises that longer slope lengths will lead to greater 

deposition of overland flow  

R -  Rainfall intensity reflects the energy content of the rain 

C – Land Cover factor  

 P – Land Conservation Practices factor   
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The factors K, R, S, and L are attributes of the natural environment, C is a 

combination of natural and anthropogenic factors, while P is purely anthropogenic. 

Raster datasets with a 30m resolution were developed to represent each RUSLE 

input factor, based on datasets described in Table 4.1. However, the P factor was 

excluded because in this study the RUSLE analysis was used to determine the 

relative erosion risk, assuming no existing erosion control, in order to identify high 

priority locations for erosion control measures. Figure 4.3 provides an overview of 

the application of the RUSLE method, explained in the following sections.   

 

 

Figure 4-4 Methods used to determine components of the Revised Universal Soil Loss Equation 

R -  Rainfall erosivity factor   

The rainfall erosivity index reflects the energy content of the rain. In the original use 

of the equation, this was calculated using 30 minute interval rainfall data, collected 

in a number of locations throughout the study area over at least a 10 year period 
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(Wischmeier and Smith, 1978). Rainfall data for the Kambaniru catchment are 

limited, with daily rainfall records only available at one location, Waingapu Airport, 

which is just 25m above sea level. As the elevation rises up to 1225m within the 

catchment, it is expected that higher total rainfall and higher rainfall intensity would 

occur within the higher elevation areas of the catchment.  

 

The WorldClim monthly average rainfall grids were used to estimate the rainfall 

intensity (R) values using the following equation (Renard and Freimund, 1994):   

 

𝐸𝐼 = 2.21 × ∑ 𝑅𝑖1.8612
𝑖=1  Equation 4.5 

 

Where EI is the rainfall intensity (dimension), Ri is monthly rainfall and i is month. 

This equation has been applied for rainfall and erosion studies in Timor Leste 

(Rouwenhorst, 2013). However, to my knowledge this is the first time the 

WorldClim dataset has been applied to an erosion study of this kind and as such the 

accuracy of the approach is unknown.  

 

K – Soil Erodibility Factor  

 

Soil mapping is not available for Sumba. There are three major soil types (rudosols, 

vertosols and ferrosols), for which there is little variability in physical erodibility. 

The rudosols and vertisols were observed to be slightly more erodible, and were 

allocated a K-factor of 0.02, while the ferrosols were allocated a K-factor of 0.03, 

based on values from the National Land and Water Resources Audit (NLWRA, 

2001). As soil type was linked to geological formation, geological formation was 

used as a proxy for soil type.   

 

L – Slope length and S – Slope angle Factor 

 

The influence of slope length (L) and slope steepness (S) are captured by the LS 

factor. In the past this was determined in the field, by subjectively dividing 
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landscapes into LS units. However the LS factor has been more accurately calculated 

using GIS analysis of DEMs, using a range of approaches (Boehner and Selige, 2006). 

The majority of these studies now replace slope length with unit contributing or unit 

catchment area, which is the total catchment area likely to drain to a point. This 

improves on the slope length measurement as it accounts for water flow over 

uneven surface, and deposition of sheet flow into rills (Desmet and Govers, 1996). 

 

SAGA software includes an LS factor module which can calculate the LS factor for 

DEMs using three different algorithms. The method of Desmet & Govers (1996) was 

chosen as it builds directly on the LS factor described by Wischmeier & Smith (1978), 

but includes the use of unit catchment area in place of slope length. LS factor 

analysis was applied to the ASTER v2 DEM and the output of the LS module was 

used directly in the RUSLE equation.   

 

C - Cover and management factor  

 

The cover and management factor accounts for variability in land cover, land use 

and vegetation density.  Landcover and land use information were combined from 

two sources; vegetation density categories were mapped from Landsat 5 imagery 

using a supervised classification, while cultivated agricultural land was digitised 

from high-resolution imagery on Google Earth.  

 

Vegetation density mapping  

The most recent, cloud free image from the late dry season Landsat imagery was 

used for the vegetation density mapping.   Seasonality of images can significantly 

influence the accuracy of the land cover classification, particularly in the wet-dry 

tropics, where vegetation cover changes significantly between seasons. Late dry 

season imagery is preferred, as there is greater contrast between vegetation 

categories, and an image from September 2011 was selected. On the late dry season 

images extensive burnt areas were observed. Large areas of vegetation, 

predominantly grasslands are burnt during the dry season in Sumba (Fisher et al., 
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2006). Smaller areas of secondary and occasionally primary forest are also burnt. 

Given that the purpose of the RUSLE model is to map erosion potential, burnt areas 

were classified as grasslands, with the highest erosion potential.  

 

The supervised classification method allocates pixels into categories (classes), pre-

determined by the researcher using training sites. Training sites were based on GPS 

field data, field observation and comparison with high-resolution imagery on 

Google Earth, with at least 5 training sites used for each category. 

 

Landsat imagery was classified into three vegetation density classes; dense tree 

vegetation, sparse tree vegetation and grasslands, using the supervised classification 

method and the maximum likelihood algorithm. Detailed methods for supervised 

classification in SAGA are available in Fisher et al. (2012).   

 

Accuracy assessment  

 

The aim of accuracy assessment is to determine how closely the mapped categories 

on the map align with the reality in the field and thus provide sufficient confidence 

in the data for application within the RUSLE analysis. The accuracy of the 

classification was evaluated in two steps. First, the classification was visually 

assessed to determine if it was a reasonable representation of the satellite image, 

according to my understanding of the landscape. In the categories that were not 

representative, the training sites were revised and additional training sites added 

and the process repeated. 

 

Second, the vegetation density was compared at known points in the field (reference 

data) to the mapped class at the same point, following the methods of Congalton & 

Green (1999). Reference data for the accuracy assessment were collected at 30 points 

in the field using a handheld GPS, and at 90 points on high-resolution imagery on 

Google Earth.  Given the classification was performed using Landsat data with a 

30m pixel size, vegetation type and density was recorded not just at the GPS point, 
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but for an approximately 90m2 area surrounding the point. GPS samples were taken 

using a clustered sampling approach, predominantly along roads and foot tracks, 

whilst carrying out other field work.  In the open savannas of Sumba the sampling 

bias in this approach is minimised, as there are few trees and the extent of forest 

patches is clearly visible. An approximately equal number of GPS points were 

deliberately taken in each classification category.  

 

Reference data from high-resolution imagery on Google Earth was taken from 

2012/13 data, while the Landsat imagery was acquired in 2011. This was not 

expected to create large errors, due to the small number of land cover categories and 

small expected changes in them within this time period. Points were taken in a 

randomised grid sampling strategy, utilising the measurement tool to draw a box of 

approximately 90m2 in which to assess canopy cover. Accuracy assessment used a 

combination of 20 GPS points and 70 points from Google Earth. The overall accuracy 

of the classification was determined using an error matrix, and the accuracy 

reported.  

 

 

Digitisation of cultivated lands  

 

Cultivated lands were digitised on Google Earth. Boundaries of individual mixed 

gardens (predominantly maize and cassava) and rice paddies were digitised as 

polygons and exported into Quantum GIS for analysis of cultivated land area (see 

section 2.4 of this chapter).  This is a time-consuming technique, however these areas 

were not detected through the Landsat image analysis, but were considered 

important for erosion risk analysis and occupied a relatively small area of the 

catchment.  
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C- Factor values 

 

Vegetation density and cultivated land categories were assigned C-Factor values, 

derived from other studies in this region (Boggs et al., 2001, Rouwenhorst, 2013, 

Cohen et al., 2011), see Table 4.2. Note that in other locations native grasslands may 

have a lower C-Factor (high vegetation density), however due to the frequency of 

burning and the low plant density observed during field measurements, a higher C-

factor is appropriate for grasslands in this study.  

 

Table 4-2 C-factor values for RUSLE analysis 

Category  Description Source C-

Factor  

Dense tree 

vegetation 

 60-100% tree cover  

Native primary forests or 

dense planted forest.   

Landsat 0.1 

Sparse tree 

vegetation  

20-60% tree cover  

Degraded native forest, 

planted land reclamation 

trees.   

 

Landsat 0.25 

Rice paddy  Rain fed rice crops 

(terraced)  

Digital globe 0.5 

Grasslands 

0-20% tree cover 

Degraded native savanna 

grasslands, frequently 

burnt less than 20% tree 

cover, weeds.  

Landsat 0.7 

Mixed cultivated 

gardens 

Maize, cassava and other 

root vegetable mixed 

gardens  

Digital globe 0.8 

 



103 

 

 

4.4.2 Subsurface soil sediment source mapping and measurement 

Initial mapping and measurement of sediment production from landslides, channel 

change and gullies was conducted using high-resolution Quickbird and Geoeye 

imagery on Google Earth. The erosion features were extracted by digitising historic 

(2004 - 2006) and recent (2012 - 13) imagery, to produce a snapshot of erosion over a 

three to seven year period. Digitised features were imported into Quantum GIS for 

analysis. The following sections detail the analysis of sediment production from the 

mapped landslides, channels and gullies. 

 

Landslide sediment production  

 

For each landslide a polygon was created around the head of each scar, and 

vegetation, slope and landslide type were recorded (Highland, 2004). In addition, 

radii along the longest and shortest axes were measured to estimate the volume of 

the landslide based on the volume of half an ellipsoid (Equation 4.6): 

𝑉𝑜𝑙𝑢𝑚𝑒 =  
(

4
3

) × 𝜋 × 𝑎𝑏𝑐

2
 

Equation 4.6 

where a is the radius of the longest axis, b is the radius of the shortest axis and c is 

depth. 

 

For landslides that were visible on imagery of two dates, the depth of material that 

had moved was estimated by measuring the change in the elevation of the head of 

the scar with reference to fixed points on the imagery. In total, 28 landslide scars 

were measured, and the annual delivery of sediment to streams was calculated.  

Landslide scars which appeared in only the most recent imagery were assumed to 

have occurred during the last year, and the depth was estimated based on the shape 

of the landslide scar head, and field observations.   
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All of the landslides recorded were located on waterways, therefore the majority of 

sediment is assumed to have entered the waterway. A sediment delivery ratio of 

90% was applied to sediment production estimates.  

 

Gully erosion prediction and estimation of contribution to sediment  

There were many small gullies that had been initiated recently and were not visible 

on high-resolution imagery. These gullies were discovered during field visits and on 

advice received in key informant interviews. Mapping of gully erosion and field 

observations showed that gullies only occurred on black vertisol soils in valleys 

within the Kananggar Formation. Potential sites for gully erosion were modelled in 

SAGA GIS using the ASTERv2 digital elevation model (DEM) by mapping locations 

of valley bottoms with low slope within the Kananggar Formation (Figure 4.4). As 

only one small gully was observed on floodplains, the main river channel and 

associated floodplains were removed from the model.   

 

The accuracy of this mapping for 

predicting the occurrence of gully 

erosion was then assessed using 

the sites of gully erosion mapped 

using high-resolution imagery.   

To gain a better understanding of 

the sediment contribution from 

gullies, field measurements of 

annual sediment production 

were made for every gully in a 

750 ha sample area containing 

sites of gully erosion. 

Measurements of gully length, 

width and depth were made and 

the shape of the gullies sketched before and after a single wet season (2012 - 2013) to 

indicate the approximate sediment yield from each site. An estimation of the total 

Figure 4-5 Methods for predicting gully erosion 

distribution  
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sediment production from gully erosion was made by multiplying the measured 

sediment production from gullies within the 750 ha sample area by the area of 

predicted gully erosion in the catchment, using Equation 4.7: 

 

𝑆 = (𝑃/𝐴𝑆) ×   𝐴𝐶   Equation 4.7 

 

where S is estimated total sediment production from gullies in Kambaniru (t yr-1); P 

is measured sediment production from sampled area (t yr-1); AS is mapped area of 

predicted gully erosion in sampled area (km2); AC is mapped area of predicted gully 

erosion in catchment (km2). 

  

Channel change estimation of contribution to sediment   

 

Two methods were used to estimate the contribution of channel change to the 

sediment budget: where two high-resolution satellite images a number of years apart 

were available, channel change was calculated by measuring change between the 

images (Figure 4.5); and where only one image was available, channel bank erosion 

rates were predicted.  In order to accurately measure change between images, 

polygons were exported and co-registered using house roofs. 
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Figure 4-6 Channel change digitisation methods 

Where only a single image was available, channel reaches were allocated to the 

categories of high, medium, low, or very low potential for channel bank erosion 

according to predicted rates of channel bank erosion. Categories were allocated 

based on the amount of visible bank erosion, sediment deposition, land use, 

vegetation cover and topography.  Estimated erosion rates for high and medium 

erosion categories were assigned based on measured erosion rates for parts of the 

Kambaniru catchment with similar attributes and dual images available (Table 4.3).  
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Table 4-3 Predicted channel change rates, based on results of channel change rate measurements in 

other parts of the Kambaniru catchment, where two images were available.  

Erosion Rate t/km2/yr 

Predicted - High 2,200 

Predicted - Moderate 1,300 

Predicted - Low 660 

  

 Forested, bedrock confined  0 

Discontinuous channel 0 

Unknown - 1st & 2nd order 0 

 

4.5 Radionuclide tracing of surface soils  

4.5.1 Introduction 

In larger catchments, sediment tracers have been used either as an alternative to, or 

to complement, field measurements. Radionuclide surface soil tracers are one group 

of soil tracers. The underlying principle of this approach is that atmospheric 

radionuclides bind strongly to soil particles on contact. The radionuclides remain 

bound to soil particles as erosion processes move them through the catchment and 

into the waterway. By testing and comparing the radionuclide concentrations in 

surface soils and in sediments, it is possible to indicate how much of the sediment 

consists of material originating from the soil surface, in contrast to soil deeper in the 

soil profile.  

 

Many different sediment tracers have been trialled and applied in a range of 

environments. There are two basic premises of soil tracers. First, that potential 

sediment sources can be discriminated based on measurements of sediment 

properties, and second that the relative contribution of those sediment sources can 

be determined from comparison of source materials with sediments. Based on these 

premises, Motha et al. (2002) defined three key requirements for tracers; they should 
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be measurable, representative and conservative.  In this context, conservative means 

the concentrations of tracers should not be affected by sediment generation or 

transport processes.  

 

The radionuclide surface soil tracers, caesium-137 (137Cs) and excess lead-210 (210 

Pb(ex)) fit these criteria (Motha et al., 2002), and the application of these tracers has 

been widely documented (eg. Olley and Wasson, 2003, Walling et al., 2006, 

Wallbrink, 2004, Motha et al., 2003). More recently Plutonium-239 (239Pu) has shown 

promise as a replacement for 137Cs which is fading below detectable limits in the 

southern hemisphere (Everett et al., 2008, Smith et al., 2012, Tims et al., 2010b). 

Some studies use a single tracer to determine sediment sources (Blebea-Apostu et al., 

2012, Simms et al., 2008a), but recent studies have shown the benefits of using a 

variety of tracers to strengthen the validity of the study (Furuichi et al., 2009, 

Douglas et al., 2009, Wasson et al., 2010).  This project uses fallout radionuclides 137Cs, 

239Pu and 210Pb(ex) as surface soil tracers. 

Sediment fingerprinting techniques using the geophysical and chemical properties of 

different geological formations to distinguish between sediment sources were 

considered for this project, however the lack of geological variation among 

tributaries of the Kambaniru Catchment indicated these techniques were unlikely to 

differentiate sediment sources among subcatchments.  

 

137Cs as a surface soil tracer 

 

 137Cs is the most commonly used surface soil tracer. It has been applied in a range of 

environments at a range of scales over the past 30 years (Wasson et al., 1984, Brown 

et al., 2009, Walling, 1983). 137Cs has commonly been used both in the dating of 

sediments (Hollins et al., 2011, Wasson and Galloway, 1984) and to trace soils 

entering waterways (Smith et al., 2012, Motha et al., 2004). 
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137Cs as a radionuclide in the atmosphere is a product of nuclear weapons testing in 

the late 1950’s and early 1960’s. Tests were carried out at many locations, with major 

explosions projecting radionuclides into the troposphere where they bound to 

aerosol particles and circulated the globe. Fallout had effectively ceased by the 1980’s 

(Everett et al., 2008). 137Cs levels in the northern hemisphere are almost three times 

higher than in the southern hemisphere, largely due to significant 137Cs input from 

the Chernobyl nuclear disaster in the northern hemisphere  (Everett et al., 2008, 

Furuichi and Wasson, 2013). 

 

137Cs has a relatively short half-life of 30.2 years. Because it is over 50 years since the 

majority of fallout occurred, 137Cs levels have fallen to less than 35% of original levels  

(Everett et al. 2008) and are reaching the lower levels of detection limits using high-

resolution gamma spectrometry, particularly in South East Asia (Furuichi and 

Wasson, 2013).  

 

 210Pb(ex) as a surface soil  tracer 

 

210Pb(ex) is commonly used in conjunction with 137Cs. It was first used in sediment 

dating in the late 1980’s (Wasson et al. 1987), and has a long history of application as 

a soil tracer (Brown et al., 2009). The short half-life of 210Pb, 22.2 years, makes it useful 

in identifying soil particles that have recently been exposed to the surface. It is 

commonly used in conjunction with 137Cs as these isotopes can be measured 

concurrently by gamma spectrometry.  

 

 

210Pb(ex) also known as unsupported 210Pb is a naturally occurring radionuclide, a 

product of the 238U breakdown chain. 210Pb is the daughter product of 226Ra gas, 

produced by breakdown of 238U in situ. It is constantly being produced in the 

atmosphere, where it binds to aerosols and falls out with rain.  
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Concentrations of  210Pb(ex) are calculated by subtracting the number of 226Ra counts 

from the total number of 210Pb  counts (Murray et al., 1987). Excess counts are those 

not accounted for by in situ decay of 238U, which are therefore assumed to be fallout 

from the atmosphere.   

 

226Ra - 210Pb = 210Pb(ex)    Equation 4.8 

 

While 137Cs and 210Pb(ex)  are often used together, they may show different trends, 

depending on the erosion history. The majority of 137Cs was deposited on the soil 

surface 50-60 years ago, whereas 210Pb(ex)  is constantly being deposited. With a half 

life of 22 years, some of the 210Pb(ex)  being measured now was deposited during this 

time, but the majority is more recent. If there has been a major change in erosion 

rates in the past 50-60 years, 210Pb(ex) concentrations may reflect this.   

    

One challenge reported with 210Pb(ex)  as a tracer is the potential for negative values 

(Furuichi 2007, Nawaz 2010). As 210Pb(ex)  measurements rely on 210Pb in situ and 226Ra 

being in equilibrium, negative values can occur when there is loss of 210Pb, 

enrichment of 226Ra or where 210Pb(ex)  concentrations are close to zero, and within 

the measurement uncertainty.   

 

 Plutonium 239 as a surface soil tracer  

 

Pu in the atmosphere is the result of nuclear weapons testing in the 1950’s and early 

60s and has been proposed as a replacement for 137Cs, as it fades from the southern 

hemisphere (Everett et al. 2008). With a half life of 24,110 years 239Pu levels are 

relatively stable. 239Pu has shown strong correlations with 137Cs in a number of 

terrestrial sediment studies in Australia (Tims et al., 2010a, Hoo et al., 2011, Smith et 

al., 2012) and in China (Dong et al., 2010) as well as tracing sediment in estuary 

environments (Pan et al., 2011). 
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239Pu  can be accurately measured by Accelerator Mass Spectrometry (Child et al., 

2008), and in comparison with 137Cs can achieve better statistical strength, higher 

precision with a smaller amount of sample material (4g in comparison to 50g for 

137Cs) and lower count times (4-8 mins in contrast with 2 days) (Everett et al. 2008). 

The efficiencies of lower count times are counteracted by the longer and more 

complex sample preparation required for AMS compared with gamma 

spectrometry.    

 

 

4.5.2 Sample selection  

Sediments, surface and sub-surface soils and soil profiles were sampled to gain an 

understanding of the radionuclides distribution through the soil profile, 

concentrations across the catchment and under different land covers. Sample 

locations are shown in Figure 4.7.  
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Figure 4-7 Location of radionuclide samples and elevation 

 

To gain an understanding of the relative contribution of surface soil and subsurface 

soil in each subcatchment, sediments were sampled above and below the confluence 

of every major tributary, on both the main channel and the tributary. It was assumed 

that if the relative contribution of surface soils was significantly different in the 

tributary compared with the main channel, the influence on radionuclide 
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concentrations downstream of the tributary would indicate the percentage 

contribution from the tributary. Sediments were also samples in the weir pool.    

 

Sediment sampling 

Sediment samples at each sampling location comprised 20 or more subsamples of 

approximately 30g, taken from sediment bars on the edge of the river or from 

sediment trapped between river stones where necessary. Where samples were taken 

from near the confluence of two rivers, sediments were not closer than 50m to the 

confluence to avoid the possibility of a) mixing of sediment deposited by high flood 

waters from main channel with sediments in the tributary b) insufficient mixing of 

sediment from tributaries in the downstream river sample.      

 

Each bulked sample weighed 1-3kg, depending on the sediment size taken during 

collection. Where materials were coarse, more subsamples were taken to ensure 

sufficient material in the <63µm component required for analysis. The bulked 

sample size was limited as sample collection was undertaken on foot over rough 

terrain, by groups of 3-5 people. 

 

Surface soil sampling  

Surface soils were sampled from a range of land cover categories (dense canopy 

vegetation, less dense tree vegetation and grassland) and soil types (marine 

sediments, volcanics) within the catchment, to investigate if there was any 

correlation between land cover, soil type, local slope, base geology and radionuclide 

concentration. Primary forest was sought to act as an undisturbed reference site, and 

was expected to contain the highest levels of radionuclides. However, the soil 

surface was often disturbed in sites identified as primary forest, by local people 

digging up forest tubers. Collections of tubers has been repeated over many years, so 

that soils in these areas are likely to have been disturbed at some time.  

 

Surface soil material was sampled where it appeared to have been entrained in 

overland flow and likely to be actively moving towards the waterway, often in small 
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(5-10cm long) debris dams. At least 20 subsamples of no more than 20g each were 

collected from a 25m2 area. This sampling technique was designed to gain 

information on surface soil material that was actively moving in the system and 

likely to be contributing to sediment in the river.  

 

Subsurface and soil profile sampling 

Use of radionuclides as surface soil tracers relies on the highest concentrations being 

in surface soils, with only small amounts migrating down the soil profile. Subsurface 

soil samples and soil profiles were taken from a number of locations to complement 

surface soil sampling and to gain an understanding of the distribution of 

radionuclides in the soil profile. Subsurface soil samples were taken 

opportunistically where subsurface soil was exposed and actively eroding into the 

waterway. In each case, at least 20 subsamples from 20-100 cm below the soil surface 

were combined to make one sample.   

 

Soil profiles were taken from exposed surfaces where soil was actively being eroded 

into waterways. The exposed material on the profile was scraped away and 

discarded, to prevent interference of freshly deposited 210Pb(ex) through the profile. At 

both sites, profiles had been freshly exposed in the preceding wet season (4-6 

months), where the time of exposure was indicated by the landholder and confirmed 

by visual inspection of the exposed sites.  Profiles were sampled at the following 

intervals; 0-5 cm, 5-10 cm, 10-20 cm, 20-30 cm and 30-50 cm. It would have been 

desirable to sample the 0-2.5 and 2.5-5 cm fractions separately, given the surface soil 

sample collections only included the 0-2.5 cm fraction, but poor road conditions and 

access to much of the catchment necessitated that the majority of field work be done 

in the mid – late dry season. By this time surface soils were dry and hard, making it 

impractical to accurately separate the 0-2.5 cm and 2.5-5 cm fractions containing the 

greatest root mass.   
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4.5.3 Sample Preparation for radionuclide analysis  

 

Radionuclides have been shown to occur in greater concentrations in the smaller 

particle size portion of soils (Everett et al. 2008), as a result many studies have 

analysed the <10 µm component of the soil (Everett et al. 2008, Hoo et al. 2011, Smith 

et al. 2012, Tims et al. 2010), particularly for measurement of 239Pu. Other studies 

analysing 137Cs and 210Pb(ex) use the <63 µm component. In this study, the <63 µm 

component was selected, as it was expected to concentrate radionuclides to 

measureable levels, and to be more representative of the sediment and soil samples.  

 

The samples were divided into two portions; a small portion for particle size 

analysis, approximately (50 g) and the remainder was wet sieved to obtain the <63 

µm component. Some samples were sieved and dried in the sun in the field, while 

the remaining samples were sieved in the laboratory then dried in an oven at 60 

degrees for 4 days or until dry. All samples were sieved using accredited standard 

stainless steel sieves.  

 

All samples were sterilised in an autoclave at 121oC for 2h, in accordance with 

Australian Quarantine and Inspection Service (AQIS) requirements.   The sieved 

portion of samples were divided into two portions: 4g for Accelerator Mass 

Spectrometry analysis of 239/240Pu and the remainder for Gamma Spectrometry 

analysis of 137Cs and 210Pb(ex).  

 

4.5.4 Sample analysis – Caesium 137 & Lead 210 (excess)  

Samples were ground using a ring grinder to ensure maximum surface area for 

release of gamma rays and radon gas. The ground powder was packed into a 55g 

petri dish and sealed with silicone. The weight of the petri dish before and after 

packing was recorded to determine the weight of the sample material, which was 

approximately 40g.  
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Some of the sediments were much coarser than others and sieving of the 1-2kg of 

raw sample produced less than 40g of <63µm sample material. For samples with 

masses less than 40g, the known weight of ground sample was packed with inert 

sodium carbonate powder to create the same geometry as other samples and 

maximise measurement efficacy.  Samples were sealed using silicone and left for 

three weeks to allow the 226Ra and 210Pb to reach equilibrium.  

 

Samples were analysed for 137Cs and 210Pb(ex) activity using Compton suppression 

High Purity Germanium gamma spectrometers. The spectrometer comprises an 

active NaI(Tl) suppression annulus, a NaI(Tl) plug detector and a reverse electrode 

germanium (REGe) detector. The entire system is housed within an inert lead shield 

to minimise interference from background radiation. 

 

Samples were measured and results interpreted following Australian Nuclear 

Science and Technology Organisation (ANSTO) standard operating procedures, as 

documented in other sediment studies (Smith et al., 2011, Hollins et al., 2011, Simms 

et al., 2008a, Simms et al., 2008b).  

4.5.5 Sample analysis – Plutonium 239/240 

 

Samples for Accelerator Mass Spectrometry (AMS) analysis of 239Pu and 240Pu 

consisted of 4 g soil or sediment. Samples were analysed according to ANSTO 

standard operating procedures, which contains minor alterations from the method 

published in Child et al. (2008). Samples were prepared in four stages; drying and 

sieving, decomposition, pre-chromatography treatment and ion exchange 

purification (Figure 4.8). Minor additions were made to the standard methods to 

account for the high carbonate content of the sample material.  Samples were 

analysed on the ANTARES, the 10MV tandem accelerator at ANSTO.  
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Figure 4-8 Sample preparation for AMS analysis of Plutonium 

This method has been implemented in a number of other studies relating to soil and 

sediment samples  (e.g. Smith et al. 2012, Child and Hotchkis 2012) and has benefited 

from recent improvements in the efficiency of ionisation at the ion source (Child et al. 

2010). Sample preparation was completed by the researcher, under supervision of 

ANSTO staff.  

 

4.5.6 Sample analysis – Particle size  

Particle size analysis was undertaken using laser particle size analysers at two 

different laboratories on different models of analyser, a Malvern Mastersizer 2000 

laser diffraction spectrophotometer at ANSTO and subsequently on a Beckman Coulter 

LP13320 laser diffraction particle size analyser at the University of Melbourne. To 

prepare samples for analysis, where necessary samples were sieved with a 2mm 
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sieve. For all samples organic matter was removed using hydrogen peroxide and the 

samples dispersed with silver nitrate.  

 

A small subset of eight samples was sieved through multiple sieves and dried at 

60oC for three days or until dry to determine the proportion of the sample in three 

categories: coarse sand (>250µm); fine sand (250-63µm); and silt and clay (<63µm).  

 

The results of both sets of laser particle size analyses indicated samples were low in 

clay content and high in either sand or silt content. The soil textures indicated by the 

results were not consistent between the two laser analyses and varied greatly from 

field texture and sieve analysis.  No sample mass remained following these analyses, 

and this problem was not investigated further.  

 

 

4.5.7 Sample analysis – Organic matter content 

 

Organic matter content was tested on the <63µm component of all samples, to test 

for correlation with radionuclide activity. All samples were analysed for organic 

matter content using the loss on ignition method (Davies, 1974). Prior to testing 

samples were dried in an oven at 80oC to minimise water content. A known weight 

of the sample was ashed in a furnace at 800oC for 1h, the samples were allowed to 

cool in the furnace to minimise absorption of water from the atmosphere and the 

weight was measured accurately and recorded.    Organic matter content was 

calculated using Equation 4.9 

 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟  𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 1 − (
𝐴𝑠ℎ𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
) × 100  

 Equation 4.9 
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4.5.8 Data Analysis  

Preliminary data analysis was completed by ANSTO researchers and the results 

provided in terms of radionuclide activity. To test for applicability of all 

radionuclides as surface soil tracers, the probability that there was a significant 

difference between radionuclide activity in surface soils and subsurface soils was 

tested to the 0.05 probability level using a Mann-Whitley U test for data that are not 

normally distributed.  All radionuclides were suitable overall, however it was noted 

that surface soil concentrations varied greatly, with some surface soil activities lower 

than the sediment activities.    

 

Radionuclide tracer concentrations have often been corrected for total organic matter 

content (TOC) and particle size (or Specific Surface Area), before use in mixing 

models. This approach has recently been criticised (Smith and Blake, 2014) as it 

assumes that there is a linear relationship between radionuclide activity and both 

organic matter content and particle size. All source samples were grouped by 

location and tested for correlations with organic matter content and particle size. As 

no clear relationship between particle size and organic matter content was evident in 

the sample data, no corrections for particle size or organic matter content were 

performed.  

 

4.6 Creating a Sediment Budget  

Quantification of sediment sources using the geospatial, radionuclide, field and 

social data collected in the methods described, were combined into a first-order 

sediment budget, according to the flow chart in Figure 4.1.  

 

Sediment yield, gully erosion, channel change, landslides have been quantified using 

a combination of geospatial, field and social data. In contrast, predicted surface 

erosion was mapped using geospatial methods and quantification of surface soil 

contribution was determined by radionuclide tracers. The percentage of topsoil in 

weir sediments was calculated by dividing the weir values by the average tracer 

value in all topsoil samples (137Cs n=25, 239Pu n=16). 
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This first-order sediment budget was made with the aim of quantifying catchment 

sediment yield at the weir, and identifying and quantifying sediment sources. A 

complete sediment budget, as well as including these elements, would identify and 

quantify sediment sinks, sediment transport and storage or residence times. The 

budget in this study attempts to quantify just one sediment sink, sediment 

deposition as a result of channel change. This only quantifies horizontal changes in 

channel location, it does not quantify sediment stored in or eroded in scouring of 

pools and riverbeds, resulting in changes in river depth, which cannot be quantified 

from the methods used in this study. 

 

Sediment storage on or erosion of floodplains is also not quantified, although the 

floodplains of the Kambaniru River above the weir are not extensive, they are 

inundated annually, providing opportunities for floodplain erosion or deposition.  

      

4.7 Conclusion  

This study combined geospatial analysis, key informant interviews, limited field 

work and radionuclide surface soil tracer analysis to create a first-order sediment 

budget for the Kambaniru River. Geospatial analysis of surface erosion, channel 

change, gully erosion and landslides used only free global datasets and free open-

source software, thus using methods that can be implemented by catchment 

managers in resource and data-poor environments. 

 

Radionuclide tracers were used to determine the contribution of surface soil to 

sediment, and it is acknowledged that the accuracy of quantitative surface erosion 

modelling is poor for wet-dry tropical environments. Geospatial analysis results 

(Chapter 5) and radionuclide tracer results (Chapter 6) are presented in separate 

chapters, and the results are collated into a sediment budget in Chapter 7.  
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Chapter 5 – Geospatial analysis and 

interview results  
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5 Results of geospatial analysis  

 

This chapter presents the results of GIS and remote sensing analysis that 

investigated sediment sources in the Kambaniru catchment, and the key informant 

responses about erosion processes. The findings from the key informant interviews 

are presented to describe the drivers of erosion processes, and the impacts of erosion 

processes on local livelihoods.  

 

There are two main aims of this part of the study: (1) to estimate sediment 

production rates and map sediment sources for inclusion in a sediment budget and 

(2) to test the assumptions implicit in Indonesian catchment management policy.  

 

Research questions have been formulated for the Kambaniru catchment based on the 

literature review, to address both these aims: 

1. At what rate has sediment been deposited in the weir pool?  

2. Is shifting agriculture a major cause of erosion? 

3. Where are sediment sources located in the catchment? 

4. What are the relative contributions to sediment in the weir pool; specifically 

from surface erosion, gully erosion, channel change or landslides? 

These questions are investigated using a range of methods, depending on the 

sediment source being investigated. As such the chapter is divided into five sections: 

(1) sediment deposition in the Kambaniru Weir, (2) land cover, (3) rill and sheet 

erosion, (4) landslides and (5) river channel change and gully erosion.  

 

The relevant research question is stated at the beginning of each section and the 

contribution of the results to answering the question are summarised.  Discussion 

and comparison of the results with other studies are presented in Chapters 7 and 8.  
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5.1 Sediment deposition rates in the Kambaniru Weir 

 

Annual sediment yield from the Kambaniru catchment was estimated using the 

sediment deposition rates in the Kambaniru Weir Pool, and the estimated trap 

efficiency of the weir.  The aim of this section is to present the calculations of the 

deposition of sediment from 1994 (the first year of operation) to 2012. This will 

address research question 1 and will also form the basis of the sediment budget for 

the catchment upstream of the weir.  

 

Although some of the information from key informant interviews presented in the 

following summary does not inform measurement of sediment deposition rates, it 

provides some social and political history for consideration in determining 

management strategies for sedimentation of the weir pool.  

 

5.1.1 The story of the Kambaniru Weir, reconstructed from interview data  

 

The Kambaniru Weir was commissioned by the Indonesian central government in 

1992 to irrigate 1440ha of rice paddy to be constructed in the Kambaniru – Kawangu 

Irrigation Area. The project was one of many weir construction projects across the 

Nusa Tenggara region.   

 

Prior to construction of the weir, a village was located immediately downstream of 

the current location of the weir. This village was home to 32 households, who 

consequently moved their houses to the current road level and the hills above. These 

farmers were promised compensation for their farmland, fruit trees and houses, but 

they received only a small portion of the promised compensation.  

 

Farmers upstream of the weir protested against the weir construction on the basis 

that their most productive farmland would be lost. A number of farmers upstream 
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from the weir indicated that they were offered farmland at another location, but 

none accepted the offer. 

 

The river, prior to construction of the weir, was broad and shallow (0.5-1.5 m deep) 

in most sections and deeper in outer river bends. The main road to Bidipraing 

followed the river bank (Figure 5.1). Most stretches of river bank had one or two 

floodplain benches, with a defined channel within which the river location was 

relatively stable. In all areas surveyed the river base was gravel, with some farmland 

on the floodplains, the width of the floodplain varying with location. The inside of 

the large bend at Bidipraing was predominantly gravel with little productive 

farmland.  This description of the river is similar to the lowland reaches of larger 

rivers of the southern coast of Sumba island and the large braided rivers of Timor 

island.   

 

Construction of the Weir and inundation of riverbanks and farmland  

 

Construction was undertaken by a large company from Java and began in 1992. A 

number of local people were subcontracted for some of the construction. From 

memories of this experience they were able to provide more detailed information of 

specific elements of the final construction, which informed calculations of weir pool 

capacity. By the wet season of 1994 basic construction was completed, the river was 

then diverted from its natural channel into the constructed weir pool and the weir 

gates were closed, directing water over the weir.  

 

The wet season of 1994/1995 saw the beginning of a 4-6 year period where 

floodplains up to 7 km upstream of the weir were inundated permanently. Flood 

waters reached Wai Kudu and Lai Hiding (8.6 km upstream of the weir, Fig. 5.1) 

during a large flood in February 1995. Residents described the waters as like a ‘sea’, 

deep, wide and only able to be crossed using a canoe. One resident recalled a 

‘Canadian person’ measuring the depth of the weir pool at Bidipraing and recording 

a water depth of 13m.  
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Topographic maps from the Indonesian National Mapping Agency 

(BAKOSURTANAL) constructed from 1993/1994 aerial photographs and 1995 field 

surveys support the information provided by respondents on the extent of 

inundation.  

 

Sedimentation of the Weir pool  

 

In the 2000/2001 wet season, farmers at the upstream extremity of the weir pool were 

able to plant rice on the sediment banks emerging from the water. In the 2003 dry 

season rice cultivation was possible 3-4km upstream of the weir, and by 2004 dry 

season cultivation was possible 500m-1km upstream of the weir, because of 

sedimentation. Rice planting continued for several seasons until the sediment banks 

were completely dry with the exception of flood events during the wet season. Parts 

of the downstream end of the weir pool (0.5-1km upstream of the weir) are still 

planted with rice.  

 

In most areas sediment banks that have accumulated in the weir pool are now 

planted with crops of corn, tomato, chilli, eggplant and other vegetable crops during 

the dry season. In the wet season the banks are still prone to frequent flooding and 

are not cultivated.   

 

Sketches of the profile of the riverbank and channel prior to weir construction drawn 

by local residents have been digitised to reconstruct the river profiles (Figure 5.1).  

Red points indicate locations where sediment depth was measured.  
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Figure 5-1 Reconstruction of 1994 weir capacity from interviews and field data 
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The weir pool was deeper and more extensive in 1994 than in 2012 (Figure 5.1). 

Interviewees estimated the river depths at locations adjacent to their own farmland. 

Interviewees also indicated locations where the river bed was gravel prior to weir 

construction, sediment depth at these locations were consequently measured with a 

steel rod to indicate minimum sediment depth.  The measurements of sediment 

depth were largely consistent with estimates given in interviews.  

 

Table 5.1 summarises the 1994 weir capacity, divided into two sections. 

Measurements for the 0-380m section were derived from the construction plans for 

the weir; and measurements for the 380-7500m section of the weir pool were 

estimated from interviews and seven sediment depth measurements, with the area 

taken from digitisation of high-resolution satellite imagery on Google Earth.  

Table 5-1 Capacity of the Kambaniru Weir in 1994 calculated from field measurements and imagery 

analysis  

 

The calculated 2012 weir capacity was based on 13 depth profiles, with an example 

in Figure 5.2:  

 

Figure 5-2 One of the 13 weir pool profiles used to estimate the depth of the weir pool in 2012. 
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The weir pool was divided into 13 sections based on river morphology (straight 

shallow sections and deeper corners primarily) and depth profiles indicated the 

average depth for each river section.  

 

Calculations of weir capacity (Table 5.2) indicated that approximately 5,450,000 t ± 

1,110,000 t of sediment had accumulated in the weir pool in the 18 years, with an 

average of 302,000t annually since the weir was operational in 1994, resulting in an 

87% loss of capacity of the weir pool.    

Table 5-2 Capacity of the Kambaniru Weir in 2012 and total accumulated sediment (1994-2012) 

Kambaniru Weir 2012 capacity 
Total accumulated 

sediment 
(1994-2012) 

Area (106 m2) 0.67  ± 0.00075 6.35 ± 0.0015 

Average depth (m) 1.15 ± 0.5 
  

Volume (106 m3) 0.77  ± 0.01 5.9 ± 1.17 

Total mass (measured bulk density of 0.93gcm-3) 
(106 t) 

5.45 ± 1.1 

 

5.1.2 Sediment deposition of 1994-2005 vs 2006-2012 

Additional imagery from 2006 on Google Earth allowed for analysis over two 

periods; 1994-2005 and 2006-2012. Utilising the results presented in the previous 

section, with additional estimation of weir pool capacity in 2006, the results (Table 

5.3) indicated that sedimentation rates were higher between 1994-2005 compared 

with those from 2006-2012.   

 

Table 5-3 Sediment deposition in the Kambaniru Weir over time 

Sediment deposition 1994-2012 1994-2005 2006-2012 

Average annual (t yr-1) 270,000 ± 50,000 410,000 ± 50,000 2,000 ± 1000 
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The decreasing sediment deposition rates are likely to be the result of the decreasing 

capacity of the weir over time, due to the decreasing trap efficiency of the weir as it 

fills with sediment.  

5.1.3  Trap efficiency of Kambaniru weir pool and annual sediment yield 

 

Annual sediment yield at the weir was calculated from estimates of annual sediment 

deposition and the estimated trap efficiency of the weir (Brune, 1953) (Table 5.4).  

 

Table 5-4 Trap efficiency of the Kambaniru weir and annual sediment yield of the Kambaniru River 

 *(DinasPU, 2013)  

 

The annual sediment yield is based on 1994 weir capacity and sediment deposition 

rates, as sediment accumulation over time, and therefore reduced weir capacity, has 

decreased the calculated trap efficiency to around 2%. As the capacity/discharge 

ratio curve is largely untested at such low trap efficiencies, the error was expected to 

be unacceptably high for use in annual sediment yield calculations.  

 

 

5.1.4 Summary of sediment deposition and loss rates 

 

The estimated minimum water storage capacity of the weir in 1994 was 5.7 mega 

litres, and subsequent sedimentation has resulted in a current storage capacity of just 

0.7 mega litres. This is a reduction in storage capacity of 87% in 18 years.    

 

Trap efficiency  and Annual sediment yield   

1994 Capacity 6.35 ± 1 x 106 m3 
Modelled annual discharge (25 m3/s)*  

800 ± 240 x 106 m3 

Capacity / discharge ratio 0.0079 

Initial Trap efficiency  40% 

Average annual sediment deposition 1994-2005  0.496 ± 0.05  x 106 t/yr 

Minimum average annual sediment yield  1.3 ± 0.4 x 106t/yr  
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The average annual sediment deposition rate in the weir pool over 18 years was 

270,000 t/yr ± 50,000 t however sediment did not accumulate evenly though time, 

with the majority of sediment deposition occurring in the first years of operation 

(1994-2006). The initial trap efficiency of the weir was estimated at 40%, declining to 

just 2% in 2012, therefore the average trap efficiency over time was approximately 

21%, resulting in estimated annual sediment yield of 1,440,000 t/yr ± 450,000 for the 

1994-2012 period, which equates to 1150 t/km2/yr. 

 

These erosion and sediment production rates are discussed in Chapter 7 and 

compared with sediment production rates from other catchments in Indonesia and 

other regions of the wet-dry tropics.    

 

5.2 Rill and sheet erosion  

5.2.1 Landover assessment  

 

Land cover classifications contribute to research question 2 regarding the importance 

of shifting agriculture as a source of sediment in the Kambaniru Weir.  Land cover 

classifications are also used in the RUSLE calculations of rates of surface erosion.  

Results of land cover analysis are presented in Figures 5.3 and 5.4. 

 

Land cover classes were divided into two categories – (1) vegetation cover classes 

based on canopy cover estimated from classification of satellite imagery, and (2) 

cultivated agriculture divided into mixed gardens and rice paddies, digitised on 

high-resolution satellite imagery, as described in section 4.4.  

 

Land cover analysis showed grassland and ‘sparse’ vegetation cover are dominant, 

covering more than 85% of the catchment (Figure 5.5). Primary and planted forest 

(greater than 60% canopy cover) covers just 13% of the catchment area, largely 

within the Laiwanggi- Wanggameti National Park and other protected forest areas.  
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Figure 5-3 Landcover classes mapped from satellite imagery and digitisation of agricultural lands 

  



133 

 

 

Figure 5-4 Landcover classes in Kambaniru Catchment, as a percentage of total land area above the 

weir  

 

Accuracy assessment of the land cover dataset was performed by comparing land 

cover mapping to a combined dataset of 90 points of GPS field data and point data 

from visual assessment of imagery on Google Earth.  The small number of land 

cover categories enabled a relatively high overall accuracy of 82% (Table 5.5). 

     

Table 5-5 Results of accuracy assessment for vegetation density classes derived from Landsat 

imagery 

 Producer’s  

Accuracy  

User’s 

accuracy  

Overall 

accuracy  

Dense Tree Cover 

(100-60% canopy cover) 

72% 98% 

 

 

82% 

Sparse Tree Cover (60-20% tree canopy cover) 74% 63% 

Grassland (0-20% tree canopy cover) 80% 88% 

All categories  79% 84% 
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Accuracy is lowest for the ‘Sparse tree cover’ category. This is likely to be a 

combination of mapping errors and errors in the collection of accuracy assessment 

data, as canopy cover at moderate densities is more difficult to differentiate than at 

low or high densities. Overall accuracy of 82% is relatively high in comparison to 

other studies that utilise Landsat data for land cover mapping (Cohen et al., 2011, 

Fisher, 2011) and were deemed acceptable for further analysis within this study. No 

accuracy assessment was performed for digitised cultivated areas, given the small 

area of cultivated land and expected high accuracy, relative to the Landsat 

classification, of the high-resolution imagery and manual interpretation method 

used.  

 

Cultivated agricultural lands are less than 2% of land area in the portion of the 

catchment above the weir, which is consistent with the relatively low population 

density and small holding size described in section 3.3.  Gardens and rice paddies 

are largely distributed along river and stream valleys with a small number on the 

steep slopes of the Masu volcanic formation in the Katikuwai and Tanarara 

subcatchments.  

 

Digitisation of a single image provides a snapshot of the cultivated area for one year. 

Gardens that were in the fallow phase of shifting cultivation in this year and had not 

been in use in the past 2-3 years were not included in this category, as they were no 

longer distinguishable on satellite imagery. Fallowed gardens were likely to be 

included in the ‘sparse tree cover’ category, as secondary vegetation was re-

establishing.  

 

Summary of Landcover assessment 

Research question 2 investigates whether shifting cultivation gardens are a major 

source of sediment in the catchment. Mixed cultivated gardens accounted for less 

than 1% of catchment area in any one year, therefore shifting agriculture is unlikely 

to be a source of sediment.  
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5.3 RUSLE assessment of rill and sheet erosion  

 

Rill and sheet erosion rates and relative risk were assessed using the Revised 

Universal Soil Loss Equation, described in section 4.4. RUSLE was used in two ways. 

The numerical values for estimated erosion rates were compared to other studies to 

establish the magnitude of surface soil erosion in comparison to other catchments in 

the region and in other similar environments.  

 

The estimated soil erosion rates were also converted into the relative erosion risk 

classes within the catchment. These classes are then analysed by location to answer 

research question 3, regarding distribution of sediment sources throughout the 

catchment. Erosion class mapping can also be used to indicate locations with the 

highest predicted erosion rates, for soil conservation planning.   

 

5.3.1 RUSLE Estimated surface erosion rates  

 

Rill and sheet erosion is difficult to assess over a large area due to the small scale of 

these erosion processes. The RUSLE output was designed to estimate the rate of soil 

loss from a given plot, not rate of soil loss across an entire catchment, as there is no 

mechanism for the measurement of soil deposition with the landscape. Surface 

erosion rates for use in the sediment budget were obtained from radionuclide tracer 

results. Therefore these numerical results are useful primarily as a comparison with 

published values for other catchments.  The estimated surface erosion rate  in the 

catchment is 170 ± 160 t ha-1 yr- 1, with a range of values from 0.03-2200 t ha-1 yr- 1 

(Figure 5.5). The lowest erosion potential is in the flat coastal plains of the lower 

catchment with relatively low rainfall intensity. The highest values occur across very 

small areas in the Katikuwai and Tanarara subcatchments, characterised by long 

hillslopes, high rainfall intensity and deep fertile soils.  
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Figure 5-5 Map of RUSLE predicted surface erosion rate in the Kambaniru Catchment 
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5.3.2 Relative surface erosion risk classes  

 

The primary purpose of relative surface erosion risk mapping was to identify areas 

of low and high erosion risk compared to the average erosion risk. This is used to 

address research question 3, regarding distribution of sediment sources throughout 

the catchment.  

 

Relative erosion risk classes were created by dividing estimated erosion rates into 

nominal classes that allowed both visual interpretation and statistical interpretation 

of the distribution of relative erosion risk across the catchment. Less than 15% of the 

catchment has an estimated erosion rate greater than 350 t/ha/yr, while more than 

85% of the catchment is spread evenly between the first four categories (0-350t/ha/yr) 

(Figure 5.6). The catchment was also analysed by subcatchment, with the percentage 

of land area in each class for each subcatchment represented in Figure 5.7.  
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Figure 5-6 Relative surface soil erosion risk categories in the Kambaniru Catchment from RUSLE 

results 
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Figure 5-7 Comparison of distribution of surface erosion risk classes across subcatchments 

 

Comparison of surface erosion rate by subcatchment can be a basis for targeting 

rehabilitation and soil conservation measures in catchment management planning, 

where surface erosion is a major sediment source. Surface erosion rates as a result of 

rill and sheet erosion processes in the Ngadulanggi, Pulupanjang, Katikuwai and 

Tanarara subcatchments are above the catchment average, while Billa, Waikanabu 

and the main channel are below the catchment average (Figure 5.8).  

 

Katikuwai and Tanarara subcatchments have the two highest average erosion rates. 

The mountains of the Masu volcanic geological formation have very long slopes, 

including the highest peak in Sumba (1225m) with up to 800m difference in altitude 

from top of the slope to the stream. Relatively high rainfall erosivity and high 

vegetation cover also characterises these catchments. In contrast the steep low hills 

of the Pulupanjang and Ngadulanggi subcatchments have short steep slopes, 

medium rainfall intensity, very low vegetation density, and high average surface 

erosion rates.   
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The Billa subcatchment has a lower relief, with the main stream running through a 

broad river valley, which is intensively farmed with both rice paddies and mixed 

cultivation plots. The lowest surface erosion risk areas occur in the headwaters and 

middle of the subcatchment. Waikanabu subcatchment has steeper slope but much 

higher tree vegetation cover, with much of the upper catchment in dense primary 

forest. Lower surface erosion rates in the catchment of the main channel are 

unsurprising due to the low relief and slope of the coastal plain.  

 

 

Figure 5-8 Surface erosion risk classes as a function of position in the catchment 

All surface erosion categories occur in the lower, mid and upper catchments (Figure 

5.8 and 5.9). Surface erosion rates are less in the lower catchment, however there is 

no significant difference between the mid and upper catchments.  
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Figure 5-9 Comparison of calculated average erosion rates in the Upper, Mid and Lower catchment 

Summary  

Research question 3 concerns the distribution of sediment sources throughout the 

catchment. All surface erosion risk categories can be found in the lower, mid and 

upper catchment, and in each subcatchment. Lower surface erosion rates are 

estimated for the lower catchment but there is no difference between the mid and 

upper catchments.  

 

5.4 Gully Erosion 

5.4.1 Gully erosion mapping 

 

Gully erosion gains little attention as a potential sediment source in Indonesian 

catchment management policies. However in the international literature, gully 

erosion is recognised as an important sediment source in the wet-dry tropics, 

particularly as many gullies are directly connected to waterways (Rustomji et al., 

2010, Sattar, 2011, Shellberg, 2011). Interview results also suggested gully erosion can 

have significant economic and social impacts on individual landholders. This 

addressed research question 5, about whether gullies are a major source of sediment.  
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In the Kambaniru catchment, the majority of gully erosion observed in the field and 

reported by interviewees occurred on the deep black vertisols of the Kananggar 

Formation. In the low steep hills of the Kananggar Formation, deep vertisols occur in 

the broad valley bottoms. Gully erosion was largely not distinguishable on high-

resolution imagery (Section 4.3), and so the distribution of gullies was predicted 

using a simple model, and the sediment contribution from gullies was estimated (see 

Section 4.4.2). 

  

 

Figure 5-10 Gully Erosion Risk Map - High and moderate classes occur on valley floors in the 

Kananggar Formation 
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Gully erosion prediction mapping (Figure 5.10) indicated that about 5% of the 

catchment is expected to be affected by gully erosion.  

 

 

Figure 5-11 Active gully erosion in the Pulupanjang subcatchment, located and measured in the 

field, and located on the inset map. 

An intensive field survey of the area shown in Figure 5.11 was undertaken to 

estimate sediment production rates from gully erosion. Of the 750ha sample area, 

gully erosion was predicted on 18% of the total area (133ha). A total of 10 gullies 

were surveyed many of which were not visible on satellite imagery. Half of these 

gullies were small (less than 15m long and 2m deep), and recently initiated 

according to local residents.  Only areas in which gully erosion was active were 

mapped.  
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The majority of mapped gullies (9 of 10) appeared to have been initiated by slumps 

in the riverbank. The two southern most gullies mapped were active parts of an 

extensive gully system which reached the river, but was stable and vegetated for the 

remainder of the gully extent, and was therefore not mapped. Landowners reported 

that many of the gullies were initiated during a large flood in 2004. A number of 

large stabilised gullies were also observed in the field, but not included in the 

mapping, indicating that the 2004 flood was not the first of such events.  

Table 5-6 Summary of measured gullies from small area in Pulupanjang subcatchment. 

Summary of gully erosion results    

Number of gullies measured 10   

Gullies within modelled gully erosion areas 9   

Total length of gullies (m) 1045m   

Estimated sediment production (2012) 3200t ± 65t 

Total area of sampling (ha) 750ha   

Mapped area of predicted gully erosion 

within sampled area 

133ha   

 

The sampled area of 750 ha contained 133 ha of predicted gully erosion. From the 

measured mass of sediment eroded from the sample area, 24 t/ha/yr is the estimated 

contribution of gully erosion. If all areas of predicted gully erosion in the catchment 

(5370 ha) produced a similar volume of sediment per unit area to the sampled area, 

the minimum contribution to the sediment budget would be 130,000 t/yr ± 50,000.  

 

The results described above provide an indicative estimate of the contribution of 

gully erosion to sediment in the Kambaniru River, however when combined with 

mapping of gully erosion risk areas it provides a useful basis for planning of gully 

erosion prevention and control works.      
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5.5 Landslides 

 

Landslides can contribute a large amount of sediment to waterways, in a short 

period of time. Landslides that contribute material directly into the stream are most 

important in this context. Research question 6 concerns whether landslides are a 

major sediment source.  

 

Landslides can be categorised based on the type of movement and the material that 

forms the majority of the debris. The majority of the landslides mapped in the 

Kambaniru catchment are rock slides (Highland, 2004), as debris is predominantly 

rock, sliding in a rotational movement.  

 

The soft marine sedimentary rock of the Kananggar Formation in which all 

rockslides were found, is quickly abraded in the river channels. Evidence of this is 

found in the river gravels of the mid catchment; while 72% of the catchment area is 

composed of Kananggar Formation sediments, only occasional particles of 

Kananggar origin are evident. Many examples of shattered rocks were observed 

during field work, indicating rocks shatter easily during transport. Given the 

erodible nature of the bedrock in the landslide debris, it was considered appropriate 

to include estimates of rock volume in calculations of sediment production.  
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Figure 5-12 Landslides in the Kambaniru Catchment from satellite imagery analysis  
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Table 5-7 Summary of Landslide results 

Summary of landslides 

  Number of landslides measured  28     

Landslide type    

 

  

            Rockslide 23 

 

  

            Translational 5 

 

  

Landslide depth (estimated) 0.5-2m 

  Estimated soil and rock displaced (m3 in 2012)  18,500 ± 1600 

Estimated soil and rock displaced (t in 2012) * 24,400 ± 2200 

Estimated sediment delivery ratio 90%   

Estimated sediment production  22,000 ± 2000 

*Assumes bulk density of 1.3, likely an underestimate 

for rockslide material, but density is unknown 

 

   Overall, 28 landslides were detected by satellite imagery analysis in the catchment, 

19 of which were located on a 6km stretch of a tributary in the Pulupanjang 

catchment. New landslides, not apparent on the 2009 imagery but obvious on the 

2012 imagery, contributed 40% of the landslide count. Two large landslides were still 

obvious in 2012 but no difference in landslide area was detected. The remainder 

were active landslide areas in 2009, and remained active in 2012. One of these active 

areas contributed 55% of the estimated sediment contribution to the river. This area 

is over 320m in length and reaches 20m in height, as shown in Figure 5.13.   
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Figure 5-13 The largest landslide in the catchment. Snapshot of Digital globe imagery taken from 

Google Earth. Image date 27/9/2012. 

 

Landslides occurred on all land cover types and over half occurred within dense 

forest. There was no correlation between land cover and landslide occurrence. 

Rockslides accounted for the majority of landslides, and are influenced by slope and 

geology, rather than land cover.  

 

The high number of landslides in dense forest was also a function of the slope of the 

land. Many of the landslides were in very steep and inaccessible terrain which is not 

suitable for cultivation or grazing, and therefore remains as primary forest with 

dense cover.   

  

One large active landslide, observed in the upper part of the Katikuwai 

subcatchment, started in 2009, when it blocked the waterway creating a debris dam. 

Evidence of only one landslide of this type was observed, but local people suggested 

there had been another two.  

 

This landslide was the only one detected on the Masu Volcanic Formation, and it 

was difficult to see on imagery, despite knowing the location. The two landslides 
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described by local farmers were not found on the most recent satellite imagery. 

There are two possible explanations for this; either the landslide scars have 

revegetated or they were not visible on Digital Globe images due to the combination 

of dense forest (dark on the image), steep slopes which create shadows, and the dark 

coloured underlying basalt. Therefore, there may have been little contrast to indicate 

the location of the landslide scar.     

 

In summary, measured landslides produced approximately 22,000t ± 2,000t of 

sediment in 2012, predominantly from rockfalls, and therefore are unlikely to be 

considered a major source of sediment.  

 

5.6 Channel change  

5.6.1 Measured channel change  

 

Channel change is the process of river bank erosion, and sediment deposition in the 

channel. Analysis of river channel change was performed by comparing the position 

and area of the river channel on Google Earth sourced imagery from 2005 or 2006 

with that of 2012 or 2013 (depending on imagery availability).  

 

Channel change is the result of both erosion and sediment deposition processes. In 

many locations where the channel eroded on one bank, sediment accumulated on 

the opposite bank, (e.g. Figure 5.14) however in some stretches of river there was net 

loss or gain of soil and sediment causing increased or decreased channel width.  
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Figure 5-14 River channel change - erosion and sediment deposition in the mid catchment – Source 

Google Earth- Sept 2012 Geoeye image Scale 1cm=50m). 

Channel change was analysed over two stretches of the main river channel, totalling 

12.5km, and one stretch of the Billa tributary (14km). These locations were chosen 

due to reports of riverbank erosion from local farmers, and for their location in broad 

river valleys where the population density is increasing. The section of river that 

separates the Maradamundi and Maidang sections is a deep forested gorge, where 

the river channel is confined by rock. Little erosion and deposition is expected to 

occur in this stretch of river. Field surveys indicated that eroding banks were on 

average more than twice the height of accumulating banks.  

 

 

 

 

 

 

 

 

 

 

 

Erosion  

Deposition  



151 

 

Maidang – mid catchment  

 

Figure 5-15 River channel change from 2005 to 2013 on the main channel in Maidang Village 
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The channel change results in Figure 5.15 are located in the mid catchment, in the 

village of Maidang. Areas of high floodplain erosion and regeneration in the 

northern portion of the map are in an intensively farmed area with little or no 

riparian vegetation. These floodplain areas are often inundated for short periods 

during the wet season, however field observations indicated that material that was 

being eroded was predominantly from developed soil profiles, rather than from 

recently deposited sediment. This contrasts with the lower parts of the catchment, 

where more recently deposited sediment contributed most of the eroded material.  
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Figure 5-16 River channel change 2006 -2012/13, on the main channel in the lower catchment 

  

Maradamundi – Lower catchment  
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The stretch of river between the upstream extent of the weir pool and a deep, 

bedrock-confined gorge (Figure 5.16) is predominantly located within Maradamundi 

village. The majority of floodplains are intensively farmed in this relatively densely 

populated part of the lower catchment. Field observations indicated the majority of 

material being eroded was recently deposited material, but some areas of developed 

soil profile were noted. Farming is undertaken up to the water’s edge, with little or 

no riparian vegetation remaining.  

 

Billa tributary - Upper  

 

Figure 5-17 River channel change in the Billa subcatchment 2004-2012 

In-channel deposition (2004-2012) 
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Figure 5-18 River channel change in the Billa subcatchment (southern section) 2004-2012 

  

In channel deposition  

Billa tributary – Lower  
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Channel change results for 14.2km of the Billa tributary are shown in Figure 5.17 and 

Figure 5.18. Higher erosion rates were indicated by interview respondents for this 

section of river than for other tributaries. Billa subcatchment is a centre for cultivated 

agricultural production predominantly rice and maize cropping.  

 

For the three sections of river where channel change was measured, Maradamundi, 

in the lower catchment and where the river is widest, had the highest erosion rates, 

followed by Billa and Maidang (Table 5.8).  

 

Table 5-8 Summary of measured channel change for Billa tributary and the Kambaniru Main 

channel 

River section Channel 
length 
(km) 

Total channel change Channel change per km 

Eroded (t) Deposited (t) Eroded (t) 
Deposited 
(t) 

Net eroded 
material  

Billa  14.2 30,600 ± 1,400 6,300 ± 1,400 2,160 ± 100 450 ± 100 1,700 ±100 

Maidang  6.7 10,600 ± 700 5,600 ± 700 1,600 ± 100 850 ± 100 750 ± 100 

Maradamundi 5.8 16,800 ± 600 4,000 ± 600 2,900 ± 100 700 ± 100 2,200 ± 100 

 

From an agricultural perspective, channel bank erosion of established soils is of 

greater importance than the erosion of recently deposited material. Where banks 

were eroding in the lower parts of the catchment around Maradamundi village, 

mostly recent sediment was being reactivated. However, in the mid catchment 

(Maidang) and the Billa tributary, the majority of erosion occurred on alluvial soils 

with horizon development.   

5.6.2 Channel change prediction mapping and sediment contribution 

estimations 

In the previous section, channel change was measured by digitising river channels 

on two images from 2004/2005 and 2012/2013. This imagery is not available for the 

whole catchment, therefore observations from the field and from Google Earth were 

combined to estimate the bank erosion rate across the catchment. Categories were 

mapped based on erosion observed in the field and on the imagery, channel bank 
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erosion reported by community members, vegetation cover, presence of cultivated 

land, soil type and topography. Measured erosion rates were then applied to the 

appointed categories.  

High rates of bank erosion rates were defined as 2200t/km/yr (Billa), and moderate 

rates as 1300t/km/yr (Maidang), while low rates were defined as 660t/km/yr (30% of 

the high erosion rate and 50% of the moderate erosion rate).  

Three additional categories were attributed with no sediment contribution, 

including: 1) forested, bedrock-confined channel reaches, 2) first and second order 

streams where any change is too small to be observed on satellite imagery, and 3) 

discontinuous channels. Discontinuous channels occur in dambos in the upper 

reaches of the Pulupanjang subcatchment, accounting for 3% of total catchment land 

area. While discontinuous channels in dambos are prone to erosion, it is expected 

that the majority of this sediment is not delivered to the main channel, as the 

channels are discontinuous and sediment is not conducted to the river.  
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Figure 5-19 Map of predicted channel change 

Results of measurement and observation enabled categorisation of all third-order 

streams by the predicted channel bank erosion rate (Figure 5.19). In creating this 

map it was assumed that the channel was stable where it was confined and forested. 

In the lower Pulupanjang catchment this assumption was not correct, but erosion 

here was classified as rockfalls for which landslide sediment calculations have been 

made. It was also observed that erosion in the form of channel change is negligible in 

first and second-order streams. Discontinuous channels, common in the upper 
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Pulupanjang and Ngadulanggi subcatchments are also expected to contribute 

negligible sediment to the river, due to lack of connectivity.  

 

Higher rates of channel erosion can be expected in areas of increasing population 

density, particularly in the broad valleys on alluvial soils and vertisols of the Billa, 

lower Waikanabu, mid Pulupanjang and mid Ngadulanggi subcatchments (see 

section 5.7.1).  Although erosion rates are relatively high in the lower catchment, the 

majority of eroded material is reactivated sediment, in contrast to the tributaries 

where established soils are being eroded.  

Table 5-9 Potential sediment contribution of channel change for the whole catchment 

Channel change 
Length 

(km) Eroded Deposited 

  
 

t/km/yr t/yr t/km/yr t/yr 

Measured - High 14.2 2,200 30,635 340 6,280 

Measured -Moderate 6.7 1,300 10,560 835 5,600 

Measured - Floodplains 5.8 2,900 16,765 700 4,050 

  
     Predicted - High 33 2,200 72,600 340 18,975 

Predicted - Moderate 141 1,300 183,300 640 81,075 

Predicted  -Low 80 660 52,800 340 20,000 

  
     Forested, bedrock-confined  147 0 0 0 0 

Discontinuous channel 27 0 0 0 ? 

Unknown - 1st & 2nd order 475 0 0 0 0 

TOTAL  931 
 

366,000 
 

136,000 

 

 

The potential sediment contribution of channel change (Table 5.9) is approximately 

350,000t/yr ± 100,000. This is based on a number of assumptions discussed in chapter 

4 but is intended to indicate the order of magnitude and relative contribution of 

channel change as a sediment source.  

 

Accumulated sediment was accounted for separately in the sediment budget, 

contributing to the understanding of sediment sinks. The total estimated sediment 

deposition from channel change was estimated to be 140,000t/yr ± 100,000. 
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5.7 Key Informant Interview results 

 

Key informant interview results were combined to make the following summary of 

land use history, occurrence and drivers of specific erosion processes, and other 

relevant information for four locations and specific erosion processes. This 

information assisted in the interpretation of the geospatial and radionuclide tracer 

results.  

5.7.1 Channel change in Billa 

 

The original village of Billa was located high in the hills, in the area that is now 

within the National Park. Billa residents were relocated by the government to the 

current location in the river valley, on the Billa subcatchment tributary in 1973. As 

people were relocated, they also claimed farmlands along the riverbank, which were 

officially granted by the lands department shortly after. Villagers supported the 

establishment of the National Park to protect their sacred forests, however there 

remains conflict over the National Park boundaries which include communal 

grazing areas.  

 

Billa village is the centre for the Tabundung sub-district and has continued to 

expand, with the first paved road reaching the village in 1991, and continuing 

construction of improved school and health care facilities. Rice farming was 

established in the area in the 1970’s. There was some farming in the valley floor prior 

to establishing the formal village.  

  

One farmer reported buying an established rice field (0.46ha) in 1986, and the 

riverbank has moved constantly since that time, alternating between eroding the left 

bank and right bank. Of the 0.46ha rice paddy purchased, approximately half 

(0.22ha) remains. The rice paddy is watered from a small spring. There are two 

different soil types, black vertisols at the base of the hillslope, and sandy alluvial 

soils close to the riverbank. Some minor gravel excavation has taken place, restricted 

to collection by hand, as there is no vehicle access.  In an attempt to stabilise the 
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riverbank a variety of fruit trees have been established, however erosion continues. 

This constant movement of the channel was observed by other farmers, but very few 

respondents reported attempts to stablise the channel bank.  

 

Another section of the river was reported by a local government agricultural 

extension officer as being stable in 1991, but was destabilised by gravel extraction 

from the river bed (Figure 5.20):  

 

“When I arrived in 1991, this part of the river was narrow and deep, with many big trees. We 

used to catch big fish in here and my children learned to swim in the big holes.... When they 

first built the road in here, they started to take gravel from the river for road base. Since then 

they have used the gravel from here and another place downstream, for all of the building. 

Now the river is wide, and very shallow, the deepest part is up to your knee, and there are not 

many fish.”  (Agricultural Extension Officer, Billa, August 2012).  

 

 

Figure 5-20 Gravel extraction in the riverbed of the Billa tributary 

In the upstream location mentioned in this account, a similar situation was 

described, however a channel avulsion occurred as a result of the gravel excavation: 
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“In the past, the river here flowed to a big corner right below our houses, and then flowed 

away (at 90 degrees) we used to swim and fish in the river, it was very deep. Then to build 

this road, they dug gravel from the river, and the excavator made a path right here (on the 

outside of a river bend). When a flood came, the river changed to the current position (50m 

away) in one night. Now it flows right below our kampong (group of houses) and the bank 

erosion threatens our houses.“ (Villager, Billa, August 2012) 

 

Discussion with the village head (kepala desa) revealed that the problem of gravel 

extraction is a complex one. Gravel extraction is considered a problem, because it 

causes bank erosion and therefore erosion of farmland, and a ban on extraction was 

considered. However gravel is needed for construction of essential infrastructure 

such as schools, roads and health care centres, and there are no suitable alternatives. 

The soft sedimentary rock of the Kananggar Formation which composes the base 

geology of most of the catchment is not suitable as a building material.   

 

Economic impacts of channel change in Billa village are perceived as being high-

medium depending on the rate and extent of channel change. However there are 

both positive and negative impacts; as the channel moves, fertile redeposited 

material is quickly planted with maize and vegetable crops, with the result that some 

farmers gain farmland while other people lose farmland. Crops on redeposited 

material are at greater risk of flood inundation, as they are within the streambed, not 

on the channel bank.   

 

5.7.2  Gully and channel bank erosion in Pulupanjang  

 

Pulupanjang village is located on the Pulupanjang tributary, in a broad river valley. 

Internal transmigration from outlying areas of the village and surrounding villages 

driven by the presence of infrastructure and essential services (primary, junior 

secondary school, manned community health post) is increasing the population of 

the village. This has also created increased demand for cultivated land in the 

surrounding area. The first rice paddies in this region were established in the 1960’s, 

although the area of rice paddies has increased since then.  
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Extensive gully erosion was identified in the Pulupanjang subcatchment through 

interviews with the village government and subsequent field visits with farmers 

(Figure 5.21). It is important to note that during interviews, farmers did not 

differentiate between gully and channel bank erosion, which was all referred to as 

‘tanah longsor’ for which the literal translation is ‘land slide’. Three different drivers 

of gully erosion were described.  

 

Figure 5-21 Gully erosion in the Pulupanjang subcatchment. 

Farmers reported that many large gullies were initiated following a large flood in 

2003 or 2004 (some disagreement among respondents regarding date), with one long 

gully described as having appeared ‘overnight’. From the descriptions provided, 
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gully erosion began with channel bank slumping during the flood. Channels were 

described as being stable prior to the flood, and the channel upstream of the affected 

area remained stable, with a deep, narrow channel constricted by tree roots, 

although in many places riparian vegetation is only one tree width.   

 

Other gullies in the Pulupanjang and adjacent Ngadulanggi village were reported to 

have been initiated by construction of earthen irrigation drains for rice paddies, or 

draining of dambos for maize cultivation. The majority of this occurred in dambos 

where there was previously no drainage line. By establishing a drainage line, flow 

was concentrated, and the earthen drains quickly eroded and became semi 

permanent (and in some cases permanent) streams.    

 

Farmers downstream of Pulupanjang reported three extensive gully systems that 

resulted from increasing cattle numbers in their kampung. Gullies have been initiated 

at a cattle watering point, and cattle crossings of drainage lines. Increased cattle 

numbers was a joint project between the Indonesian and the Australian governments 

to improve livelihoods through increased cattle production.  

 

The economic impact of gully erosion in this catchment is high: former rice paddies 

containing gullies have been converted to maize cultivation, as the rice paddies no 

longer have sufficient water holding capacity. This process of both large and small 

gullies causing conversion of rice paddies to maize gardens was described by many 

respondents. Farmers indicated this change in land use had a strong negative impact 

on their ability to meet household food requirements, as production from rice crops 

is generally much higher than that of maize crops for the same area of land.  

 

Although farmers for whom large gullies impacted on their cropland indicated a 

high level of concern over the appearance of gullies, no efforts to slow or stop the 

erosion were observed for either large or small gullies. Many farmers indicated they 

would be willing to attempt erosion control themselves, but were unsure how to 

proceed. Others perceived that the government should take responsibility for 
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erosion control, particularly where gully erosion was deep, extensive and 

threatening infrastructure (houses and roads). 

 

5.7.3 Channel change and farming on steep slopes in Mahaniwa   

 

Mahaniwa village is in the Katikuwai subcatchment and is characterised by steep 

slopes, with a maximum elevation difference of 600m between the village and the 

Katikuwai tributary. Most people live on and farm maize, cassava, taro and other 

vegetables on the more accessible upper slopes.  

 

 A small area of rice paddies established on narrow channel banks of a small 

tributary exists near the northern (downstream) boundary of the village and was 

identified by villagers as the most serious erosion problem in their village. The rice 

paddies were constructed in the 1960’s and irrigated from small rock diversion 

weirs, built by hand. Along stream banks there were extensive plantings of bamboo, 

pinang and other tree crops, which were planted by the previous and current 

generation of farmers. The stream channel remained stable until the last decade, 

during which time some of the weirs have become unusable. The majority of the 

channel bank erosion observed was minor compared with channel bank erosion 

observed in other parts of the catchment. The remarkable point was the level of 

awareness and concern about bank erosion, which had (in many cases) been 

followed up with attempts to stabilise the stream bank through fencing and 

revegetation.  In many cases this appeared to have been successful, with the 

exception of one case, where the eroding bank was 1.2-1.5m high and stabilisation 

had been attempted with betel nut palms (very small root system) but was 

ineffective. This kind of largely successful rehabilitation effort was not seen in other 

locations. 

  

The awareness of soil erosion also extended to cultivation practices, with extensive 

planting of tree crops (betel nut, candle nut, bamboo) in moist areas along drainage 

lines and stream banks so that this stabilisation practice generated income as well as 
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forming riparian buffers. Many farmers in Mahaniwa practice shifting cultivation on 

steep slopes. One farmer observed ‘when the roots of the kaliandra (tree legume) start to 

decay, we know that next year we have to move our garden, or landslides will start, and we 

shift to a different garden plot. If we don’t there is likely to be a landslide and we will lose our 

crop’ (Mahaniwa, August 2012). Farmers rotated between 3-4 garden plots, of which 

they feel they have ownership (which has rarely been formalised).  Some farmers 

were observed to practice mulching of bare ground around corn crops, while in 

other gardens mung beans and pumpkin acted as cover crops.  

  

5.7.4 Landslide dam in Katikuwai village  

 

One large landslide was identified in Katikuwai village, though interviews 

suggested the presence of 2-3 other landslides further upstream of the village, not 

identified on satellite imagery. Although landslides are unlikely to be a major source 

of sediment, due to the low number, farmers reported the first time this landslide 

occurred (2009), it created a dam on the Katikuwai tributary, which remained for 

several days until the dam broke, releasing a flood wave that subsequently drowned 

two people. No other cases like this were reported, but the impact of such a flood 

wave downstream is likely to have caused increased bank erosion  

downstream.    

5.8 Conclusion  

 

Geospatial analysis, field measurements and key informant interviews provided a 

basis for estimation of annual sediment yield, and the contribution of gully erosion, 

channel change and landslides (Table 5.10).      

 

The average sediment yield for the Kambaniru catchment at the weir from 1994-2012 

was 1,400,000 ± 450,000 t/yr.  Approximately 87% of the weir pool capacity has been 

lost between 1994 and 2012, with the majority of sedimentation occurring in the 

1994-2006 period.  
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Table 5-10 Summary of estimated contribution of sediment sources from geospatial analysis 

Annual yield Estimated annual contribution 2006-2012 

Annual sediment yield at weir 1,400,000t/yr ± 450,000 

Sediment sources 

Channel bank erosion 350,000t/yr ± 100,000 

Gully erosion 130,000t/yr ± 50,000 

Landslides  22,000t/yr ± 2,000 

Surface erosion  To be determined using radionuclide tracers 

Sediment sinks 

In-channel deposition  140,000t/yr ± 100,000 

 

 

RUSLE estimates of surface soil erosion rates are high. Shifting agriculture is not the 

main cause of surface soil erosion, covering less than 1% of the catchment.  Moderate 

to high surface erosion rates occur in the upper, mid and lower parts of the 

catchment with slightly less risk in the lower catchment, due to low slopes. Surface 

soil erosion risk varies between subcatchments.  

 

Subsurface soil erosion processes active in the catchment include gully erosion, 

channel change and landslides (Table 5.10). A combination of measured channel 

change and mapped channel change risk indicated that channel change is expected 

to contribute the most sediment, followed by gully erosion and a minor contribution 

from landslides.  
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Chapter 6 – Radionuclide Tracer 

Analysis Results 
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6 Radionuclide tracer results 

 

This chapter presents the assessment of radionuclides 137Cs, 210Pb(ex) and 239+240Pu as 

surface soil tracers, to determine the relative contribution of surface soils to 

sediment. In the first section, the suitability of all three radionuclides as tracers in the 

Kambaniru catchment is tested. Tracers must meet the following requirements: 

1. Radionuclide concentrations in surface soils are greater than the Minimum 

Detection Activity (MDA) limits.  

2. There is a significant difference between concentrations of the tracer in 

surface and sub-surface soil. 

3. There must be a strong correlation between 137Cs and 239+240Pu, for 239Pu to be a 

potential replacement for 137Cs in future sediment sourcing studies in this 

environment. 

 

The second section applies 137Cs and 239Pu as surface soil tracers. Estimations are 

reported of 1) the contribution of surface soil to sediment in each subcatchment, and 

2) the surface soil contribution to the sediment budget for material entering the 

Kambaniru Weir. Here three research questions were considered, in response to the 

technical assumptions in catchment management policy reviewed in Chapter 2.  

1. What is the relative contribution of surface soil sources to sediment 

accumulating in the weir pool? 

2. Is there a change in the relative contribution of surface soils to sediment 

from the upper to the lower reaches of the river?  

3. How does surface soil contribution vary between subcatchments?  

  



172 

 

6.1 Total Inventory of 137Cs, 239Pu and 210Pb(ex) 

 

The range of activities in surface soil and sediment samples is highly variable for all 

radionuclides.  A summary of values is provided in Table 6.1. For a complete table of 

values, see Appendix B.      

Table 6-1 Summary of radionuclide inventory 

Sample 

location 

137Cs 

(Bq/kg) 

239Pu 

(fg/g) 

210Pb(ex) 

(Bq/kg) 

 Range Average Range  Average Range Average 

MDA 0.5/0.3* - 0.5 - N/A 

(Negative 

values) 

- 

Hillslope  <0.6-

7.5±0.6 

1.9 ± 1.4  

(n=26) 

0.7±0.1 – 160±8 35.8±33.8 

(n=20) 

13 ± 5 - 165±3 69 ± 39 

(n=26) 

Sediment 

samples 

<0.3-

2.9±0.1 

0.9 ± 0.7 

(n=19) 

4±0.4 -22±1.3 14±5.9 

(n=13) 

-3 – 124±3.8 47 ± 43 

(n=19) 

Sub-surface 

soil samples 

0-0.4 

(n=5) 

<0.3 

(n=5) 

1-6.7 

(n=5) 

7.2±6.6 

(n=4) 

-16.3 – 63.3 

(n=5) 

-4±12 

(n=4) 

*Minimum Detection Activity was improved in later sample batches 

 

The concentration of radionuclides in surface soils is highly variable across the 

catchment. Previous research has shown that there may be relationships between the 

fallout radionuclide concentrations in the soil and vegetation cover, rainfall, 

localised human disturbance or microtopography (Furuichi and Wasson, 2013).  

Data in this study were analysed using regression models for correlations between 

radionuclide concentrations and modelled rainfall, land management and vegetation 

cover, base geology and local slope, and none of these were significant correlations. 

The small number of surface soil samples (26) and therefore low number of samples 

in each group (3-4), combined with high variability between samples may have 

masked small variations in average radionuclide activities. Other researchers have 
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also noted the influence of microtopography and micro-scale erosion processes, for 

which it is difficult to account (Furuichi and Wasson, 2013).     

 

The average activity for the hillslope surface samples was 1.97± 1.5 Bq/kg (n=26) for 

137Cs. This is within the range suggested by Furuichi and Wasson (2013) for low 

latitude environments in South East Asia with a total inventory of 400-600 Bq/m2.  

The highest value of 7.5 Bq/kg was an outlier, taken from a frequently burnt and 

degraded grass environment. It is possible that this represented enrichment in the 

environment, through concentration of 137Cs in burnt organic matter redeposited on 

the slope.  

 

A better understanding of the total inventory of radionuclides in this landscape was 

expected to be found by sampling at reference sites, which were defined as 

undisturbed primary forest with low slope. However, only one of the four sampling 

sites in primary forest met all of the requirements for a reference site. The 

concentration of 137Cs (3.4 ± 0.28) and 239Pu (66 ± 6) at this site were relatively high, 

though two degraded grassland sites on steep slopes had similar values.  Assuming 

this one forest site is a representative reference site,  activities were lower although 

comparable with reference sites in Myanmar 3.8 ± 3.2 Bq/kg (n=11), and much lower 

than those of Sarawak, Malaysia, as could be expected from the predicted global 

fallout models, where low latitudes in the southern hemisphere have some of the 

lowest total inventories (Furuichi and Wasson, 2013).      

  

The radionuclide concentrations in two soil profiles (Figure 6.1) showed that the 

highest concentrations of all radionuclides were in the top 20cm of soil, indicating all 

radionuclides are suitable as tracers.  Highest concentrations of radionuclides do not 

necessarily occur on the soil surface.  This is a common feature for 137Cs and 210Pb(ex) 

and is also shown by Tims et al. (2010) to be the case for 239+240 Pu in forest and pasture 

soils, while cultivated soils can be expected to have less variation with depth due to 

cultivation and tilling.  
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Figure 6-1 Radionuclide activities in soil profiles from Billa  and Pulupanjang subcatchments 

The profile from Billa was from a cultivated clay loam soil on Quaternary alluvial 

base, while the Pulupanjang soil profile was from a grazed, frequently burnt and 

degraded native grassland on deep black vertisols in the Kananggar marine 

sedimentary Formation. These sites were chosen as they represented areas with high 

channel bank and gully erosion rates.  

 

Soil profiles from cultivated areas were expected to demonstrate some mixing of the 

surface soil and sub-surface soil, but this was not observed in the Billa profile, as 

cultivation is generally limited to a depth of 15-20cm, reducing the potential for 

mixing of surface soil and sub-surface soil.    
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Two additional points should be noted about these soil profiles: 1) 210Pb(ex)  activities 

in Pulupanjang profile samples were 60% lower than measured activities in the Billa 

profile; and 2) Subsoil 210Pb(ex) activities in the Pulupanjang profile were negative. 

This may be due to the assumption in the standard calculation of 210Pb(ex), that 226Ra 

and 210Pb are in equilibrium, which may not be the case in stream and floodplain 

sediments (Du and Walling, 2012) due to loss of 222Rn to the atmosphere. 

 

 

There was a significant difference between the means of the sediment, surface and 

sub-surface soil groups (ANOVA, p<0.001) (Table 5.1). The first requirement is that 

radionuclide concentrations for surface soils are above minimum detectable activity, 

the second requirement for the use of radionuclides as surface soil tracers is that 

there is a significant difference between surface soil and subsurface soil radionuclide 

concentrations. The results presented in this section have confirmed that data 

collected in this study met both requirements but with two caveats; 1) as the 

presence of negative values in sub-surface soil 210Pb(ex)  samples  was not explained, 

210Pb(ex) was not  included in any further analyses, 2) high variability within 137Cs and 

239Pu surface soil samples that cannot be directly attributed to mapped vegetation, 

topography  or base geology increases the uncertainty in estimates of surface soil 

contribution to sediments.     

 

6.1.1 Correlation between tracers 

 

The concentration of 137Cs in surface and sub-surface soil and sediments was 

measured by High-resolution Gamma Spectrometry (see Section 4.5.3), while 239Pu 

was measured using Accelerator Mass Spectrometry (see Section 4.5.4). As 239Pu and 

137Cs are both fallout radionuclides, the products of nuclear weapons testing, 

previous studies have shown a strong correlation between the 239Pu and 137Cs activity 

in soils and sediments. As a result of this correlation, it has been suggested that 239Pu 

is an effective replacement for 137Cs as it fades from the environment (see section 

4.5.1).  
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Figure 6-2 Correlation between Pu-239 and Cs-137 in all samples  

Linear regression applied to all soil and sediment values (Figure 6.2) showed a 

correlation between 239Pu and 137Cs activities (R2 =0.75, p<0.05). Separate linear 

regressions for surface soil (Figure 6.3) and sediment samples (Figure 6.4) showed 

that the correlation between   239Pu and 137Cs was weaker for lower activities present 

in river sediments.  
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Figure 6-3 Correlation between Pu-239 and Cs-137 in surface soils (p=0.05) 

 

 

Figure 6-4 Correlation between Pu-239 and Cs-137 in sediments (p=0.05) 
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Measurement of 137Cs by High-resolution Gamma Spectrometry (HRGSpec) has low 

sensitivity in comparison to measurement of AMS, with normal Minimum 

Detectable Activity (MDA) of <0.5 Bq/kg. MDAs of greater than 0.5 Bq/kg using 

HRGSpec in this study occurred where bulked samples contained insufficient 

material with particle size <63 µm.  Lower MDAs (<0.3 Bq/kg) have been achieved 

for some samples in this study through the combination of longer counting times (up 

to 96 hours), larger sample sizes (50-60g) and movement of the detectors into the 

new underground facility at the Australian Nuclear Science and Technology 

Organisation - Institute for Environmental Research Laboratory, which reduced 

background radiation.   

 

Despite these improvements, sensitivity of HRGSpec remained low in comparison 

with AMS. As a result the relationship between 239Pu and 137Cs may be stronger than 

the measured correlation. This is the likely explanation for the lower confidence in 

the correlation between 239Pu and 137Cs in this study compared with other studies in 

higher latitudes where the remaining 137Cs inventory is greater and therefore can be 

more accurately measured (Everett et al., 2008, Smith et al., 2012). 

  

Within 239Pu measurements there is also some variability in the measurement 

uncertainty, primarily due to the difference in sample batch size. For the first batch 

of samples 2g of <63 µm was used, while in later analyses 4g of the <63µm 

component was used, and this significantly reduced measurement uncertainty.  

  

In summary, there was a correlation between 239Pu and 137C; a strong correlation for 

higher values, masked in lower values by the low sensitivity of 137Cs measurement 

by HRGSpec.  

 

6.1.2 239/240 Pu Ratios  

 

The observed 239/240Pu ratios are significantly lower than the global average of 18% 

(Krey et al., 1975)  as illustrated in Figure 6.5. This echoes other values for the 
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southern hemisphere (Tims et al., 2013), although there are very low ratios in some 

samples (as low as 2%).  

 

Figure 6-5 Comparison of total Pu concentration and 239/240Pu ratio for all samples. The global 

average of 18% is represented by the green line (Krey et al., 1975).  

 

It is possible that low 239/240Pu ratios reflect local input from atomic weapons testing 

in Australia, the fallout from which is known to have had very low 239/240Pu ratios 

(Child and Hotchkis, 2013). Given global circulation patterns and reports from 

weapons testing, the most likely source is the Mosaic G2 test on the Montebello 

islands of Western Australia. Comparison of 239/240Pu ratio with total Pu 

concentration also indicated there was no correlation.  Another explanation may 

come from the 239Pu source which is represented (surface or subsurface soil), as there 

is a weak correlation (R2=0.23, p<0.05) between increasing soil depth and decreasing 

239/240Pu ratio (Figure 6.6).  
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Figure 6-6 Decreasing 239/240 Pu ratio with soil depth (p<0.05) 

 

6.2 Radionuclides as sediment tracers 

Radionuclide tracers were used to estimate the relative contribution of surface soil to 

river sediment and the spatial distribution of this contribution. To allow comparison 

between sample sites, radionuclide tracers have often been corrected for total 

organic matter content (TOC) and particle size (or Specific Surface Area- SSA), 

before use in mixing models. As discussed in section 4.5.4, corrections for organic 

matter content were considered undesirable. Particle size analysis results from two 

different laboratories were inconsistent, and varied greatly from field texture 

analysis and particle size distribution determined by sieving (only performed on a 

small subset of samples).      

 

Sampling of soil surface materials focussed on attaining samples in each land cover 

type, each geological formation and across a range of slopes and landforms with the 

intention of gaining an understanding of factors driving the distribution of 

radionuclides in the landscape, but, as discussed in the previous section, no trends 

were detected. Consequently the contribution of surface soil to sediments was based 

on average surface soil activities, grouped by location and contributing area. 
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6.2.1 Contribution of surface soil to sediment in the Kambaniru Weir  

 

Two samples from the Kambaniru weir pool, representing the left and right 

sediment banks, were analysed.  Surface soils contribute 26-43% (average 31% ± 10%) 

to material in the weir (Figure 6.7).    

 

Figure 6-7 - Radionuclide tracer results for surface Weir Pool sediments 

 

The remainder of the sediment (57-74%) in the weir is therefore from sub-surface soil 

sources. However overall surface soil contributions to sediment in the river taken 

from 5 locations along the main river channel from 28 kms to 46 kms upstream of the 

weir (in the upper and mid catchment) indicated that surface and sub-surface soil 

contributions were roughly equal with 137Cs and 239Pu indicating an average of 53% 

±18 and 49% ±10 surface soil for the upper and mid reaches of the main channel.      
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Figure 6-8 Percentage contribution of surface soil to sediment in the Main Channel 

To test the presence of a downstream trend of decreasing surface soil contribution to 

sediment, Figure 6.8 displays the surface soil contribution to river sediment. The 

same trend is tested as indicated by averaged 137Cs and 239Pu values analysed by 

linear regression below (Figure 6.9).    

 

Figure 6-9 Chart of surface soil content vs distance to weir (p=0.05) 

 

With this small number of samples there is no trend in surface soil contribution with 

distance from the weir. 

0

10

20

30

40

50

60

70

80

90

100

46 41 38 31 28 0

%
 s

u
rf

ac
e

 s
o

il 
in

 s
e

d
im

e
n

t 

Distance to weir (km)  

Cs-137

Pu-239

R² = 0.0243 

0

10

20

30

40

50

60

70

46 41 38 31 28 0

%
 s

u
rf

ac
e

 s
o

il 
in

 s
ed

im
en

t 

Distance to weir (km) 

Cs Pu average

Linear (Cs Pu average)



183 

 

 

6.2.2 Comparison of relative contribution of surface soil to sediment between 

subcatchments 

 

Figure 6.10 shows the locations of river sediment sampling, the results of which are 

summarised in Figure 6.11. For a full list of surface soil values and contributing area 

grouping see Appendix A.  

 

 

 

Figure 6-10 Subcatchments and sediment sample locations 
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Figure 6-11 Comparison of surface soil contribution to rivers from subcatchments based on 239Pu and 

137Cs activities 

 

There were some differences in tracers among subcatchments despite variability 

between the tracers (Figure 6.11). Sediment from the Tanarara River contained the 

highest concentrations of surface soil, while Pulupanjang and Katikuwai tributaries 

contained the lowest proportions of surface soil. Possible reasons for this variation 

are discussed in the following chapter.  

 

6.3 Conclusion  

 

Soil and sediment samples were analysed for radionuclide activity of 239Pu, 137Cs, 

210Pb(ex).  There was a significant difference between surface and sub-surface soil 

concentrations of radionuclide tracers, which indicated 137Cs and 239Pu are 

appropriate for use as sediment tracers in the Kambaniru Catchment. While there 

was a significant difference between surface and sub-surface soil concentration for 

210Pb(ex) the presence of negative sub-surface soil values cannot be explained, and 
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therefore casts doubt over the validity of the 210Pb(ex) results. As a result 210Pb(ex) was 

not included in further analyses.  

 

239Pu has been demonstrated as a useful tracer in the wet-dry tropics of Asia, 

particularly where fallout radionuclide deposition was relatively low, compared to 

the northern hemisphere. There was a strong correlation between 137Cs and 239Pu, 

indicating that 239Pu was a potential replacement for 137Cs in future sediment 

sourcing studies in this environment.  Furthermore many of the 137Cs activities even 

in surface soils were approaching the minimum detection activities and 137Cs will 

cease to be a useful sediment tracer in this environment in the near future.   

 

The surface soil contribution to river sediment varied between 30% and 60% 

dependent on location. There is no significant trend in surface soil contribution with 

distance from the weir.  
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Chapter 7 – Sediment source map 

and sediment budget 
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7 Sediment source map and sediment budget 

 

In this chapter, the relative contributions of sediment sources to the total sediment 

yield in the catchment are presented in a first-order sediment budget, which has 

been derived from a combination of geospatial analysis, field measurements and 

radionuclide tracer analysis.  

The spatial distribution of sediment sources within the catchment is derived from 

radionuclide analysis for each subcatchment, combined with mapping of potential 

surface erosion rates based on RUSLE calculations. A summary of results is 

presented in an annotated map.  

The results are then discussed with reference to the research question: What are the 

relative contributions to river and weir pool sediment of different sediment sources 

in the Kambaniru catchment? 

The findings are then compared with the rates and sources of sediment production 

with other catchments in eastern Indonesia and the wet-dry tropics, and implications 

for sediment sources in other catchments in Indonesia are discussed in the light of 

published results and current research findings.  

  

7.1 Sediment budget 

The sediment budget presented in Figure 7.1 combines the results of geospatial and 

radionuclide tracer analysis to estimate the annual sediment yield and the relative 

contribution of sediment sources. Sediment deposition rates have only been 

quantified for instream deposition and the weir pool; the unquantified sinks have 

been included for completeness, and to direct future research. Sediment 

accumulated in the weir pool includes coarse bedload, which is estimated to account 

for 20% of accumulated material (Ziegler et al., 2014) in South East Asian rivers.  
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Figure 7-1 Annual sediment budget for the Kambaniru River (Sediment sources and sinks 2006-2012, 

annual sediment yield 1994-2012) 

 

Surface (sheet and rill) erosion contributes approximately 30% of material trapped in 

the weir for the period 2006-2012 (Figure 7.1), with the remaining 70% of sediment 

contributed by processes that mobilize mostly sub-surface soil. Of the latter, channel 

change is dominant, contributing 23% of sediment, followed by gully erosion (8%) 

with a minor contribution from landslides.  

 

A significant proportion of the sediment budget (15%) remains unaccounted for. 

This will be discussed in Chapter 8.  

 

  



7.2 Sediment source map 

Figure 7.2 - Annotated map of sediment sources in the Kambaniru Catchment. 191
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The annotated map of sediment sources (Figure 7.2) shows the distribution of 

sediment sources across the catchment, highlighting areas discussed throughout this 

chapter.  

Figure 7-3 Comparison of predicted surface erosion rates (RUSLE) with radionuclide tracer 

measurements per subcatchment.  

Radionuclide tracer and RUSLE results are compared in Figure 7.3; these results are 

interpreted and discussed by subcatchment in the following sections, with inferences 

for the overall sediment yield in each subcatchment.   

Katikuwai subcatchment in the mountainous southern part of the catchment, with 

long slopes and high rainfall, had the highest surface erosion rates as predicted by 

the RUSLE modelling, and low sub-surface surface erosion rates  from geospatial 

analysis. However, radionuclide tracer analysis indicated the lowest contribution of 

surface material of any catchment (9-25%). Low surface erosion contribution to river 

sediments, despite predicted high erosion rates, is likely to be due to three main 

factors: 1) high riparian vegetation cover providing a buffer for sediment deposition; 

2) little cultivation and grazing along the river edge; 3) longer wet seasons and
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therefore more vegetation cover. The long steep slopes which are a dominant factor 

in predicting high erosion rates in this subcatchment are largely unsuitable for 

agriculture and grazing, therefore groundcover remains intact in the late wet season, 

which is likely to contribute to low surface soil contributions in this subcatchment. 

The population density in the upper catchment is higher than in the mid-catchment 

(see Figure 3.4) however there is greater utilisation of the more accessible, and flatter 

upper slopes and hilltops for cultivation and settlement. This is possible in the upper 

catchment largely due to high rainfall, abundance of springs and deep fertile soils in 

contrast to the shallow stony soils on slopes and hilltops in the mid catchment. 

Higher rainfall and longer wet seasons in the Katikuwai subcatchment are also likely 

to reduce fire extent and frequency, maintaining higher levels of ground cover than 

the same vegetation class in the mid and lower catchments. It is expected that overall 

sediment yield in the Katikuwai subcatchment is low.    

 

In the Pulupanjang subcatchment, RUSLE modelling also predicts moderate to high 

surface soil erosion rates, however, similar to the Katikuwai catchment, radionuclide 

tracers indicate low surface soil contribution at the subcatchment outlet. Geospatial 

analysis suggests that surface erosion rates are high, but two factors influence low 

surface soil contributions at the stream outlet: 1) intact dambos and broad valleys in 

the upper catchment are likely to limit transmission of eroded material from 

hillslopes to waterways; and 2) high sub-surface soil erosion rates, particularly gully 

erosion, channel bank slumping and landslides have the impact of diluting the 

concentration of surface soil in river sediment. Thus it is expected that total sediment 

yield from the Pulupanjang is relatively high.     

 

Billa, Waikanabu and Ngadulanggi subcatchments have moderate surface erosion 

contributions (45-55%) based on RUSLE geospatial analysis. This analysis indicates 

that high overall sediment yield can be expected from each of these catchments, 

particularly from Billa and Waikanabu. In Billa and Waikanabu subcatchments, 

population density is relatively high and increasing, and a large proportion of 

farming activities are undertaken on fertile alluvial soils, along stream banks. This 



195 

 

contributes to high channel bank erosion rates, which are exacerbated by extraction 

of gravel for infrastructure building projects. 

 

Tanarara subcatchment predominantly in the Kananggar Formation has the highest 

rate of surface erosion predicted by RUSLE; with steep slopes, high rainfall intensity 

and low ground cover. Geospatial analysis indicates there are also few sub-surface 

soil sources. Therefore sediment yield is expected to be moderate to high, consisting 

predominantly of surface material.    

 

The combination of RUSLE and radionuclide tracer analysis provides insights into 

the overall sediment yield in each subcatchment. This information may be useful in 

the targeting of erosion control works. Current analysis indicates that Tanarara, 

Waikanabu and Billa subcatchments are likely to contribute the greatest amount of 

surface material to the main river, while Pulupanjang and Billa subcatchments 

should be the focus for sub-surface soil erosion control works.  

7.3 Comparison with other sediment budgets in the wet-dry tropics 

 

The sediment budget indicates that surface (rill and sheet) erosion processes 

contribute around 30% of material entering the weir.  The surface erosion 

contribution to sediment in the Kambaniru River is greater than the surface 

contribution in the majority of other studies in the wet-dry tropics. Limited sediment 

budgets in large northern Australian catchments (Mitchell, Daly and Normanby 

rivers) all indicate surface soil contributions of less than 20% (Rustomji and 

Caitcheon, 2010, Rustomji et al., 2010, Brooks et al., 2013, Wasson et al., 2010), while 

studies in the Caraulun (17%) (Rouwenhorst, 2013) and Laclo (>5%) catchments of 

Timor Leste (Wasson, 2007) indicated surface soil contributions similar to northern 

Australia.  

 

Channel bank erosion contributes 23% and gully erosion 8% of the annual sediment 

yield. The importance of channel bank and gully erosion is echoed in other 
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catchments, particularly the Daly River (56% and 20% of modelled sediment input 

respectively) (Rustomji and Caitcheon, 2010) Maroochy River (Douglas et al., 2009) 

and Moreton Bay catchments (Wallbrink, 2004). In other large catchments in 

northern Australia, the Normanby, Mitchell and Burdekin River (Brooks et al., 2013, 

Rustomji et al., 2010, Bartley et al., 2007) catchments gully erosion was a greater 

source of sediment than channel change, but the channel bank contribution is also 

significant. The exception to this is the Caraulun  catchment in Timor Leste where 

channel bank erosion contributed 34% of sediment, but gully erosion contribution 

was negligible (Rouwenhorst, 2013).  The importance of channel back erosion in the 

Kambaniru catchment may be exacerbated by gravel extraction.     

 

Landslides were estimated to contribute just 1% of sediment to the annual sediment 

yield in the Kambaniru catchment. This is greater than the tectonically stable, low 

elevation catchments of northern Australia where the input of landslides is 

negligible, and less that the landslide-prone slopes of  Timor Leste where landslides 

contributed 48% of annual sediment yield (Rouwenhorst, 2013). Both Timor and 

Sumba islands are uplifting, and subject to earthquakes which increase the landslide 

risk. The majority of landslides in the Kambaniru catchment are rock falls, the result 

of steep slopes caused by valley incision. The small number of landslides that were 

predominantly soil were caused by road construction, primarily on steep slopes in 

the Masu geological formation. The steep slopes of the Kananggar Formation have 

predominantly skeletal soil cover and therefore are not prone to landslides.  

  

The annual sediment yield estimated for the Kambaniru catchment at the weir is 

approximately 12 t/ha/yr; this is 10 times that estimated for the larger catchments in 

northern Australia and a third of that estimated for the Caraulun catchment in Timor 

Leste. There are a number of factors which influence this, particularly catchment 

size, maximum elevation and slope. In the steep, relatively small catchments of 

Timor Leste, stream power and sediment delivery rates are expected to be high, 

whereas in the large, low elevation catchments of northern Australia stream power is 

lower and connectivity of the catchment slopes to waterways is also expected to be 
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lower. As the Kambaniru catchment is almost twice the size and the maximum 

elevation is half that of the Caraulun catchment, it is logical that sediment 

production rates are lower, particularly given the very small contribution from 

landslides as discussed above.    

Table 7-1 Comparison with published sediment production rates in the wet-dry tropics 

 

 

 

 

 

 

 

Milliman et al. (1999) derived a generalised equation for estimating soil erosion in the 

East Indies, based on the maximum elevation and area of the catchment.  The annual 

sediment yield estimated for the Kambaniru catchment is much lower than estimates 

from Milliman et al. (1999) which indicate sediment yield of 3,820,000 t/yr (31 

t/ha/yr).  

 

The bedload contribution was estimated at 20%, which equates to 254 t/km2/yr . This 

is within the range of bedload estimates for South East Asian rivers, although Ziegler 

et al. (2014) suggest the bedload contribution may be as high as 30% in tropical 

catchments with an area of 1000-10,000km2. The relatively low gradient of the gravel 

streambed (0.0023 for 42km of river above the weir) and small contribution of 

landslides to sediment suggest that the bedload contribution for the Kambaniru 

River is likely to be at the lower end of estimations. 

7.4 Implications for other catchments in eastern Indonesia 

 

The catchments of eastern Indonesia are underrepresented in this discussion, 

however some trends are emerging. Firstly, that in all sediment budgets constructed 

so far for the wet-dry tropics of Asia and Australia (Bartley et al., 2007, Rustomji and 

River 
Catchment  

Area 
(km2) 

Sediment 
produced 
(T/ha/yr.) 

Reference 

Mitchell 63472 1 Rustomji et al. (2010) 

Daly 55792 0.5 Rustomji & Caitcheon (2010) 

Herbert 10000 0.9 Bartley (2004) 

Kambaniru 1227 12 this study 

Caraulun 580 37 Rouwenhorst (2013) 
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Caitcheon, 2010, Rustomji et al., 2010, Wasson et al., 2010, Brooks et al., 2014b, 

Rouwenhorst, 2013, Wasson, 2007), surface erosion contributes no more than 30% of 

river sediment. The relative dominance of sub-surface soil sources is dependent on 

characteristics of each catchment; however in steep catchments with large changes in 

elevation over short distances, landslides are more likely to be an important 

sediment source. Channel bank erosion is a significant erosion source in all of the 

studies reported. The occurrence of gully erosion is dependent on the presence of 

deep and erodible soils on lower slopes and can be particularly important on alluvial 

plains (Shellberg et al., 2012).    

 

The Kambaniru catchment remains a sparsely populated catchment, with very low 

settlement and infrastructure density, and little cultivated agriculture (less than 1% 

of land area). Therefore the sediment produced from roads, villages, footpaths, and 

cultivated fields were not investigated, as they are likely to produce little sediment. 

In more densely populated parts of the wet-dry tropics, these sediment sources can 

be important. Studies in Java (Purwanto, 1999, van Dijk, 2002) found that 

unvegetated rice paddy risers, irrigation drains and construction of new rice paddies 

were significant sources of sediment, and  Ziegler et al. (2000) suggests that unpaved 

roads are a major sediment source in agricultural catchments in Northern Thailand. 

This may also be the case in other steep, more intensively cropped parts of eastern 

Indonesia such as Lombok, Sumbawa and Flores.  

 

7.5 Conclusion  

 

The results of the sediment budget, combined with interview results presented in 

Chapter 6, highlight both the relative importance of erosion sources, and the drivers 

of erosion, in response to the first research question addressing the relative 

contributions of different sediment sources in the Kambaniru catchment.  
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Surface erosion is an important sediment source, with radionuclide tracer results 

indicated surface erosion contributes around 30% of sediment. However little 

sediment is expected to originate from cultivated land; fire and grazing are likely the 

dominant drivers. Surface erosion occurs throughout the catchment, and predicted 

surface erosion rates do not necessarily indicate the relative contribution of surface 

soils and subsurface soils to sediment in stream.  

 

Channel change is a dominant sediment source, and also has socio-economic 

implications with the loss of farmland in populated areas. Key drivers include loss of 

riparian vegetation and gravel extraction in populated areas. Where population 

density is increasing, the incidence of channel erosion is also likely to increase.  

     

Gully erosion currently has a relatively small contribution to the annual sediment 

budget, but a high socioeconomic impact with loss of farmland and conversion of 

rice paddies to maize gardens. There are three drivers of gully erosion: 1) removal of 

riparian vegetation, leading to channel bank slumping during floods; 2) construction 

of earthen drains for rice paddy irrigation and drainage of dambo swamps; and 3) 

increased cattle numbers. The incidence of gully erosion appears to be increasing, 

and this is likely to be most prominent in areas of increasing population density and 

demand for cultivated land. The current development strategy for east Sumba also 

focussing on increasing cattle numbers for economic development and, if this is 

undertaken with the current grazing regimes could result in severe gully erosion.  

 

Landslides contribute a minor proportion of sediment to the annual sediment 

budget, and are caused primarily by rainfall and earthquakes that destabilize steep 

slopes formed by river incision into tectonically rising land. Most landslides are 

rockfalls and often occur in primary forest. Therefore there are few economic 

consequences.  
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Chapter 8 – Discussion 
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8 Discussion 
 

This chapter addresses the following research questions: 

(1) What are the strengths and limitations of the approach and methods used?  

(2) How could these findings inform improved catchment management policy 

and practice?  

(3) How could these methods and this approach underpin research aiming to 

improve environmental management and livelihoods? 

(4) What are some management options for reducing sediment production in the 

catchment? 

 

8.1 Strengths and limitations of this study  
 

This section is a discussion of the strengths and limitations of the study: the 

sediment budget; the multidisciplinary approach to understanding sediment sources 

and creating a sediment budget; and more detailed discussion of the strengths, 

limitations and possible improvements to individual methods.  

 

8.1.1 Multidisciplinary approach 

 

The use of a multidisciplinary approach to mapping and quantifying the relative 

contribution of different sediment sources was a strength of this research.   The aim 

of this project was to increase understanding of sediment sources and create a 

sediment budget in a region that has little data and technical capacity and where 

financial resources are low. The approach used in this study, incorporating 

geospatial analysis, key informant interviews and field measurements, could be 

undertaken by local officers with minimal technical skills and budget.  

 

Use of free geospatial analysis enabled mapping and modelling of the spatial 

distribution of surface and subsurface sediment sources. Geospatial analysis was 

combined with selected field measurements to create first-order estimates of the 

sediment contribution of sub-surface sources. Surface erosion rates predicted using 



204 

 

the RUSLE were a gross overestimation of sediment produced. This is a common 

fault with the uncalibrated implementation of this model in the wet-dry tropics 

(Brooks et al., in review; Lu et al., 2001). However, geospatial analysis of these 

predicted erosion rates gave the spatial distribution of relative risk of surface 

erosion. 

 

Radionuclide tracers provided vital and more reliable information on the relative 

contribution of surface erosion to sedimentation in the Kambaniru Weir. It is 

acknowledged, however, that radionuclide tracer analysis requires expertise, access 

to analysis facilities and funds that are unavailable for most local governments.  

 

The use of key informant interviews added essential information to the sediment 

budget: locating sediment sources, providing preliminary insight into the 

socioeconomic importance of different sediment sources, drivers of erosion and 

possible solutions for erosion control. Importantly, interview respondents identified 

gullies that were narrow, small or were obscured by secondary vegetation cover and 

thus not mapped through the geospatial analysis.  Initially it was assumed that the 

lack of gullies identified on the imagery indicated gully erosion was not a significant 

sediment source. It was only through interviews and field work that the extent of 

gully erosion became apparent. Further interviews followed by field measurements 

in other landscape units would assist in broadening the understanding of gully 

erosion extent and initiation factors. If this study had not combined geospatial 

analysis with interviews, the importance of gully erosion in this landscape would 

remain unknown.  

Local knowledge also provided information on the socio-economic impacts of 

different erosion types, and its impact on local livelihoods. The economic importance 

of surface erosion and declining fertility is often stated as an incentive to change land 

management practices. However the majority of hillslopes in the Kananggar 

Formation are not suitable for cultivation and only used for livestock grazing, where 

poor pasture management and a long hot dry season are a greater limitation to 

increasing productivity than soil fertility. In contrast, gully erosion in rice paddies 
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which forces conversion to maize fields has a significant and immediate impact on 

the livelihoods of local farmers.     

 

Interviews also provided essential insight into the drivers and timescales over which 

both gully and channel bank erosion have occurred. Understanding the natural and 

anthropogenic drivers of erosion is the first step in identifying possible erosion 

control measures and the likelihood for success using different methods. This 

combined with an understanding the economic impacts of erosion sources, 

particularly the high impact of gully and channel bank erosion indicates that 

programs focussed on reducing gully and channel bank erosion are more likely to be 

successful, because there is a direct impact on livelihoods.  

Key informant interviews were selected in preference to focus group discussions to 

allow triangulation of data, from both interviewees and field measurements. Based 

on the experience gained through this research, further emphasis will be placed on 

local knowledge using a combination of approaches; 1) key informant interviews to 

provide specific site-based information and 2) focus group discussions to provide an 

overview of sediment sources, drivers of erosion and considerations for sediment 

control works, to provide a broader understanding of sediment sources and allow 

for greater understanding and possibly valuation of socioeconomic impacts of 

different erosion processes. This process could in turn be the first stage in a 

participatory planning approach to reducing sediment production (MacDonald et al., 

2004).   

The most important information this first-order sediment budget provides to 

managers is the relative importance of different sediment sources. There are three 

practical reasons this is important for catchment management planning; 1) setting 

realistic goals and expectations for the reduction of sediment yield; 2) determining 

the most effective and appropriate methods for reducing sediment loads instream; 3) 

monitoring and evaluation of management progress (Parsons, 2012).  
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8.1.2 Sediment budget 

 

The sediment budget presented in Chapter 7 is not complete, and for some elements 

the measurement uncertainty is high. The first part of this section assesses the 

sediment budget for its usefulness for catchment managers. The subsequent sections 

address the accuracy of the sediment budget and the accuracy of each component.   

 

For a sediment budget to be useful for catchment managers it should meet three 

criteria (Parsons, 2012): 1) the timescale for which the sediment budget is valid 

should be explicit; 2) no sediment source or sink should be assumed to account for 

the sediment remaining after other measured elements have been quantified, 

therefore assuming the sediment budget is balanced; and 3) estimates of uncertainty 

should always be included with reported values.  The sediment budget is assessed 

according to these criteria below: 

 

First, the timescale for the sediment budget is explicit; sediment production is 

estimated for a six year period (2006-2012), while the annual sediment yield is 

estimated for an 18 year period (1994-2012).  There is a difference in timescales 

because: 1) no high-resolution satellite imagery is available for the earlier period 

(1994-2006); and 2) the trap efficiency of the weir was used in estimating the annual 

sediment yield. The trap efficiency during the later period (2006-2012) was less than 

2%, which if used in sediment yield estimates would have introduced unacceptably 

high uncertainty.  

 

Second, the sediment budget is incomplete and not balanced, more than 15% of 

sediment remains unaccounted for. The difference between estimated sediment 

production and annual sediment yield may be due to a combination of the following 

factors:  
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 Floodplains are not accounted for as either sediment sources or sinks 

 Measurement uncertainty for sediment production and sediment yield is 

high, due to the methods relying on limited base data 

 Possible differences in sediment production from the measured sources 

between the 1994-2005 period and the 2006-2012 period. However, interview 

results indicated that channel change and gully erosion rates are likely to be 

increasing, rather than decreasing   

 Stream power for the Kambaniru River is relatively low, and sediment 

residence time is unknown. Therefore current sediment yield may also 

represent pre-1994 sediment production rates     

 If sediment transport times are long, some sediment currently at the weir 

may be the result of surface erosion prior to radionuclide deposition in 

1950’s, but without a radionuclide tracer would be attributed to sub-surface 

sources. 

 Bedload was assumed to contribute 20% of the material entering the weir. 

However recent research in small tropical catchments suggests that bedload 

may contribute up to 30% of material trapped in reservoirs on tropical rivers 

(Ziegler et al., 2014). 

 

The third criterion requires measurement uncertainty be reported. Measurement 

uncertainties are reported for all elements of the sediment budget. Sources of 

measurement uncertainty and potential improvements to the methods are reported 

in the following sections.  

 

In conclusion, the sediment budget presented in Chapter 7 is incomplete and 

measurement uncertainty is high. However the sediment budget meets the criteria as 

a useful tool for catchment managers to begin to understand sediment sources. 
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8.1.3 Geospatial analysis and field survey methods 

 

RUSLE  

 

The application of RUSLE modelling in the wet-dry tropics should be limited to 

relative erosion risk within the catchment. Hillslope sediment production calculated 

using RUSLE is likely to be overestimated, as indicated by comparison of 

radionuclide tracer and RUSLE results in Chapter 7. There are three key factors 

influencing this: 1) the RUSLE model is based only on sediment production rates for 

a given plot, and was not designed for application at the catchment scale; 2) the 

RUSLE was calibrated using data for the temperate climates and fertile soils of North 

America; and 3) the quality and resolution of input data in the wet-dry tropics is 

often poor.  

 

The RUSLE was designed for evaluation of erosion rates and conservation measures 

at the plot or field scale (Renard et al., 1997). Therefore it does not account for 

deposition of eroded material at the base of the hillslope, or connectivity of hillslope 

sediment to waterways (Nagle et al., 1999). To account for this, other research in this 

field has applied an estimated sediment delivery ratio (SDR) to estimate the 

percentage of material entering the waterway, or applied RUSLE as the basis for 

more complex modelling of erosion processes (e.g. Rouwenhorst, 2013, Saygin et al., 

2014, Lee and Kang, 2013). However this approach has also been widely criticised. 

The alternative is process-based models (e.g. WEPP, EUROSEM) which require input 

data that is largely unavailable in data-poor environments (Kinnell, 2004, Kinnell, 

2010). 

  

RUSLE was created and calibrated for the temperate farmlands of Northern America 

(Renard et al., 1997) where rainfall intensity is moderate and (for the purposes of the 

model) an unlimited supply of soil is available to be eroded. In the wet-dry tropics 

rainfall intensity reaches extreme R values and RUSLE modelling assumes that soil 

erosion continues to increase with increasing rainfall intensity, above the calibrated 
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values for temperate regions. No published research is available to support or reject 

this assumption. Soils in the wet-dry tropics with a long history of high erosion rates 

may also have high percentages of rock or stone cover, meaning erosion rates are 

limited by the amount of soil available to be eroded (Brooks et al., 2014b, Lu et al., 

2001).  

 

Data quality and resolution is an inevitable issue for RUSLE modelling in 

developing countries. Rainfall data in particular is a common problem, due to the 

high rainfall intensity and variability in many wet-dry tropical environments. In the 

Kambaniru catchment only one rainfall gauge on the coast produces reliable rainfall 

data. The WorldClim data used in this study provides a useful replacement. 

WorldClim was intended to provided monthly average annual rainfall information, 

however for this study, the data was converted into rainfall intensity. The accuracy 

of this conversion could not be tested due to lack of comparable rainfall data.  

 

In this study, land cover classification from Landsat was limited to three vegetation 

density classes, due to the relatively low resolution of Landsat (30m x 30m pixel 

size). There is considerable variability in vegetation cover and erodibility within the 

classes. Potential erosion risk from the degraded grassland class is the most 

problematic, as there is significant differences in erosion risk between grasslands 

subject to heavy grazing and frequent fire, and grasslands that are rarely burnt and 

have low grazing intensity, which therefore have higher leaf density and ground 

cover. On-ground observation suggests that there is a gradient of increasing 

groundcover with increasing length of wet season (and therefore reduction in length 

of fire season), which in turn is related to altitude. Grasslands ground cover is also 

greater on the higher elevation, fertile volcanic soils of the Masu formation in the 

upper catchment, in contrast to slopes in the Kananggar Formation where soils are 

skeletal and significant bare rock is exposed.   

 

Relative surface soil erosion risk was modelled using the RUSLE applied to global 

datasets, with the exception of the K factor which included regional geology 
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mapping.  Geology or soil mapping is available for the whole of Indonesia, and 

many other developing regions, thus availability of geological mapping is unlikely 

to be a limitation to implementation in other data-poor environments. Therefore the 

RUSLE model can be applied using the same methods, throughout the wet-dry 

tropics. However application of RUSLE should be limited to relative erosion risk, 

and not calculation of sediment production from hillslopes. If the tool is used in a 

catchment management planning context for targeting key locations for erosion 

prevention or rehabilitation works, field assessment would be required to determine 

the fate of sediment from any particular slope. This would inform potential 

reductions in sediment from erosion control works.     

 

Gully erosion  

 

Gully erosion estimates were based on just ten gullies, with measurements made 

before and after one wet season. During this season some of the smaller, newly 

initiated gullies were not active. Gullies were also only observed and measured on 

one soil type (deep black vertisols). The estimate of sediment production from 

gullies based on a single wet season is an oversimplification of a complex process, 

and estimates could be improved by monitoring over a number of seasons, in a 

wider variety of locations. Quantities of sediment production were also based on 

simplified geometries of the gullies and therefore are only a first-order estimate. This 

is reflected in the high measurement uncertainties reported.  
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Landslides  

 

Landslide erosion occurred largely on steep slopes in inaccessible areas, therefore 

observations relied heavily on satellite imagery for estimates of landslide depth and 

the percentage contribution of landslide material to sediment in waterways 

(estimated at 90%). 

 

Measurement uncertainty for landslide sediment production is high. However, due 

to the small number of landslides and their low contribution to the overall  

sediment budget, this is not considered to be a major limitation of the study. In 

catchments where landslides are a major sediment source, additional measurements 

and models of the sediment delivery would need to be investigated. 

 

Channel change 

 

Channel change was analysed by comparing high-resolution images from different 

dates on Google Earth. Some images available on Google Earth are poorly rectified, 

with a difference of up to 6m from a known geographic point. To improve 

registration between image dates, digitised vector data from earlier images were 

imported directly into QGIS, while data from newer images were converted to 

raster, registered to the earlier data. Conversion of files between vector and raster 

formats affects the area of the intercept polygon used to determine the portion of the 

river that remained in the same location. The error averaged +1.3m2 per 1m length of 

river, and was always positive and larger than 1m2, this represents an over 

estimation of the portion of the river that remained stable, therefore underestimating 

total channel change. The error is within the stated uncertainty for channel change, 

however revision of methods could reduce this error.  

 

Use of images on Google Earth for calculating sediment production from channel 

change in high rainfall regions, where cloud cover is more persistent, may be limited 

by poor image availability. This could be resolved as Google Earth increases its rate 
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of image acquisition or through the use of alternative sources of free high-resolution 

imagery. One such option is through the Planet Action initiative (www.planet-

action.org) for projects related to climate change.    

 

 

8.1.4 Radionuclide tracers  

 

Radionuclide tracers have been used in many catchments to understand sediment 

sources. The majority of studies rely on 137Cs with additional information from 

210Pb(excess), while 239Pu is a more recent addition to the tracer toolkit. All tracers rely 

on significantly higher radionuclide tracer concentrations in surface soil than in sub-

surface soil or sediment.  In the tropical environments of South East Asia, the initial 

137Cs fallout concentrations were lower that than of the mid-latitudes,  and since the 

majority of fallout occurred in the 1950’s and 1960’s two half-lives have passed, 

further reducing the 137Cs inventory. The average activity for surface soils was 1.9 ± 

1.4 Bq/kg, with some surface soil samples below Minimum Detection Activity. At 1.9 

Bq/kg, any sediment samples with less than 25% surface soil would generally fall 

below detectable limits. Therefore due to the high variability in surface soil 

radionuclide activities, those sediment samples below MDA (<0.5 Bq/kg) may still 

have up to 35% surface soil content.  

 

In contrast the greater sensitivity of Accelerator Mass Spectrometry (AMS) makes 

239Pu more applicable in these environments. The key disadvantage of Pu is the high 

sample preparation and analysis costs (currently commercial rates of 

>$1000/sample). This limits the number of samples that can be analysed and 

therefore the statistical strength of the results. Other researchers have overcome this 

problem by analysing a small number of highly bulked surface soil samples from 

across the entire catchment and one bulked sediment sample.  Given the sample 

mass for AMS is generally 4g or less, this would require very careful attention to the 

grinding, mixing and sample selection processes to ensure that the 4g sample was 

representative of the whole catchment. The main concern is the possibility of 
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accidentally sampling an unrepresentative high activity particle. This can be 

overcome by analysing the samples in triplicate, however this returns to the same 

issue of sample analysis costs.  

 

Particle size analysis was conducted by laser diffraction at two laboratories, and the 

results differed significantly between laboratories and with field texture analysis and 

wet sieving results. As wet sieving was only conducted on eight sediment samples, it 

was not possible to draw any inferences, however this problem has also been 

highlighted in recent literature (Kowalengko & Babuin, 2012), and requires further 

investigation. 

       

Both the geospatial and radionuclide tracer methods applied in this study have 

relatively high measurement uncertainty, leading to uncertainty in the sediment 

budget. There is however inter annual variability of sediment production in every 

catchment, due to climatic and anthropogenic factors. The purpose of this sediment 

budget is to determine the location and relative importance of all sediment sources 

and the magnitude of sediment production. Therefore while the measurement 

uncertainty is high, the sediment budget remains a useful tool for catchment 

managers.      

 

8.2 Management options for reducing sediment yield in the 
catchment 

 

Experience in many different environments has shown that determining the most 

appropriate measures for successful rehabilitation of river reaches is less successful if 

it is a purely technical process (Belay and Woldeamlak, 2012). Planning processes 

that include the needs and aspirations of a range of stakeholders, incorporating 

ecological, geomorphic, social, political and economic factors are more likely to be 

successful in the long term (McDonald et al., 2004). 
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Given the focus of this study is erosion and sedimentation, the management 

solutions provided in this section are focussed on reducing sediment supply to the 

river, with some consideration of local ecological, social and economic conditions. 

Therefore the information contained in this section should not be taken as a 

blueprint for planning erosion reduction projects, but as technical input to inform a 

participative planning process.  

 

8.2.1 Fire management 

 

Reductions in surface soil erosion may be achieved by ensuring ground cover is 

maintained to the start of the wet season by maintaining cover through the dry 

season. Fire in eastern Indonesia has many different purposes and meanings for local 

indigenous people (Russell-Smith et al., 2007, Fowler, 2013). However the current fire 

management regulations prohibit the use of fire in all agricultural and land 

management activities (McWilliam, 2000). In the current context this is neither 

achievable nor desirable. Preferable are fire management programs that aim to 

reduce the extent and frequency of fires (particularly uncontrolled fires) and 

encourage burning for grassland pasture maintenance in the early dry season rather 

than late dry season, as these fires could significantly reduce the surface erosion risk 

(Bradstock et al., 2012). 

 

8.2.2 Grazing management  

 

Currently in eastern Indonesia most livestock graze freely in the open grasslands 

and livestock density is low. In the wet season while feed is plentiful, livestock 

preferentially graze fresh green shoots, leaving the tougher seed heads. This allows 

grass plants to seed quickly and return to dormancy, often during the mid-late wet 

season. Dormant grass plants do not produce further green growth, thus the total 

amount of feed produced is low, and ground cover is quickly reduced (Johnston et 

al., 2004, Eddy, 2002).  Fences are rare, and there is little or no management of native 
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pastures beyond burning to stimulate new growth for green feed. By the end of the 

dry season, ground cover is very low and livestock are often in very poor condition.  

 

Improved management of native pastures and planting of supplementary feed trees, 

as practiced for many years in northern Australia, may assist to improve livestock 

productivity (McIvor, 2010). A number of different supplementary feed trees have 

been trialled in East Sumba including Lamtoro (Leucaena leucocephala) (Shelton, 2008, 

Nulik et al., 2013, Nulik et al., 1999) and a current proposed project for Tree Lucerne 

(Chamaecytisus palmensis) which has previously been identified for trial in the wet-

dry tropics (Snook, 1982, Gutteridge, 1994).  

 

Livestock access to waterways is currently unrestricted and destabilises channel 

banks and causes gully initiation. Best practice grazing management is to fence 

waterways and construct permanent off stream water points in the form of troughs 

fed by pumps (Lovett and Price, 1999). However pumps are unaffordable for local 

communities, therefore this is not an appropriate solution. Creation of hardened 

surface permanent livestock access points on the river may minimise the risk of bank 

destabilisation and gully initiation.    

 

8.2.3  Stabilisation of small gullies  

 

Gully erosion is a major sediment source and particularly important for farmers 

where gully erosion is forcing conversion of productive rice paddies to less 

productive maize fields.  Many studies have shown that rehabilitation of extensive 

gully networks is often expensive and ineffective (Nyssen et al., 2004). Where gullies 

are already deeper than roots systems of plants, extensive engineering solutions are 

required.  

 

Small gullies are currently only a minor source of sediment, however stabilisation of 

small gullies can prevent greater sediment production in the future.  Stabilisation of 

gullies with a depth of less than 1.5m could be achieved by fencing gully structures 
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with living fences to prevent cattle access, and planting of perennial grasses. Vetiver 

grass is a promising species, which is currently being used for erosion control 

projects in Bali and Java (Truong et al., 2011). The advantages of vetiver grass are that 

the root system is long and extensive, reaching up to 3m into the soil, and the 

varieties being used are sterile, meaning there is no risk of vetiver becoming a weed.  

In addition a small amount of earthworks (by hand) at the gully head to reduce the 

slope of the gully head and allow grasses to establish should be trialled, at the end of 

the wet season.   

 

Local farmers interviewed in this study perceived direct benefits from preventing 

gully expansion, for the protection of valuable cultivated land. Therefore 

remediation works focussed on this sediment source are more likely to be 

implemented and maintained, and may provide a positive starting point for other 

restoration works.  

  

8.2.4 Riparian vegetation  

 

Channel bank erosion is a major sediment source, and it is internationally recognised 

that healthy riparian vegetation plays an important role in maintaining the stability 

of river banks, reducing sediment entering the river from surface soil erosion, 

providing shade and fallen timber for habitat instream (Lovett and Price, 1999). 

Establishment of fenced riparian vegetation can maintain the stability of river banks, 

however it is unlikely to be effective in stabilising active areas of channel bank 

collapse, particularly where the depth of the channel exceeds the depth of the tree 

root systems.  

 

Current Indonesian catchment management policy states that 100m either side of 

major rivers and 50m either side of smaller rivers and streams should be protected 

riparian vegetation (RI, 2012). Whilst there is little doubt that establishing wide 

buffers of native riparian vegetation would be beneficial (MacDonald et al. 2004) this 

extent of buffering in the Kambaniru River catchment would reduce the current 
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cultivated area by 54%. Thus from a socioeconomic perspective it would act to 

counter many policy and community aspirations for improving food security and 

economic empowerment.  

 

There are two elements influencing the effectiveness of riparian vegetation for the 

stabilisation of river banks; vegetation buffer width and vegetation composition 

(Lovett and Price, 1999). Current practice recommends the following formula for 

determining vegetation buffer width (LWA, 1999):  

 

RBW = 5 + BH + (ER x RR) 

 

RBW= Riparian Buffer Width (m)   

5 = Minimum width is 5m 

BH= Bank Height (m) 

ER= Bank Erosion rate (m/yr)  

RR= Revegetation rate - no. of years needed for vegetation to be established 

 

River rehabilitation best practice recommends the composition of buffers are similar 

to original native vegetation, i.e. re-establishment of local native species of local 

provenance, incorporating a mix of trees, shrubs and grasses (Lovett and Price, 

1999). As established earlier, the highest (and increasing) risk of channel bank 

collapse and gully formation in the tributaries of the Kambaniru occur where 

population density and land use intensity is increasing.  Therefore where riparian 

vegetation is most needed, the establishment of wide native vegetation buffers with 

little economic potential is unlikely to have high uptake by farmers. Stanturf et al., 

(2014) emphasise that social factors may be more important than biophysical factors 

in rehabilitation of functional forests.  Establishing a mixture of trees, shrubs and 

grasses that mimic native vegetation and have food security and economic benefits is 

likely to make this kind of revegetation more attractive to farmers and therefore 

more sustainable.  
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8.2.5 Management of gravel extraction 

Gravel extraction is a key driver of channel change, particularly in the Billa 

subcatchment. Interview respondents indicated gravel extraction was causing bank 

instability. However, they also noted the need for extraction, due to lack of other 

suitable building materials. As this study focussed on the portion of the catchment 

above the Kambaniru weir, gravel extraction below the weir was not investigated. 

However anecdotal evidence suggests that extensive gravel excavation takes place in 

the lower reaches of a number of rivers near the city of Waingapu for government 

and private building and infrastructure. Hardened, permanent gravel extraction 

ramps may assist in reducing the damage to the river bank, caused by excavator 

movement. However this does not address the changes in river flow dynamics 

caused by gravel extraction, and further investigation is required.  

8.2.6 Dambo protection 

 

The protection of dambo features is intended to maintain their role in trapping 

eroded material from hillslopes. Where dambos have been converted to rice paddies, 

this role is maintained, however where dambos are degraded by overgrazing, cattle 

tracks and buffalo wallowing, channels can develop, increasing the connectivity of 

hillslopes to waterways. This is also the case where dambos are drained for 

conversion to maize fields, as earthen drains quickly develop into gully systems. 

Therefore to maintain their sediment trapping capacity appropriate grazing and fire 

management should be practiced to maintain ground cover throughout the dry 

season.  

8.2.7 Conservation agriculture  

 

As less than 2% of the catchment land area is cultivated in permanent and shifting 

gardens in any one year, erosion prevention measures on cultivated land would 

have little influence in reducing sediment yield instream. However, because fertile 

farmland is so limited, surface erosion on agricultural land is important from a 

socioeconomic perspective. Therefore  conservation agriculture practices such as 

terracing of steep gardens, agroforestry and cover cropping have been promoted in 
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some villages for up to 25 years with varying adoption success (Lee, 1995). Current 

projects include zero-till farming and maintaining ground cover all year round, 

which, if effectively implemented, could protect the soil surface from erosion 

(www.fao.org).  

8.3 Implications for improving policy and practice  

 

This section compares the assumptions in catchment management policy established 

in Chapter 2, with the results of this research. Table 8.1 summarises the assumptions 

that are implicit in policy and the research findings.  

Table 8-1 Comparison of policy assumptions and research findings 

Policy assumptions  Research findings for Kambaniru Catchment  

The upper catchment is 

the source of all sediment 

Upper, mid and lower parts of the catchment 

contribute sediment  

Surface erosion is the 

dominant erosion process 

 

31% of sediment in the weir pool is from surface  

erosion, the  remainder is predominantly from river 

channel change and  gullies with a small contribution 

from landslides 

Shifting agriculture is a 

major cause of erosion  

 

Shifting agriculture accounts for <1% of catchment area. 

Other causes of surface erosion; fire and grazing, are 

more important.  

Gully erosion is not a 

significant source of 

sediment 

Gully erosion contributes approximately 8% of 

sediment to the sediment budget, however the socio-

economic impacts of gully erosion are important for 

individual farmers.  

Channel change in the 

mid and lower 

catchments is caused by 

land degradation in the 

upper catchment 

The stability of riverbanks is more likely to be 

dependent on local factors, particularly removal of 

riparian vegetation, intensive agriculture on river 

banks, and gravel extraction.   
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Currently the primary strategy for improving catchment health supported by 

Indonesian government regulations is reforestation of steep slopes in the 

upper catchment (RI, 2012). Given the research findings above, this approach 

is unlikely to significantly reduce sediment loads in the Kambaniru River. 

This strategy also fails to address the socio-economic impacts of erosion 

processes and the practices required to reduce sedimentation. Steep slopes 

with shallow soils, the primary target for reforestation works, have little 

economic value, and are currently used only for cattle grazing. In contrast the 

deep, fertile soils on valley floors and floodplains produce crops for 

subsistence and cash income. As a result, gully erosion and channel change 

are greater threats to local livelihoods and economies.    

These results indicate that implementation of the current catchment 

management strategies will not reduce the sediment yield in the Kambaniru 

River or support improved livelihoods in the short term.   

 

8.3.1 Potential paths for improving catchment management 

 

The diagram below (Figure 8.1) simplifies the theoretical avenues for 

influencing the implementation of catchment management practice in the 

field.  

 

Figure 8-1 Roles of policy, practice and research. Solid lines indicate the current situation, while 

dashes indicate the ideal situation with policy being influenced by both research and practice 
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As determined in Chapter 2, the current catchment management approach is 

based on implementation of the National catchment management regulations 

which requires a quantitative planning approach, based on existing 

government data which are unreliable and incomplete. In this planning 

approach there are few avenues for research to influence catchment 

management policy.     

One avenue for influencing policy is to advocate for a more evidence-based, 

participative and adaptive management system such as set out in the NTT 

catchment management regulation (described in Ch.2). However, considering 

the National government (Ministry of Forestry) has overridden this local 

legislation and selected a technical, bureaucratic approach instead, it is clear 

that changing policy will be difficult. The alternative to influencing policy is 

for research to influence catchment management practice directly, working 

within the current policy framework.  

 

This could be achieved through building capacity in local governments and 

communities to understand catchment processes. This has real potential for 

improving the understanding of sediment sources and translating that into 

on-ground sediment control works to reduce sediment production. The 

effectiveness of a capacity-building approach using low-tech solutions was 

recently demonstrated in improving fire management (Myers et al., 2014). The 

following section addresses the potential for application of the sediment 

budget approach by local government officers.  
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8.4 Potential for this approach to underpin improved 
environmental management and livelihoods 

 

This topic is addressed in two parts; firstly the use of a multidisciplinary approach to 

developing sediment budgets; secondly the application of free geospatial and local 

knowledge to other environmental management and livelihoods challenges. 

 

Sediment budgets 

This study has demonstrated that there are many false assumptions about catchment 

processes currently embedded in Indonesian catchment management policy. 

Sediment budgets developed using this multidisciplinary approach could provide 

essential information for improved catchment management. However comparison 

between this study and other published research indicates that there is high 

variability in sediment sources between catchments in the wet-dry tropics, therefore 

few inferences can be drawn for other catchments in the region.  

 

The multidisciplinary approach to create a first-order sediment budget used in this 

study can be applied in any data-poor environment. However, the application of 

radionuclide tracers was an essential part of this approach, and potential 

applications are limited in contexts where technical skills and funding for research is 

minimal.     

 

The combination of geospatial analysis, local knowledge and field survey methods 

can locate and quantify the main sub soil sediment sources, and predict the 

distribution of surface erosion. From this research appropriate management 

responses can be developed. However, in the Indonesian policy context where 

surface erosion is considered the most important sediment source, development of a 

number of sediment budgets throughout Indonesia complete with radionuclide 

tracer analysis, could inform creation of a catchment typology, which could estimate 

the relative contribution of surface erosion in catchments with similar 

geomorphology and climates, without the use of tracers.  The development of such 

catchment typologies would be most effectively conducted as a joint research and 
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management program between research organisations (local and international) and 

catchment managers. Creation of catchment typologies could be assisted with 

additional field measurements, particularly hillslope sediment traps, for comparing 

actual and RUSLE predicted erosion rates, as demonstrated by Brooks et al. (2014a). 

This would provide additional information for informing policy change.      

 

Other applications of free geospatial and local knowledge methods  

 

A range of free data and software was used in this research, which, after appropriate 

training, could be readily used by local government officers. Free and open-source 

software packages have a number of benefits for application in a decentralisation 

context; there is no cost to purchase the software, and therefore the number of users 

and access to a variety of active user groups is not restricted; software development 

is ongoing and driven by the needs of users; and many open-source GIS software 

packages are focussed on user-friendly interfaces (Steiniger and Bocher, 2009).    

 

There are many possible benefits for the decentralisation of capacity for geospatial 

analysis.  Currently in Indonesia, each government district is required to create and 

store geospatial planning data, coordinated at a provincial level (E. Muga 2014, pers. 

comm). Planning for integrated catchment management must consider all existing 

spatial plans. Sharing of data across a user-friendly open-source platform could 

allow for greater integration between high level spatial planning and planning of 

catchment management activities.     

 

GIS and remote sensing are already used for a range of applications in planning and 

land management. The use of a free geospatial approach incorporating local 

knowledge and field surveys undertaken by local governments and researchers 

could increase the accuracy and transparency of current applications. For example, 

forest cover change is already commonly analysed using remote sensing methods, 

often at a large scale. However Fisher (2011) demonstrated the necessity of including 
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local knowledge in remote sensing of forest cover change to understand true extent 

and drivers of change.    

 

Social forestry projects, encouraging the management of designated forest areas by 

local community groups also require a mapping element (RI, 2007).  In Sumba this is 

being undertaken using a participatory approach creating sketch maps, which are 

converted by an external GIS specialist to topographic maps, as the legal basis for 

distribution of management rights and responsibilities (S. Paranggi, 2012, pers 

comm.). Application of a participatory free geospatial approach where participatory 

maps are created directly on high-resolution imagery has two benefits: 1) 

Community members can identify specific markers such as roads, houses and even 

individual trees on high-resolution imagery, which could avoid misunderstandings 

about locations within community groups and for facilitators; and 2) GIS mapping 

could be completed by field staff, removing the expense and potential for 

misinterpretation created by employing an external GIS consultant, who is not 

familiar with the local environment.  

 

Small scale and artisanal mining is a growing issue in other parts of NTT and 

Indonesia (Sahin et al., 2012): mining is largely unlicensed, and therefore little 

rehabilitation of mine sites is undertaken. There is great potential for artisanal 

mining to become a significant driver of surface and sub-surface soil erosion. A free 

geospatial and field survey approach to mapping the scale and extent of small scale 

mining has been created (Fisher et al., 2013), but further research determining the 

impacts of small scale mining as a sediment source is required.      

 

Land tenure is a common source of conflict in eastern Indonesia (Harkness, 2013, 

Nixon, 2008). Participatory approaches to mapping land tenure have been 

implemented in many locations in the developing world (Fox et al., 2008). The use of 

a free geospatial approach utilising high-resolution imagery (as outlined above) is a 

natural extension of the participatory approach. However any land tenure mapping 
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should be undertaken with an understanding and consideration of the possible 

socio-cultural impacts of land tenure delineation (Fox et al., 2008).        

 

Forestry planning could also benefit from application of more advanced geospatial 

analysis for the planning of reforestation works. Indices like the Topographic 

Wetness Index implemented on free DEM data in SAGA GIS software, indicate the 

relative moisture content of soils in the landscape which could assist in species and 

site selection. Similarly, agricultural development planning in eastern Indonesia 

would benefit from a free geospatial approach to digital soil mapping of catchments 

to inform forestry planning and agricultural development.   

 

Disaster management mapping based on an open-source platform (QGIS) is 

currently being launched by the Indonesian government (www.InaSAFE.co.id). 

However the current system is based on broad-scale biophysical data, and would 

benefit from the inclusion of local knowledge (F. Chandra 2014, pers. comm.).  

There are many other applications of GIS within environmental management and 

governance. The current era of freely downloadable satellite imagery, DEMs, high-

resolution imagery for digitisation and a range of user-friendly and powerful GIS 

and remote sensing software means applications are limited by knowledge and 

training, not by resources.  
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Chapter 9 – Conclusion and future 

research  
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9 Conclusions and future research  

9.1 Sediment sources - conclusions  

 

This study investigated sediment sources in the Kambaniru River catchment using a 

multidisciplinary approach combining free geospatial analysis, radionuclide surface 

soil tracers, local knowledge and selected field measurements.  

 

The annual sediment yield for the catchment is approximately 1,440,000 t/yr at the 

weir. This translates to an erosion rate of approximately 12t/ha/yr.  Surface soil 

erosion contributes 30% of material accumulating in the Kambaniru weir pool, 

which is higher than other catchments in the wet-dry tropics (Brooks et al., 2014a, 

Rustomji and Caitcheon, 2010). Uncontrolled fire and grazing are likely to be the 

major drivers of surface soil erosion.  

 

Subsurface erosion processes, particularly channel change (23%) and gully erosion 

(8%), contribute the majority of sediment to the river, which is consistent with 

sediment sources in the large catchments of northern Australia (Wasson et al., 2010) 

(Shellberg et al., 2012) and Timor Leste (Rouwenhorst, 2013)   The risk of channel 

change and gully erosion is increasing, due to increasing population pressure on 

limited fertile lands on river banks, flood plains and in fertile valleys. The 

socioeconomic impact of channel change and gully erosion is high due to the loss of 

fertile land, and gully erosion has forced conversion of rice paddies to less 

productive maize gardens.  

 

Landslides, predominantly rockfalls, contribute a small amount of sediment to the 

river (1%), largely caused by natural geomorphological processes. A small number 

of landslides are caused by road construction.  About a third of sediment sources, 

consisting of subsurface derived sediment, remains unaccounted for.  
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9.2 Policy conclusions  

 

Indonesian catchment management policy attributes sedimentation of weirs to 

surface erosion in the upper catchment caused by cultivated agriculture. This 

research shows that there is a major surface soil contribution to the sediment budget, 

however cultivated agricultural land is not a major source of surface erosion, 

constituting less than 2% of land area in the Kambaniru catchment. In addition, areas 

of high surface soil erosion risk are spread throughout the catchment, not limited to 

the upper catchment. These results indicate that efforts to reduce surface soil erosion 

should focus on improving fire and grazing management on uncultivated grazing 

land throughout the catchment. 

 

In contrast, channel bank and gully erosion are not addressed in catchment 

management policy, and are major sources of sediment from cultivated land.  

Therefore catchment management planning should focus on stabilisation of small 

gullies and riverbanks to protect cultivated land and reduce instream sediment 

yields.  

 

The differences between sediment sources addressed by catchment management 

policy, and the results of this research indicate that this sediment budget for the 

Kambaniru River could inform improvements to catchment management planning.  

 

 

9.3 Management implications 

 

Ideally, catchment management planning would be an adaptive, participative 

process, including all stakeholders. Therefore the management strategies suggested 

below are offered as technical input, not a blueprint for management of sediment 

sources.  
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Stabilising channels in the mid and upper catchment is a high priority for sediment 

reduction and protection of valuable agricultural land.  Fencing (living fences) and 

riparian revegetation works are recommended, for both areas where the channel is 

eroding and for riverbanks where riparian vegetation is degraded or the channel 

bank disturbed. Ideally, riparian buffers would be revegetated with local native 

species, for both sediment control and ecological outcomes, but a combination of 

native vegetation and tree crops (fruits, spices, firewood) and grasses for cut 

livestock feed may be an effective practice for reducing erosion, with greater uptake 

by farmers.  Fencing and revegetation works should include stable livestock 

watering points.   

 

Gravel excavation from tributaries needs to be managed and limited to current 

excavation sites, to control the extent of damage. Installation of permanent ramps for 

movement of excavators in and out of the streambed, and regulation of gravel 

extraction to assist in maintaining deeper channels are possible management 

options.  

 

Channel change in the lower catchment, where the river is largely reactivating 

recently deposited sediment is a low priority for erosion control works, with the 

possible exception of encouraging farmers to plant kankung, sweet potato, pumpkin 

and other economical low growing cover crops along the river bank, to reduce the 

amount of sediment entering the river from surface erosion. Any programs with a 

socio economic element should focus on diversifying vegetable farmer livelihoods to 

reduce the impact of channel change and the resulting changes in land area.  

 

Appropriate management of gully erosion depends on the stage of gully 

development. Large gullies (deeper than 2m), are generally beyond rehabilitation 

with revegetation techniques, and the expense and risk associated with extensive 

earthworks is difficult to justify. Therefore the focus should be on small gullies that 

are in the initiation phase, and vulnerable river banks. Fencing and revegetation are 
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recommended. Vetiver grass trials would also be worth pursuing for stabilising 

small gullies.  

 

Protection of dambo landscape structures is important to limit future sediment 

production. Where dambos are present, it is likely that they trap much of the 

sediment from hillslopes and also act as recharge zones for groundwater resources.  

Dambos are likely to come under increasing threat as they are fertile and suitable for 

agriculture and cultivation will increase the risk of gully erosion.  

 

Government road construction contracts should address the fate of excavated 

material. Although landslides and road construction are currently a relatively minor 

sediment source, the localised impacts could be significant.  

 

Surface erosion reduction must start with reducing uncontrolled fire and grazing in 

grassland landscapes. Any attempts at revegetation or other erosion control will be 

ineffective without addressing the main drivers of erosion.  

 

  

9.4 Method conclusions 

 

The multidisciplinary approach presented in this thesis combined geospatial 

analysis, radionuclide tracers, local knowledge and selected field measurements and 

produced a first-order, partial sediment budget. The combination of several methods 

was essential for providing reliable conclusions with local applicability. 

 

Sediment sinks were largely unquantified, however for the purpose of planning to 

reduce sediment production this is not a significant issue. Further research is 

required to address the question of sediment residence and transport times which 

were not investigated in this study, for planners to understand the possible time lag 

between reductions in sediment production at the source and any corresponding 

reductions in annual sediment yield at the weir. 
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Radionuclide tracers were essential in this study to determine the relative 

contribution of surface soil to sediment. However radionuclide tracers have limited 

potential for application by local practitioners in Indonesia due to the expense and 

inaccessibility of analysis. Therefore the application of this method may be most 

effective as a partnership between local catchment managers and researchers, and 

international researchers.  More comprehensive and accurate surface erosion 

modelling may provide an alternative approach, however the data for such models 

is usually not available in developing countries.   

 

Application of multidisciplinary, free geospatial methods which include collation of 

local knowledge and field measurements alone did not create a full sediment budget. 

However mapping and estimating the contribution of sediment sources with these 

methods is potentially a useful tool for catchment managers.  

 

Social research in the form of interviews was a small portion of the research effort 

which provided essential information regarding the location, extent and drivers of 

gully and channel bank erosion. Furthermore this local knowledge provided insights 

into the key erosion processes and drivers informing management 

recommendations.  

   

In summary, sediment budgets produced using these methods could be a useful tool 

for catchment managers to develop realistic sediment reduction goals, planning 

sediment control works and monitoring management outcomes in data-poor 

environments. 

9.5 Future research  

 

Sedimentation of agricultural and domestic water storages throughout the wet-dry 

tropics of Asia is an increasing challenge in the face of climate change. Future 

research recommendations are presented in four sections: 1) improving the partial 

sediment budget for the Kambaniru Catchment; 2) using the sediment budget 
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approach to improve catchment management throughout Nusa Tenggara Timur and 

the wet-dry tropics of Asia more broadly; 3) trialling of changed management and 

rehabilitation to reduce sediment production from channel bank erosion and small 

gullies; and 4) improving understanding of factors limiting water availability and 

food production from flood plain and irrigation areas in NTT. 

 

 

Improving the sediment budget for the Kambaniru River  

 

This research has demonstrated methods for understanding sediment sources by 

creating a partial sediment budget. Creating a full sediment budget for the 

Kambaniru catchment requires: 1) investigating and quantifying sediment residence 

times and sediment sinks; 2) reducing the measurement uncertainty for sediment 

sources and annual sediment yield; and 3) identification of additional sediment 

sources if required.  The first step towards improving each of these factors is regular, 

reliable monitoring of water and sediment yield, complemented by improved 

monitoring of climatological parameters across the catchment. Extensive, long-term 

monitoring of these parameters may also allow for implementation of more 

sophisticated erosion models.  

 

Estimation of the surface soil contribution to the sediment budget was achieved 

using radionuclide tracers, however the cost and availability of analysis is likely to 

limit applications in developing nations. As established previously, application of 

the RUSLE for estimating the contribution of surface soils to sediment is likely to 

overestimate the surface soil contribution in the wet-dry tropics. Monitoring of the 

sediment yield from hillslopes across a range of land covers and slope gradients 

using the methods proposed by (Brooks et al., 2014a), could improve the 

understanding of hillslope erosion rates in this catchment.   

 

 



235 

 

Improving the applicability of the sediment budget approach across the 

NTT  

 

Application of the partial sediment budget approach across a range of catchments in 

the NTT, and more broadly throughout the wet-dry tropics of Asia, could improve 

the understanding of sediment sources for improved catchment management. The 

local applicability of the approach could be improved by (i) building capacity of 

local officers to measure and monitor erosion rates, sediment yield and hydrological 

parameters, (ii) building capacity of local officers to use free geospatial analysis 

software and analyse the results appropriately, (iii) facilitation of the incorporation 

of research findings into policy and practice, and (iv) knowledge transfer to local 

practitioners.    

 

Management strategies to reduce sediment production have been suggested as a 

result of this research. An action research approach, partnering with local 

communities and agencies to trial and evaluate management strategies for reducing 

the sediment production from gullies and channel change could build local capacity 

and improve the applicability of management strategies.  

 

Understanding factors limiting agricultural production from irrigation 

areas across NTT  

 

Construction of weirs and dams to improve food security is a key strategy of the 

Indonesian government in NTT. However anecdotal evidence suggests that rice 

production from established irrigated paddies is generally low, and crop failure 

rates are high (L. Golding, 2014 pers. comm.).  Myers et al. (2012) found that there are 

many factors contributing to low production rates, from dysfunctional water 

management groups, poorly built and maintained irrigation infrastructure to poor 

knowledge of irrigated agriculture. Importantly, where water was sufficient, there 

was lack of agronomic knowledge about rice production, including, but not limited 

to, pest management, nutrient management, variety selection and water 
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management contributed to low yields. Further research is required to identify 

strategies to improve crop production in new and existing irrigated areas.   

 

In summary, there are many issues in eastern Indonesia that need to be addressed by 

research. Use of appropriate technology and a participative approach to building 

local government and community capacity to manage natural resources is one 

avenue recommended to promote sustainable, profitable livelihoods for the local 

community.  

 

9.6 Concluding remarks  

 

Understanding sediment sources is essential for improved catchment management 

to reduce sedimentation of water storages in Nusa Tenggara Timur. Catchment 

management policy in Indonesia focuses on the reduction of surface soil erosion, 

particularly from cultivated land. The research presented in this thesis indicates that 

surface erosion contributes approximately 30% of sediment, probably as a result of 

poor grazing and fire management. The majority of sediment originates from 

subsurface soil erosion, particularly channel change and gully erosion, on cultivated 

land.  

 

Free geospatial methods coupled with social research provide an appropriate and 

cost-effective approach to understanding sediment sources that can be implemented 

by local officers in developing countries where technical and financial resources are 

scarce.  
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Appendix A – Interview Questions 

The following questions are an example of the questions asked during semi-

structured interviews, after reading the plain language statement and signing of the 

consent form.  

 

Kiritana Interview Questions   Name: 

 Do you have farmland on the river bank? Have you lived here for long? 

 Do you remember the shape of the river before the weir was constructed? 

 Where was the river channel before the weir? Can you draw it on the satellite 

image?  

 How deep was the water at the deepest point, before the weir? How high 

was the river bank? 

 How deep was the water after the weir was constructed? How high was the 

river bank? When did the water reach a peak depth?  

 Can you draw your farmland on the satellite image? What is the area of your 

farmland now? 

 What was the area of your farmland before the weir was constructed? 

 Did the water cover your land when the weir was first constructed? When? 

When where you able to use the farmland again? For which crop? 
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Appendix B – Radionuclide tracer raw data 

 

137
Cs Activity 
(Bq/kg) 

210
Pb(ex) activity 

(Bq/kg) 

239
Pu concentration 

(fg/g) 

SEDIMENT INSTREAM (TRIBUTARIES AND MAIN CHANNEL) 

RS01 0.00 < 1.55 0.00 <  9 4.15 ± 0.38 

RS02 2.91 ± 0.13 124.1 ± 3.8   
 

  

RS03 0.62 ± 0.13 11.7 ± 3.7   
 

  

RS05 0.99 ± 0.13 23.8 ± 3.9   
 

  

RS06 0.97 ± 0.20 14.6 ± 4.2   
 

  

KIS01 0.00 < 0.58 5.9 ± 4.8 4.93 ± 0.39 

WNS1 0.00 < 0.89 15.5 ± 7.0 19.07 ± 0.70 

WNS2 0.00 < 4.55 0.0 
  

  
 

  

WNS3 0.96 ± 0.12 16.7 ± 3.9 10.31 ± 0.67 

WNS4 0.96 ± 0.19 25.4 ± 5.2 19.29 ± 1.37 

WNS5 0.86 ± 0.20 32.3 ± 5.8 11.07 ± 0.74 

WNS6 0.96 ± 0.22 32.1 ± 5.8 12.43 ± 0.61 

MS09 2.06 ± 0.29 172.5 ± 13.9   
 

  

MS1 1.05 ± 0.26 57.5 ± 4.8   
 

  

MS3 1.19 ± 0.21 69.5 ± 5.0 18.47 ± 0.90 

MS4 1.62 ± 0.22 46.7 ± 4.6 21.00 ± 5.00 

MS5 0.68 ± 0.17 62.2 ± 4.1   
 

  

MS6 1.43 ± 0.19 83.2 ± 5.0 22.30 ± 1.28 

MS8 0.69 ± 0.18 72.2 ± 4.6 14.00 ± 3.00 
 
SEDIMENT IN WEIR POOL  

KWS1 0.58 ± 0.24 34.4 ± 4.2 10.00 ± 3.00 

KWS2 0.85 ± 0.17 47.0 ± 3.7 11.00 ± 3.00 
 
TOPSOIL    

 
  

   

  
 

  

RT01 1.96 ± 0.36 111.6 ± 11.2   
 

  

RT02 1.40 ± 0.12 34.6 ± 3.2 33.70 ± 1.07 

RT03 3.05 ± 0.24 48.0 ± 5.5 64.23 ± 2.21 

RT04 2.82 ± 0.24 44.8 ± 5.8   
 

  

RT05 0.00 < 0.55 12.8 ± 5.4   
 

  

RT06 3.40 ± 0.28 74.3 ± 7.0 66.18 ± 2.33 

KIT01 2.34 ± 0.25 73.5 ± 6.8 70.62 ± 2.11 

WNT1 1.48 ± 0.16 77.2 ± 6.5 34.84 ± 1.23 

WNT3 1.88 ± 0.19 59.0 ± 5.8   
 

  

WNT4 1.11 ± 0.13 26.6 ± 3.8   
 

  

WNT5 2.86 ± 0.28 97.3 ± 7.8   
 

  

MT03 2.12 ± 0.17 104.3 ± 6.8   
 

  

PT02 7.45 ± 0.56 124.0 ± 14.4 160.79 ± 5.36 

PT03 1.66 ± 0.10 42.4 ± 10.2   
 

  

MT1 2.90 ± 0.31 93.6 ± 5.9 39.00 ± 5.00 

MT2 3.45 ± 0.37 101.6 ± 6.3 39.00 ± 5.00 
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137
Cs Activity 
(Bq/kg) 

210
Pb(ex) activity 

(Bq/kg) 

239
Pu concentration 

(fg/g) 

KWT1 1.35 ± 0.25 102.3 ± 6.0 24.00 ± 4.00 

KWT2 2.81 ± 0.29 101.9 ± 5.8 31.00 ± 4.00 

PT21 1.25 ± 0.14 40.6 ± 3.7 20.93 ± 1.34 

PT22 0.60 ± 0.07 40.6 ± 2.6 8.01 ± 0.58 

RT21 0.50 ± 0.10 25.1 ± 1.8 0.73 ± 0.13 

RT22 0.60 ± 0.10 91.4 ± 1.5 33.28 ± 0.81 

KT21   
 

  165.0 ± 3.0   
 

  

KT22 0.40 ± 0.10 44.4 ± 1.9 9.46 ± 0.44 

BT21 2.10 ± 0.20 84.4 ± 6.7 29.46 ± 0.74 

 
   

SUBSOIL    
 

  
   

  
 

  

PSB01 0.00 < 0.30 63.5 ± 
 

  
 

  

PSB02 0.00 < 0.30 7.4 ± 3.4 6.73 ± 0.45 

RSB01 0.00 < 0.43 -17.9 ± 18.7 1.08 ± 0.13 

          

PROFILES          

BILLA          

B0-5 1.30 ± 0.20 59.6 ± 9.2 25.64 ± 1.04 

B5-10 1.70 ± 0.20 42.5 ± 7.8 28.44 ± 1.23 

B10-20 2.10 ± 0.20 16.3 ± 4.8 39.73 ± 1.41 

B20-30 0.00 < 0.50 5.4 ± 5.9 27.14 ± 1.59 

B30-50*   
 

  
   

6.27 ± 0.42 

B30-40 0.00 < 0.50 14.2 ± 6.4   
 

  

B40-50 0.00 < 0.30 0.0 ± 3.4   
 

  
 
PULUPANJANG   

 
  

   

  
 

  

P0-5 1.30 ± 0.10 16.1 ± 3.4 13.52 ± 0.56 

P5-10 1.10 ± 0.10 3.6 ± 2.4 15.15 ± 0.67 

P10-20 0.40 ± 0.10 3.0 ± 3.4 7.47 ± 0.37 

P20-30 0.40 ± 0.10 -16.3 ± 9.3 7.82 ± 0.36 

P30-50*   
 

  
   

5.18 ± 0.34 

P30-40 0.00 < 0.20 -15.2 ± 7.8   
 

  

P40-50 0.00 < 0.20 -4.6 ± 2.1       

         *The 30-40cm and 40-50cm segments of the profile were combined for Pu analysis 
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Appendix C – Published journal article  


