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ABSTRACT 

The degree of landscape connectivity has wide-ranging implications for sediment 

availability, frequency of transport, and the nature of sediment storage within a basin. Looking at 

the system as a whole, and identifying the connections that facilitate or impede sediment 

movement within a catchment is central to these applications. This thesis examines landscape 

connectivity within the highly diverse landscapes of the upper Yellow River (UYR) basin at a 

broad scale, with detailed focus on a smaller tributary that lies in the incised basin fill deposits of 

the Guide basin close to the margin of the Qinghai-Tibetan Plateau (QTP), the Garang sub-

catchment. Uplift of the QTP has resulted in a high-altitude landscape with a cold, semi-arid 

continental climate within the upper Yellow River. The region is characterized by several wide, 

low-relief basins separated by the two major mountain ranges (up to 2 km in relief) that run 

through the region, with tectonic deformation enduring within a series of strike-slip fault 

complexes. The thesis results are presented as a series of three papers. Findings are brought 

together in a discussion chapter. 

The first paper focuses on the pronounced variability in the landscapes of the upper 

Yellow River basin. The classification presented in this paper provides an effective organizational 

framework to describe the landscape diversity. Stark contrasts in landform assemblages and 

associated process relationships are evident across three very different terrains, reflecting the 

complex inter-relationships between tectonics, climate and surficial processes over time. A broad, 

low-relief, and highly disconnected upper plateau area at the headwaters of the UYR represents a 

relict peneplain that may have formed prior to regional uplift. The ranges of the Anyemaqen Shan 

in the central basin form a high-relief and highly connected landscape. Finally, the incisional story 

of the UYR dominates within the lower portion of the study area, where low-relief basin fills have 

been highly incised as a result of headward erosion of the Yellow River as drainage was 

established through the area. The second and third papers present a detailed examination of the 

landscape connectivity and sediment dynamics within the Garang study catchment. The second 

paper applies two methodological approaches for assessing landscape connectivity, a GIS-based 

geomorphometric index and a methodology linking interpretation of satellite imagery and field 
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mapping of sediment storage to slope threshold analysis. Landscapes of the Garang catchment 

are differentiated into three geomorphic zones characterized by distinct landscape configuration 

and dominant geomorphic processes: i) a highly disconnected upper catchment of low-relief with 

large inactive sediment stores; ii) a transitional zone where present landscape dynamics are 

controlled in large part by past incisional processes in the form of large alluvial fan/terrace 

deposits; and iii) a highly connected and highly dissected landscape within the lower catchment 

that has little accommodation space for sediment storage. The findings from this paper 

emphasize the need for field-based observations that are capable of differentiating between 

landforms and activity levels of sediment stores, as well as providing inference on geomorphic 

process, that may not be evident with the use of cell-based morphometrics. The final paper 

expands upon these findings and presents an overview of sediment distribution and volume within 

the highly incised Garang catchment, combining field and GIS-based analyses. The magnitude 

and pattern of sediment storage is shown to be highly disparate between three distinct 

geomorphic zones of the Garang catchment. Findings of the study also reveal a somewhat 

unconventional pattern of sediment storage, whereby sediment storage is greater within the 

headwaters and decreases with distance downstream, adding to the range of landscape settings 

in which catchment-scale patterns of sediment storage have been assessed. The study also 

provides insight into the influence of long-term landscape evolution within the area, and how the 

response to lowering of the base level through Yellow River incision has impacted landscape 

connectivity and associated patterns of sediment storage and reworking within the catchment. 

Findings from both studies highlight the importance of field-informed appraisals of landscape 

dynamics, site-specific characteristics and the significance that basin-scale history can have on 

determining contemporary sediment dynamics. Issues associated with scales of analysis and the 

importance of localized influences are a key theme within the thesis. The final discussion chapter 

contextualizes findings of the thesis, focusing primarily on scale relations between landforms, 

geomorphic compartments (zones) and the subcatchment-scale analysis, and prospects to 

meaningfully up-scale these understandings to the UYR as a whole, linking analyses at the sub-

catchment scale to considerations of how we approach connectivity analyses across differing 

scales and contexts. Limitations and implications of the study are outlined.
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1: INTRODUCTION 

Sediment flux is a critical influence on landscape development and evolution and as such 

is of great importance from both an academic and applied standpoint. Sediment availability, 

frequency of transport, and the nature of sediment storage within the basin have wide-ranging 

implications for the nature and character of both geomorphic and ecological function, and are 

fundamental in assessments of river behaviour and potential response to disturbance. In the early 

stages of studies of sediment flux, there was a tendency to look at the smaller scale, analyzing 

each component controlling sediment dynamics in isolation (cf Mitchell and Bubenzer, 1980; 

Hadley et al., 1985). Seminal papers such as Dietrich and Dunne (1978) and Trimble (1981) 

explicitly called for an integrative approach to investigating variability in sediment sources, 

transport, and storage at the catchment scale. Walling (1983) referred to the discrepancy 

between the amount of sediment eroded within a basin and that eventually leaving the basin 

through its outlet as the ‘sediment delivery problem’. This articulation ushered in a new wave of 

research focusing on integrative analysis of the nuances of sediment flux within a catchment – a 

trend that continues today (e.g. Fryirs et al., 2007b; Lane et al., 2008; Lexartza-Artza and 

Wainwright, 2011; Miller et al., 2013). More recently, ecological (and hydrological) concepts of 

connectivity have been applied in a geomorphic sense to provide a framework that allows for 

more in-depth investigations of the linkages between sediment storage features, and how this 

controls movement of sediment (or lack thereof) within a catchment (Fryirs, 2013; Bracken et al., 

2015).  

The work presented within this thesis uses a framework of landscape connectivity to 

explore sediment flux within the upper Yellow River in western China, with detailed study focusing 

on the Garang sub-catchment that lies close to the margins of the Qinghai-Tibetan Plateau. The 

remainder of this chapter will first provide a background on catchment-scale sediment flux, 

highlighting the need for an appropriate scale of analysis in sediment flux and expanding upon 

how it can be assessed within the landscape. This is followed by a brief overview of landscape 

connectivity, focusing on the variability across spatial and temporal scales, as well as discussing 
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approaches to analysis of connectivity. The last background section provides a brief synopsis of 

the landscape setting of the upper Yellow River study region. Finally, the preceding overview of 

geomorphic literature is used to contextualize the specific research questions of the thesis 

outlined in the closing section, presenting the overall contribution of the body of work and the 

rationale behind it.  

1.1 Catchment-scale sediment flux 
The differentiation of process zones by Schumm (1977) provided an initial framework to 

guide assessments of sediment flux at the catchment scale by separating the catchment into 

sediment production, transfer, and depositional zones. Within his landscape model, erosion and 

generation of sediment was concentrated within headwater source zones, sediment transport was 

predominate within the middle reaches of a catchment, and deposition occurred primarily within 

the lower reaches. Montgomery (1999) expanded upon this idea with the development of 

geomorphic process zones that grouped areas characterized by distinct suites of geomorphic 

processes. While the Schumm (1977) model is appealing in its simplicity, it has now been 

demonstrated that sediment production, transfer, and deposition may occur within all parts of the 

landscape (e.g. Parsons et al., 2006). In this way, sediment dynamics within a catchment have 

been shown to be more of a continuum, with different landscape settings providing for high 

variability (Brierley et al., 2006; Wainwright et al., 2011). 

Studies of sediment yields demonstrate that only a fraction of sediment eroded within a 

catchment reaches the basin outlet (Trimble, 1975; Walling, 1983). This discrepancy, the 

sediment delivery problem, can largely be explained through sediment storage within the 

catchment. Sediment transport processes are episodic and intermittent, and in the words of 

Ferguson (1981), river systems act as a ‘jerky conveyor belt’ with respect to movement of 

sediment through the catchment. This suggests that in most catchments, sediments will spend a 

significantly longer time in storage than in transport (e.g. Otto et al., 2009; Fryirs, 2013). 

Therefore, understanding the nature of sediment storage and the patterns of distribution within a 

catchment - where these stores are located, in what forms do they manifest, and how often are 

they reworked (i.e. residence time) – is critical in understandings of key drivers of catchment-

scale sediment flux (Phillips, 2003a; Fryirs, 2013). 
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Detailed sediment budgets were developed as a tool to help explain the discrepancy 

between sediment generation and sediment yield at the catchment scale and explore the internal 

dynamics of catchment sediment flux through quantification of sediment sources, stores and sinks 

within a catchment (Brown et al., 2009). These studies have illustrated how insensitive the basin 

sediment yield can be to relatively drastic changes in sediment dynamics upstream (Trimble, 

2009) and the danger in attempting to develop basin-wide averages for sediment availability 

(Coulthard et al., 2005). The conceptual underpinning of the sediment budget model is a basic 

continuity equation: 

O –  

where O = sediment output, I = sediment input, and  is the change in sediment storage over 

the timeframe of interest. This equation may be refined for the particular research at hand (e.g. 

separating by grain size or evaluating specific processes). Commonly, sediment budgets are 

presented as flow diagrams that indicate volumes of sediments eroded and deposited within 

various parts of the catchment, including where such sediment is transported to and ultimately 

stored, grouped by geomorphic process and/or catchment location. Sediment budgets have 

played an important role in studies examining sediment flux within a variety of environments, 

including in incisional landscapes (Wasson et al. 1998), areas of active deformation (Flemings 

and Jordon, 1989), and in locations with strong imprints of landscape history, such as in the 

assessment of impacts of paraglacial sediments (Tunnicliffe et al., 2012). However, a key 

shortcoming of traditional sediment budgeting is the temporal and spatial clumping inherent in its 

divisions, as terms are grouped by geomorphic processes that may occur over a range of spatial 

scales and at various locations within the catchment, and the budget itself will only apply to a 

specific timeframe (Fryirs, 2013). The need for closure of the budget equation also leads to use of 

the storage term as a ‘catch-all’ to balance the equation, whereby errors induced through 

measurement of a specific geomorphic process, or by neglecting measurement altogether, are 

lumped within the storage term (Kondolf and Matthews, 1991; Parsons, 2012). Parsons et al. 

(2006, 2012) goes further, declaring the entire concept of sediment delivery a “fallacy” while 

emphasizing the importance of examining variability of sediment flux within the catchment and 

testing the underlying assumptions on process stability inherent within sediment budgets. While 

sediment budget approaches sample the continuum of sediment conveyance, they do not provide 
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for the highly integrated nature of catchment sediment dynamics, and generally focus on 

individual movements between sediment stores (Bracken et al., 2015).  

There is a need to unravel the spatial and temporal “clumping” inherent in sediment 

budgeting to further understanding in how this variability directs catchment sediment dynamics. 

Sediment movement through landscapes is highly spatially variable, reflecting catchment-specific 

configurations and the history of response to disturbance (Fryirs, 2013). Furthermore, most 

geomorphic parameters driving this variability are themselves strongly scale-dependent 

(Slaymaker, 2006). There is a need to ensure scales of analysis in catchment sediment flux 

(spatial and temporal) are appropriate to the materials and processes in question (Church, 1996). 

The temporal clumping of sediment budgeting disguises the episodic nature of sediment transport 

and the disparate timescales (residence time) that define the deposits making up the sediment 

storage term. Residence times of sediment storage features will be determined by the frequency-

magnitude distribution of the reworking processes. This allows for differentiation along timescales 

of reworking from short-term sediment storage subject to frequent reworking (i.e. within-channel 

bars and benches), and long-term sediment sink features that may be considered permanent 

zones of sediment storage across many timescales (i.e. floodplains and terraces) (Fryirs and 

Brierley, 2001). Residence time of sediment deposits tends to increase downstream as valleys 

widen and accommodation space increases, limiting potential for reworking of sediment stores 

(Phillips, 2003a; Fryirs, 2013). Caine and Swanson (1989), focusing on hillslope processes, 

demonstrated high spatial and temporal variability in the proportion of sediments being reworked 

at any given point in time. 

Landscape setting exerts a primary control upon patterns of sediment storage within a 

catchment, with contemporary sediment flux in any given setting due to interactions between 

multiple environmental controls (geographical and historical) (Phillips, 2007). Large-scale 

stochastic interactions between climate, topography, and drainage network configuration drive 

sediment to the drainage network, and inform sediment routing and storage within a catchment 

(Benda and Dunne, 1997a,b; Richards, 2002). Where sediments are stored within a catchment is 

controlled by the available accommodation space; this will also largely determine whether the 

deposit is available to be reworked, and thus the associated residence time for the storage 

feature (Brown, 1987; Fryirs, 2013). Sediment deposits within more confined river valleys will thus 
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be more prone to reworking than those located within wide alluvial valleys (e.g. Fryirs et al, 

2007a, b; Kuo and Brierley, 2013). Further assessment of the influence of landscape setting, 

coupled with examination of the spatial and temporal variability in geomorphic process, is 

necessary for development of an integrated approach to sediment flux at the catchment scale.  

1.2 Landscape connectivity 

Connectivity themes have been discussed in the field of ecology for some time in terms of 

distribution of species and investigations of patch dynamics (e.g. MacArthur and Wilson, 1967; 

Ward, 1989). More recently, concepts of connectivity have been applied to describe systems 

within hydrology (e.g. Pringle, 2003) and geomorphology (e.g. Harvey, 2001, 2002; Fryirs et al., 

2007a, b; Cavalli et al., 2013; Thompson et al., 2015). Brunsden and Thornes (1979) first 

discussed the importance of landscape connectivity, the internal linkages within a landscape 

(termed coupling in the paper), in considerations of landscape sensitivity/resilience to change. In 

recent years, the increasing recognition that landscapes seldom display a simple, linear response 

to disturbance (Phillips, 2003b) has led to research that emphasizes the connectivity between 

landscape compartments and the significant influence these linkages have on controlling 

sediment flux within a landscape, as well as the magnitude, extent, and timing of the response to 

geomorphic disturbance (Harvey, 2001; de Vente et al., 2006; Bracken and Croke, 2007; 

Wainwright et al., 2011). Increasingly, research into catchment-scale sediment dynamics is using 

the conceptual framework of landscape connectivity to explore the spatial and temporal variability 

that limits the inferences that can be made with traditional sediment budget methodology (e.g. 

Lesschen et al., 2009; Lexartza-Artza and Wainwright, 2011; Miller et al., 2013).  

Landscapes are connected through direct physical contact of the compartments, as in 

direct hillslope to channel coupling, or via transfer of material between physically unconnected 

compartments, such as transfer of upstream-sourced coarse sediment downstream via a 

sediment transport reach (Hooke, 2003; Jain and Tandon, 2010). This provides the updated 

distinction between coupling, which focuses on direct contact at a localized scale (e.g. process 

linkages between individual hillslopes and their adjacent channel), and concepts of connectivity, 

which focuses at catchment-scale analyses and includes linkages without a direct physical 

connection (Messenzehl et al., 2014; Bracken et al., 2015). Catchment-scale assessments of 
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landscape connectivity can enhance understandings of how sediment moves from areas of 

production to depositional zones, providing guidance in how change is propagated through a 

system, while offering insight on future trajectories (Brierley et al., 2006; Brierley and Fryirs, 

2009). Highly connected landscapes are likely to promote sediment transport and allow for 

propagation of a disturbance through the system whereas propagation would be either stalled or 

simply unfeasible within more disconnected landscapes (Hooke 2003; Fryirs et al, 2007a). From 

an ecological standpoint, disconnected landscapes may be critical for survival of species that 

evolved in isolation, and/or have low tolerance to disturbance (Pringle, 2003). Alterations of 

connectivity within the catchment can lead to changes in the intrinsic sensitivity/resilience of a 

system over time at the reach, landform, or catchment scale (Sear, 1994; Kondolf et al., 2006). 

Description of the natural variability of landscape (dis)connectivity within a catchment facilitates 

the identification of sensitive parts of the landscape, and likely pathways of response to future 

landscape changes via movement of sediment within the catchment (Brierley et al., 2006; Fryirs, 

2013).It is also important to assess what level of connectivity is ‘expected’ in any given 

landscape, as this provides a basis to know what to measure against in management terms 

(Fryirs and Brierley, 2009). 

Landscape compartments can be considered (dis)connected dependent upon the 

relevant timescale of analysis and the particular sediment grain-size or other material flux that is 

of interest (Harvey, 2002; Hooke, 2003). Connectivity can be conceptualized using a nested 

hierarchy, scaling up from analyses of form-process relationships within individual landforms to an 

understanding of how processes operating at different scales and locations within the catchment 

fit together as a whole (Brierley et al., 2006; Harvey, 2007). These spatial dimensions of 

connectivity are expressed through an assessment of the longitudinal, lateral, and vertical 

linkages between landscape compartments within the catchment (Brierley et al., 2006). 

Longitudinal linkages refers to the upstream-downstream linkages within a channel network (trunk 

and tributary-trunk connections) that control the transport of sediment of variable calibre along its 

length (Hooke, 2003; Ferguson et al., 2006). Tributary-trunk stream interactions are critical in 

determining sediment conveyance along the channel network (Benda et al., 2004; Ferguson et 

al., 2006). In high-relief landscapes, major landslides may have profound impacts on longitudinal 

connectivity and associated landscape characteristics along the channel network as landslide 
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deposits may overwhelm the channel network and act as a local base level control (Korup, 2013). 

Lateral linkages drive sediment to the channel network in the form of hillslope-valley floor and 

floodplain to channel coupling. The efficiency of these processes will determine sediment 

availability to the system and the frequency with which hillslope materials are made available for 

reworking, strongly influencing the impact of hillslopes on the channel network (e.g. Benda and 

Dunne, 1997a; Lane and Richards, 1997; Harvey, 2001). Vertical linkages entail surface - sub-

surface interactions of water, sediment and nutrients (Fryirs, 2013).  

Features within the landscape, described as buffers, barriers, and blankets, can impede 

connectivity (Fryirs et al., 2007a). Buffers (e.g. alluvial fans, terraces) disrupt lateral connectivity 

of sediment to the channel network. Once sediment enters the network, barriers (e.g. valley 

constrictions, bedrock steps) can disrupt longitudinal connectivity and sediment transfer along the 

channel. Blankets are ‘smothering’ features that provide protection from sediment reworking (e.g. 

sand sheets, bed armouring), effectively removing these sediments from the sediment cascade. 

An understanding of the type and distribution of these (dis)connectivity features will provide a 

measure of connectivity within a catchment, as at any given point in time only a proportion of the 

catchment will have the potential for either sourcing sediment to, or transporting sediment along, 

the channel network for a given flow condition (Fryirs et al., 2007b). This active proportion of the 

sediment cascade can be termed the ‘effective catchment area’ (Fryirs, 2013) and the spatial 

extent will vary dependent on the flux and timescale of interest.  

The spatially discontinuous nature of sediment flux and importance of local-scale factors 

in determining sediment availability suggests that small contributing areas within the larger 

catchment may have a disproportionately large significance to sediment flux (Rice, 1998). 

Processes controlling landscape connectivity operate at varying timescales; correspondingly, the 

(dis)connectivity of any given landscape will be relative to the timescale examined. Effective 

timescales will relate to the frequency of threshold exceeding events (required to breach 

(dis)connectivity features), recovery time of the system, and time needed for propagation of the 

disturbance (Harvey, 2002). The timescales needed to alter connectivity linkages will depend on 

the spatial scale involved and the position within the catchment, but will generally increase with 

spatial scale and distance from the sediment source (Meade, 1982; Bracken et al., 2015).  
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The use of the term “connectivity” in geomorphology is a relatively recent concept and as 

such, numerous conceptual models have been put forth to provide both practical guidance in 

assessments of connectivity, and to define the terms of connectivity within the geomorphic 

context. Hooke (2003) concentrated on longitudinal connectivity within the channel network, 

examining how sediment connectivity varies with sediment sources and stream competence. 

Fryirs (2013) focuses on understanding the nature of (dis)connectivity within a catchment and the 

distribution and role of impeding features in constraining sediment-transfer relationships in the 

sediment cascade. Wainwright et al. (2011) presented a framework that proposed a division 

between structural (physically linked) and functional (process-specific relations) connectivity, and 

used this to explore connectivity within three study areas that span a range of landscape settings. 

A major criticism of many current approaches presented by Bracken et al. (2015) is the tendency 

to use extrapolated and interpolated measures of catchment characteristics to infer process, 

rather than account for it directly. The conceptual framework presented by the authors seeks to 

address this limitation by emphasizing the incorporation of frequency-magnitude distributions of 

sediment detachment, transport and depositional processes; accounting for spatial and temporal 

feedbacks between these processes; and explicitly examining the mechanisms responsible for 

sediment detachment and transport (Bracken et al., 2015).  

As specific consideration of landscape connectivity in catchment sediment flux is still 

quite a recent phenomena, a global suite of exemplars that apply the conceptual models above is 

lacking, and methodologies of those that do exist are varied. Many of the earlier landscape 

connectivity studies based their interpretations on geomorphological mapping (Harvey, 2002; 

Fryirs et al., 2007a, b; Theler et al., 2010). Ferguson et al. (2006) used 1D sediment routing 

modelling to focus on trunk stream response to lateral sediment sources, focusing on 

interruptions in longitudinal connectivity. Fryirs et al. (2007b) used a basic GIS analysis based on 

slope thresholds to determine effective catchment areas and assess the influence of features 

impeding connectivity. Cavalli et al. (2013) uses the same underlying Fryirs et al. (2007a, b) 

conceptual model to model sediment pathways and provide a refinement of the earlier GIS 

approach in assessments of connectivity in the Italian Alps. Heckmann and Schwangart (2013) 

explore the application of mathematical graph theory, which uses network analysis and the 

creation of graphs (a series of objects connected by links), to evaluate sediment connectivity in an 
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alpine catchment. Modelling approaches of increasing complexity have gained traction in recent 

years, striving for quantification of impacts of connectivity and providing predictions for areas near 

to geomorphic thresholds and potential future trajectories of landscape change (e.g. Baartman et 

al. 2013; Czuba and Foufoula-Georgiou 2014, 2015). In summary, assessments of landscape 

connectivity and its influence on catchment-scale sediment flux are still in the early stages, with a 

need for further applied studies that explore practical applications of the conceptual models.  

Landscape connectivity has important implications for appraisals of long-term sediment 

flux. Assessments of sediment flux typically use analyses of depositional sequences to provide 

long-term histories of disturbance events within the catchment; however, the sedimentary record 

is sensitive to landscape (dis)connectivity (cf Thomas, 2001; Coulthard et al., 2005). Depositional 

sequences are frequently best preserved within the lower reaches of larger systems. While these 

deposits may provide an accurate reflection of the catchment sediment regime in highly 

connected systems where external disturbances are easily propagated downstream (e.g. 

Goodbred Jr., 2003), sediment conveyance in disconnected systems is limited and resulting 

depositional sequences will not provide an accurate reflection of basin dynamics. This issue is 

highlighted by Métivier and Gaudemer (1999), whose quantitative analysis of sediment discharge 

of some of the largest rivers in Asia (105 – 106 km2 drainage area) found that average sediment 

delivery rates remained nearly constant throughout the Quaternary despite significant climatic 

oscillations during that time period, reflecting the buffering capacity due to disconnectivity within 

the river systems. Hoffmann (2015) used reservoir theory, which models sediment cascades as a 

series of storage compartments connected by geomorphic process that transfer sediment along a 

topographic gradient, to model residence time of long-term sediment stores and estimate effective 

timescales of disconnectivity in a headwater paraglacial landscape. Response to changes in 

sediment regime following deglaciation were found to be much longer than the interval between 

glacial periods, providing for transient behaviour within the basins during interglacial periods. 

In their review of source-to-sink sediment routing over timescales ranging from decadal to 

deep time (>107 years) Romans et al. (2016) emphasize the importance of (dis)connectivity in 

modulating the propagation of environmental signals (tectonic, climatic, anthropogenic) through a 

basin, and stress the need for more studies that examine connectivity between erosion, transfer, 

and accumulation zones across a range of spatial and temporal scales. Hinderer (2012) 
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discusses the potential for examining long term sediment flux across a variety of tectonic settings, 

noting how the long-term record of sediment routing will be incomplete or destroyed in active 

tectonic settings, with rifts, intracontinental, and epicontinental settings allowing development of 

sedimentary basins with high degrees of preservation of the sedimentary record and thus offering 

improved locations to investigate long-term sediment dynamics. A review of long-term sediment 

routing within select large rivers shows strong spatial and temporal variability in sediment flux and 

storage locations, highlighting the need for caution when examining sections of a system in 

isolation from the whole and the importance of connectivity in determining response times of 

sediment flux to long-term environmental fluctuations (tectonic, climatic) (Hinderer, 2012). 

1.3 Landscape setting of the upper Yellow River basin 
The upper Yellow River basin is located within the Qinghai-Tibetan Plateau, the world’s 

highest plateau and a region of great importance for both scientific and cultural reasons. The 

plateau area covers approximately 2.5 million km2 and has over 80% of the world land area above 

4000 m, with mean elevations ranging between 4500 and 5000 m (Fielding et al., 1994). It has an 

arid to semi-arid continental climate that is much colder than its latitude would suggest, with mean 

annual temperatures below freezing. Summers are cool and humid (nearly 80% of annual 

precipitation falls between June to September), followed by dry and cold winters (Fielding et al., 

1994). Due its considerable size and high elevation, the plateau has significant impact on climate 

patterns and resultant biophysical environments that extend far beyond its borders (see Zhang et 

al., 2000). The area is also the source of many of the great rivers of the world – the Tsangpo-

Brahmaputra, Mekong, Yangtze, and Yellow Rivers – and as such is of vital importance to water 

security in east Asia (Qiu, 2008).  

The upper Yellow River basin drains an areas of approximately 148,000 km2 in the 

northwest corner of the Qinghai-Tibetan Plateau (Figure 1-1). Elevations along the Yellow River 

range from approximately 4300 m at the headwaters upstream of Eling/Zhaling Lakes, to just 

under 2000 m prior to decent off the plateau margin to the adjacent Loess Plateau. Isolated 

mountain peaks within the upper Yellow River basin range up to 6250 m. Vegetation in the area is 

dominated by alpine and sub-alpine meadows, a result of the harsh climate limiting growing 

conditions, as well as pressures on the landscape due to prolonged human occupation that 
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resulted in the decline of woody vegetation and trees that were once supported on slopes at lower 

elevations (Herzschuh et al., 2010; Tane, 2011). 

 

Figure 1-1: Location of the upper Yellow River study area in western China. 

 

Landscapes within the region are highly diverse, including broad high-altitude plains, 

actively growing mountain ranges, and incised sedimentary basins that transition to heavily 

dissected, Danxia landscapes at the downstream edge of the study area. Although the Yellow 

River acquired its name due to the “muddying” effects of a high sediment load and has one of the 

highest rates of sediment delivery in the world, this is primarily due to high entrainment of silt 

within the Loess Plateau along the middle reaches of the river (see Jiongxin, 1999; Hassan et al., 

2008). The upper Yellow River basin contributes approximately 56% of the total runoff but only 

10% of the total sediment load for the basin (Wang et al., 2006; Xu et al., 2007). 
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The diverse landscapes of the upper Yellow River basin are a reflection of its varied 

tectonic and climatic past, with environmental changes within the Quaternary strongly influencing 

much of contemporary landscape function. The exact mechanics of uplift of the plateau are still 

highly debated (see Yuan et al., 2013; Hough et al., 2014), but the impacts of this uplift within the 

contemporary landscapes are clear. The low-relief, broad valleys of the Yellow River headwaters 

may represent a relict landscape that was formed at lower elevations and kept intact throughout 

uplift (Clark et al., 2006). Discontinuous permafrost underlies areas above elevations of 4100 m, 

and plays a large role in hillslope stability in the area (Brown et al., 2001; Cheng and Wu, 2007). 

Extensive faulting and deformation throughout the upper basin resulted in a series of sedimentary 

basins, separated by actively growing mountain ranges. The largest of these ranges within the 

study area, the Anyemaqen Shan, directly provides for strong geologic control of river processes 

and fluvial landscapes within the area. Steep slopes are subject to landsliding, with resulting 

deposits influencing sediment dynamics within the area (cf Korup, 2013). Palaeoglacial features 

and limited extents of contemporary icefields are found in the areas surrounding the high 

mountain massifs and much of the available sediment load in these locations is influenced by 

direct or indirect glacial conditioning (Chen et al., 2011; Lehmkuhl and Owen, 2005). The 

intervening sedimentary basins were gradually filled with alluvial and lacustrine sediments over 

millions of years under closed basin conditions (see Métivier et al., 1998). Subsequent 

establishment of external drainage with the appearance of the Yellow River has led to the 

development of dramatically incised landscapes, with impressive gorges cut through bounding 

ranges and swaths of terrace sequences up to 1 km deep and tens of kilometers long carved into 

the basin fills (see Craddock et al., 2010; Perrineau et al., 2011). The exact nature of the 

instigating force that led to establishment of external drainage through the area is contested; 

however, evidence points towards climatic forcing, influenced by tectonic deformation within the 

area (Li et al., 1997; Perrineau et al., 2011). Large alluvial fans composed largely of sediments 

generated following climate deterioration now act both as sediment sources and confining 

features for many of the streams, although most of these fans are now inactive and disconnected 

from the present stream system (Lehmkuhl and Haselein, 2000). 

The diverse landscapes of the upper Yellow River encompass a wide range in the degree 

of landscape connectivity. The upper plateau is relatively low relief, with well-developed fluvial 
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valley systems and internal basins that have been infilled with alluvial deposits (Stroeven et al., 

2009). As a result, connectivity within the area is generally low; many tributaries are disconnected 

from the mainstem and pond behind levees, developing a series of wetlands during the wet 

season (Harkins et al., 2007). In contrast, landscapes within the mountain ranges, as well as 

along the plateau margins at the downstream end of the upper Yellow River basin, are generally 

highly connected, with strong hillslope-channel coupling and movements of sediment through the 

area. Within each of these broad categories, local-scale variability can play a large role in 

contemporary landscape dynamics and sediment flux. As such, this region provides an ideal 

location within which to examine cross-scalar issues of connectivity across a range of landscapes 

(cf Fryirs, 2013). To date, studies of connectivity per se have not been carried out in an explicit 

manner within the basin. The focus of past research into landscape dynamics has been on 

defining the mechanisms and nature of uplift and tectonic deformation (e.g. Clark et al., 2004, 

2006; Fu and Awata, 2007), timing of incision along the Yellow River trunk stream (e.g. Harkins et 

al., 2007; Craddock et al., 2010; Perrineau et al., 2011), Quaternary environmental change (e.g. 

Li, 1991; Zhang et al., 2004; Lehmkuhl and Owen, 2005; Lu et al., 2011), or land use studies that 

seek to explain recent changes in the geoecology of the upper plateau (e.g. Wang et al, 2002; 

Pan and Liu, 2005; Qian et al., 2012).  

1.4 Research questions and thesis structure 
The importance of landscape connectivity has been discussed from a conceptual and 

qualitative standpoint in the literature (Lane and Richards, 1997; Hooke, 2003; Fryirs et al., 

2007a; Bracken et al., 2015), yet attempts to incorporate these concepts into studies spanning 

significant spatial and temporal scales are rare (key exceptions include work by Hinderer, 2012; 

Romans et al., 2016). Such applied work is necessary to inform future use of connectivity 

analyses within geomorphology (Brierley et al., 2006; Fryirs, 2013). There remains a need for 

studies to examine how and to what extent connectivity determines catchment sediment flux, and 

identify the various controls on landscape connectivity (Lexartza-Artza and Wainwright, 2009; 

Bracken et al., 2015). Catchment-scale modelling work has begun to incorporate notions of 

connectivity (Michaelides and Wainwright, 2002; Coulthard et al., 2005; Baartman et al. 2013; 
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Czuba and Foufoula-Georgiou, 2015), yet field-based studies to provide model validation are 

lacking (Lexartza-Artza and Wainwright, 2009).  

This thesis examines the controls on and nature of landscape connectivity and sediment 

flux within the highly diverse landscapes of the upper Yellow River basin at a broad scale, with 

detailed focus on the smaller tributary Garang sub-catchment, that lies in the incised basin fill 

deposits close to the margin of the Qinghai-Tibetan Plateau. Investigations use a combination of 

GIS-based analysis and field investigations at the two scales of analysis (regional and sub-

catchment) to address three inter-related objectives: 

i) To what extent does landscape connectivity vary within the upper Yellow River 

and what is the nature of the controls on this regional variability? How can an 

understanding of landscape connectivity aid analyses of the present dynamics of 

the system and how is this impacted by scales of analysis? 

ii) How do current remotely-sensed methodologies of measures of connectivity 

compare to more traditional, field-based methods? How can field and GIS-based 

studies of sediment flux be improved through incorporation of landscape 

connectivity? 

iii) How can assessments of landscape connectivity be used to inform interpretations 

of landscape evolution and its impact on contemporary sediment dynamics? 

What does the nature of sediment distribution reveal about landscape response? 

This thesis adds to the global exemplars of landscape connectivity and its impact on 

sediment flux, within an understudied area of the world. The setting of the upper Yellow River 

basin provides for an examination of connectivity and sediment flux through highly diverse 

settings with stark contrasts in geomorphic process, as well as a within an area where recent 

landscape evolution has left a dramatic imprint on contemporary sediment dynamics. The shift in 

focus to the smaller Garang catchment for much of the research allows for cross-scalar analysis 

of connectivity relations and sediment flux within the area, providing insight into the influence of 

site-specific knowledge and geomorphic contingency. Overall, this thesis adds to the rapidly 

growing research body that uses frameworks of connectivity to examine sediment dynamics at the 

catchment scale. The methodological challenges presented in the thesis outline issues that will 
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apply in other landscape settings and can be used to inform practical application of conceptual 

models of connectivity, improving its applicability in the geomorphic context. 

1.4.1 Thesis structure 

The thesis consists of the Introduction that has been presented here (Chapter 1), followed 

by three research papers that describe the body of the work (Chapters 2-4), with contextual 

considerations of the thesis expanded upon in a final Discussion chapter (Chapter 5). 

Chapter 1: Introduction 

This chapter has provided the background for conceptual and methodological themes that 

are used within the thesis, as well as an overview of the upper Yellow River basin. The rationale 

behind the specific research questions and the thesis objectives are outlined.  

Chapter 2: A broad overview of landscape diversity of the Yellow River source 
zone 

This first paper provides the context for the entire upper Yellow River basin, with the 

classification of landscapes presented here providing an effective organizational framework to 

describe the remarkable diversity of landscapes observed within the region. This sets up the 

landscape setting at the regional-scale to allow for the more in-depth examinations of landscape 

connectivity and sediment flux presented in later chapters. 

Chapter 3: Within-catchment variability in landscape connectivity measures in the 
Garang catchment, upper Yellow River 

This paper examines the nature of connectivity and sediment dynamics at the catchment 

scale within the Garang catchment. The study applies two methodological approaches for 

assessing landscape connectivity, a GIS-based geomorphometric index and a methodology 

linking interpretation of satellite imagery and field mapping of sediment storage to slope threshold 

analysis, to provide insight into underlying controls determining geomorphic process zones. 
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Chapter 4: Reworking of basin fill deposits and contemporary patterns of 
sediment storage along an incised tributary of the upper Yellow River: a 
case study of long-term changes to sediment connectivity 

The last research paper delves further into the sediment dynamics of the Garang 

catchment, providing a quantitative assessment of sediment storage, and the nature of 

connectivity and sediment flux within the highly disparate landscapes of the catchment. This is 

achieved through a combination of field and GIS-based analyses, with OSL and 14C sampling 

used to present insights on landscape evolution within the catchment, and how this informs 

contemporary sediment dynamics.  

Chapter 5: Discussion 

The final discussion chapter contextualizes findings of the thesis, focusing primarily on 

scale relations between landforms, geomorphic compartments (zones) and the subcatchment-

scale analysis, and prospects to meaningfully up-scale these understandings to the upper Yellow 

River basin as a whole, linking analyses at the sub-catchment scale to considerations of how this 

can be used to inform connectivity analyses across differing scales and contexts. 
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ABSTRACT 

Pronounced variability in the landscapes of the upper Yellow River basin reflects complex 

inter-relationships between tectonics, climate and surficial processes over time. While the process 

of landscape classification necessarily involves assumptions and the simplification of reality, it still 

provides a useful organizational framework within which the nature and controls upon these 

relationships can be examined. This paper groups the landscapes of the Yellow River source 

zone into 10 primary classes through GIS analysis of the global SRTM 90 m DEM. Landscapes of 

this region range from the high-elevation, low-relief plains of the upper plateau, through the 

narrow high-relief valleys of the Anyemaqen Shan in the central basin, to the dramatically incised 

landscapes within the Tongde and Gonghe sedimentary basins at the downstream end of the 

study area. A description of each of the landscape classes is presented and the interplay between 

tectonics, climate and surficial processes over time is examined. The importance of placing the 

landscapes into the context of the evolutionary history of the Yellow River source zone is 

emphasized, in particular the evolution of the drainage system and its influence upon present 

landscape dynamics.  

Keywords: landscape classification, diversity, Yellow River, connectivity 

2.1 Introduction 
An examination of the landscape diversity within a region, particularly the nature of and 

controls upon the relationships between the different landscape types, provides invaluable 

context for the geomorphic processes operating within and between these landscapes. Much of 

the Sanjiangyuan area of the Qinghai-Tibetan Plateau (QTP) has recently been designated as a 
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natural reserve, its fundamental importance largely derived from the fact it is the source area of 

three of the worlds’ major rivers: the Mekong, Yangtze, and Yellow Rivers (Li et al., 2012). This 

region encompasses a variety of landscapes, from high-altitude broad plateaus underlain by 

permafrost, to broad deserts with high dunes, to steep mountain environments with cascading 

streams. This paper examines the landscape diversity found within the Yellow River source zone, 

from its headwaters upstream of Eling Lake to the Longyangxia Dam, located approximately 

1,200 km downstream.  

The aim of this paper is to provide a brief overview of the landscape diversity present 

within this region, in essence providing environmental context for the work presented within this 

volume. In order to achieve this objective, a landscape classification scheme has been created for 

the area. This is not to be considered a definitive and comprehensive classification per se, but 

rather it is used as an organizational framework to allow for broad descriptions of the area and 

analysis of underlying controlling factors.  

2.1.1 Landscape classification 

Effective approaches to environmental management build upon a landscape template. 

This physical platform supports the development of integrative cross-disciplinary knowledge, 

aiding determination of the drivers and controls of ecosystem dynamics. Spatially explicit 

descriptions of ecological systems are used for many applications, including resource allocation, 

biodiversity protection, conservation planning, and policy frameworks (MacMillan et al., 2003). 

Resulting maps and associated models provide a basis to foresight the possible effects of 

management and policy scenarios and assess the impacts of threats such as climate change. 

Landscape classification represents an attempt to establish similarities and dissimilarities 

within a landscape, sub-dividing land into areas with relatively homogeneous characteristics 

(Mabbutt, 1968). Rowe and Sheard (1981) offer two justifiable purposes of classification: 1) to 

reduce the inherent complexity of the natural environment and, 2) to aid in understanding of the 

processes behind the defined categories. The classification process is intrinsically subjective to 

some degree, albeit the increased use of satellite data and GIS analysis in the process arguably 

provides some measure of objectivity (Davis and Dozier, 1990). However the classification is 

derived, differing perspectives as to relative importance of landscape elements and assorted 
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spatial and temporal scales of concern ensure that there will never be one ‘true’ classification 

system for an area and each is chosen with an eye to the end user (Anderson et al., 1976; Rowe 

and Sheard, 1981). Indeed, it can be questioned whether these classifications represent actual 

divisions within the overall landscape or are merely an example of our need to enforce order on 

what may be “simply a continuous three-dimensional surface” (Richards and Clifford, 2011). 

Although these issues are subject to ongoing debate, landscape classification has proven to be a 

useful managerial and analytical tool (Anderson et al., 1976; Carbonneau et al., 2012; Di Gregorio 

and Jansen, 1998). 

Classification frames our view of the world, reflecting our sense of what entities exist and 

how they are related. It involves sorting objects and ideas into groups, based on a perception that 

members of a group are, in some respect, more similar to each other than to members of another 

group. By definition, such applications are developed for a particular purpose, and they have 

particular associations and values (Sokal, 1974). Categorisation allows us to extrapolate 

understanding between individual cases that belong to the same category. This process of 

generalization imposes the organization necessary to reduce the potentially overwhelming 

complexity of the universe to units and concepts that can be communicated, managed and 

understood. Thus categorization is fundamental to language, science, prediction, inference and 

decision-making.  

However they are defined or perceived, objects may be grouped into classes (categories) 

on the basis of some shared characteristic(s). Both the type of characteristic that is shared and 

the way in which it is shared can be described in a classification structure (ontology) that defines 

the nature of the categories and the relationships within and between them. Such principles can 

be based on (or generate) theories or hypotheses about why objects in the same class are 

similar, providing a platform for inference and/or extrapolation for objects in the same class. The 

nature of the classification structure controls practical decisions such as the choice of tools and 

methods best suited to identifying objects and grouping them into classes and to 

visualising/mapping a spatial classification. By extension, classification procedures provide a 

basis for monitoring and evaluation, learning from experience in the stratification of sampling and 

modelling procedures (see Brierley et al., 2013; Small and Doyle, 2012).  
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As with any classification, the mapping of different types of land involves firstly identifying 

objects, which involves defining boundaries around areas of land that are deemed to be more 

similar internally than they are to their neighbours. Like any object, units of land may be classified 

according to their attributes, functions, history or evolution, common dependencies or constraints, 

and in many other ways. Once classes are defined, new or existing objects can be assigned to a 

class. Challenges are faced as many natural attributes change continuously in space and/or time 

and the gradients of change can differ between attributes, such that there are many ways that 

classes can be differentiated. Unlike many other objects, each land unit occupies a particular 

place on the Earths' surface and it has an individual identity that is shaped both by its history and 

by interactions with its neighbours, such that no two land areas are identical (see Phillips, 2007). 

Since land units are never identical, land classifications always involve generalisations that need 

justification in terms of why the similarities that underlie the grouping are considered important. 

Further complications are faced in that a perceived geographical object may change with the 

scale of observation or the way in which component parts are aggregated. 

Thus maps are theory-laden. They imply a view of the world (an ontology) in which 

certain types of objects exist and have certain types of relationships with each other. These 

relationships are expressed in the underlying rationale of the classification structure. The implicit 

ontology of a map must be appropriate to the purpose for which the map is intended, otherwise 

errors and confusions will arise from categorical mistakes. As noted by Church (1996, p148): 

“Science is a product of the way you see the world”. 

Geophysical units are areas with a relatively homogenous physical environment (Deng, 

2007). However, these are not necessarily discrete units with sharply-defined borders (Bridge and 

Johnson, 2000). Neef (1967), for example, wrote that “all geographic boundaries are boundaries 

in a continuum. …They are a methodological aid. … The recurring assertion of landscape theory 

– that the landscape is a product of our thought – applies unconditionally to the boundaries of a 

landscape but not to the landscape itself. … Such a frontier is, of course, nothing but a mental 

construct, which presents a substitute for an otherwise elusive aid. It does not represent a real 

picture of an objective fact.”  
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Previous landscape classification within the Yellow River source zone is grounded in 

ecology, with an emphasis on the creation of land cover and land use maps (Liu and Buhaeosier, 

2000; Liu et al., 2003). Liu et al. (2003) used a combination of Advanced Very High Resolution 

Radiometer (AVHRR) satellite imagery, the derived Normalized Difference Vegetation Index 

(NDVI) that can be related to vegetation condition and phenology, as well as climate and 

elevation datasets to create an updated land cover map for all of China at 1 km resolution. This 

followed work of the National Land Cover Project that mapped land use and land cover 

throughout China at 1:100,000 scale using Landsat satellite imagery (see Liu and Buhaeosier, 

2000). More specific to the upper Yellow River basin, Wang et al. (2002) investigated changes in 

landscape ecological structure and pattern within the area between 1975 and 1995, finding the 

overall landscape pattern became increasingly fragmented and more spatially heterogeneous 

over time, which they attributed to ecological degradation in the area. Similarly, using Landsat 

imagery Pan and Liu (2005) attributed significant changes in land use and landscape pattern in 

the Yellow River source zone between 1986 and 2000 to a change in climatic normals 

secondarily influenced by human and animal activity. Qian et al. (2012) studied geomorphologic 

characteristics of the source region of the Yellow River adopting colour-dye, density-class and 

GIS spatial analysis technology, based on ASTER-GDEM (30m) data and geological information. 

In this study we develop an approach to assess the diversity of landscape settings in this region.  

2.2 General setting of the QTP 

The Qinghai-Tibetan Plateau (QTP) is the largest and highest plateau on earth, the “Roof 

of the World” (Royden et al., 2008). Bounded to the south by the Karakoram and Himalaya 

Ranges, and to the north by the Altyn Tagh and Kunlun Ranges, the plateau covers an area 

nearly 3500 km by 1500 km. With a mean elevation between 4500 and 5000 m, and isolated 

mountain massifs greater than 6000 and 7000 m (Lehmkuhl and Haselein, 2000), the area has 

over 80% of the world land area higher than 4 km (Fielding et al., 1994). The scale of uplift 

strongly influences regional and global atmospheric circulation, with accompanying implications 

for climate both within and beyond the borders of the plateau (Fielding et al., 1994). In addition to 

being the source region for many of the world’s great rivers, including the Tsangpo-Brahmaputra, 
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Mekong, Yangtze and Yellow Rivers, much of the surface of the high central plateau is drained 

internally to large basins, such as the Qaidam and Qinghai Lake basins.  

The Yellow River drains the northeastern corner of the QTP, an area of approximately 

135,000 km2 upstream of the Longyangxia Dam (Figure 2-1). The region is characterized by 

several wide basins separated by the two major mountain ranges that run through the region: the 

Bayan Har Shan that defines the southern edge of the Yellow River catchment and the 

Anyemaqen Shan running WNW-ESE through the middle of the catchment. The northwest 

boundary of the study area is demarcated by the start of the Chaka sub-basin, an internally 

drained basin considered part of the larger Qaidam basin. To the south and west of the Yellow 

River catchment, tributaries to the Yangtze cut down through the plateau margin to the Sichuan 

basin. 

 

Figure 2-1: General physiographic setting of the Yellow River source zone. 
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2.2.1 Tectonic Setting 

Despite years of study, there is still much controversy surrounding the exact mechanics 

and timing of the surface uplift of the Qinghai-Tibetan Plateau (Royden et al., 2008). What is 

known is that approximately 50 million years ago (early Eocene), the Indian and Eurasian 

continental plates collided in spectacular fashion to create the plateau and bordering mountain 

ranges, with elevations close to present levels being reached by 13 -14 million years ago 

(Lehmkuhl and Owen, 2005). Active deformation of the area continues in response to ongoing 

northward movement (approximately 50 mm/yr) of the Indian continental plate (deMets et al., 

1994). Current rates of surface uplift are estimated at a maximum of 10 mm/yr (Lehmkuhl and 

Owen, 2005); however, it is likely that current denudation rates roughly equal surface uplift, and 

total elevation increase in the actively growing mountain ranges would be closer to 1 mm/yr 

(Lehmkuhl and Owen, 2005).  

Surface uplift of the plateau was accompanied by the development of a series of large 

strike-slip faults and associated extensional normal faulting with current slip rates on these faults 

averaging 1 – 20 mm/year (Tapponnier et al., 2001). Many of the internally-drained basins on the 

plateau are related to these fault systems, either directly by creation as a pull-apart basin and 

pressure ridge pair bounded by the faults such as within the Kunlun fault complex (Fu and Awata, 

2007), or as past foreland basins that eventually had former river outlets cut off due to tectonic 

uplift of the surrounding ranges, such as within the Qinghai Lake basin (Colman et al., 2007; 

Tapponnier et al., 2001). Major fault systems within the Yellow River source zone include the 

Kunlun and Xiangshuihe-Xiaojiang strike-slip complexes that run NW-SE through the region, and 

the Longriba thrust fault complex that borders the southeast of the basin (Figure 2-1). The 

tectonics of the region is also tied to the incision history of the upper Yellow River, although the 

extent and exact character of the influence remains unclear (Craddock et al., 2010; Harkins et al., 

2007). 

2.2.2 Climatic Setting 

Surface uplift of the Qinghai-Tibetan Plateau resulted in colder and drier conditions over 

the area, including the formation of deserts bordering the north of the plateau (Taklamakan and 

Badain Jirin) (Fang et al., 2002). Regional uplift was also responsible for the creation of the 
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monsoonal system that characterizes the Asian climate system (Li, 1991). The plateau has an 

arid to semi-arid continental climate. Summers are cool and humid while winters are dry and cold; 

less than 20% of precipitation falls during winter and up on the plateau surface mean annual 

temperature is below freezing (Figure 2-2; Fielding et al., 1994). 

 

Figure 2-2: Climate averages for representative localities in the Yellow River source zone showing 

the seasonal fluctuation of temperature and precipitation. (Locations marked on 

Figure 2-1; shading on horizontal axis indicates mean minimum temperature for the 

month is above freezing). 

 

Ice and lake cores, among other proxy records, reveal dramatic climatic change over the 

plateau during the Quaternary, including strong evidence for multiple glacial and interglacial 

periods (Stroeven et al., 2009). Aridity varied over time, with proxy records revealing a strong 

climate signal during the early to mid-Holocene (~25 000 ya) when wetter climate conditions were 

found throughout the plateau, accompanied by vastly greater expanse of plateau lakes as 

compared to present (Lehmkuhl and Haselein, 2000). While tectonic activity is generally 

considered a driver of climate, the reverse situation is also present on the plateau, whereby 

crustal loading and unloading has been instigated from climatic change (fluctuations in glacial 

activity, renewed fluvial activity, etc.) (Chen et al., 2011; Gao et al., 2008). 
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2.2.3 Vegetation and Human Impact 

Vegetation on the plateau generally consists of alpine and sub-alpine meadows, with 

isolated remnants of montane and sub-alpine broadleaf and conifer forest on steep slopes and 

remote areas up to 4500 m (Herzschuh et al., 2010). The dominance of alpine and sub-alpine 

meadow in the region (71 % of the total area) is clearly shown in the land use and coverage 

dataset produced using AVHRR and Landsat imagery (Figure 2-3; see Liu et al., 2003). 

Biodiversity tends to decrease with altitude as well as towards the northwest due to colder and 

drier conditions (Lehmkuhl and Liu, 1994). In these environments, changes in radiation lead to 

strong differentiation between north- and south-facing slopes. Forest decline in the area has been 

evident over the last 6000 years (Herzschuh et al., 2010). Although the relative influence of 

climate and human factors is uncertain, there is growing evidence that human activity was largely 

responsible for the decline (Herzschuh et al., 2010; Miehe et al., 2009). While grassland 

vegetation would have been present within the open basins and valleys of the plateau, woody 

vegetation and trees would have been found on sunny mid-slopes and sheltered gorges (Tane, 

2011).  

 

Figure 2-3: Land use/Land coverage for the study area showing high proportion of alpine and 

sub-alpine meadow. See Liu et al., 2003 for discussion of dataset. 

 

Agriculture is practiced in the region up to an elevation of 3300 m (Lehmkuhl and Liu, 

1994) and numbers of grazing animals have increased appreciably (Tane, 2011). The increasing 
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pressure of grazing on the plateau has led to degradation of the grasslands (Li X. et al., 2011, 

2014), manifest in depletion of wetlands, desertification, and enhanced erosion potentially due to 

accelerated run-off and livestock activities (Tane, 2011). Currently the object of much study and 

debate, the degree of grassland degradation within the Qinghai-Tibetan Plateau and the causes 

of this degradation remains a highly contentious issue (Harris, 2010).  

2.3 Methods 
The landscape classification described in this paper relies primarily on the use of the 

global SRTM 90 m resolution digital elevation data. Although a hierarchical approach to 

landscape classification may aid in understanding of landscape diversity (Klijn and de Haes, 

1994), the intent of this paper is to provide a broad regional overview of landscape diversity. More 

detailed analyses are limited by the resolution of available data. Three factors are chosen to 

categorize the landscape of the Yellow River source zone and are described in the following 

sections: elevation, degree of slope, and the relative relief of the landscape, as expressed by the 

Topographic Position Index (TPI) described in Jenness (2006). While numerous factors have 

been used in developing landscape classifications (see Di Gregorio and Jansen, 1998), slope, 

relief, and elevation are shown to play a primary role in determining the distribution of landscape 

types (Vogelmann et al., 1998). 

2.3.1 Topographic Position Index (TPI) 

The TPI of the landscape is a measure of relative relief, effectively the difference between 

the elevation of a cell and a search neighbourhood surrounding that cell (Jenness, 2006). A 

positive TPI indicates the cell is higher than its surroundings, generally indicating hill or ridge 

topography. Conversely, a negative TPI indicates the cell is lower than its surroundings, likely 

indicating a valley or closed depression. Continuous slopes and flat areas will have TPI values 

closer to zero. Given the large area of interest, and the focus on average characteristics at the 

regional-scale, the TPI is calculated here using a search neighbourhood of 10 km. This 

neighbourhood extent is effective in masking small-scale variation in relief to focus on the desired 

regional-scale changes. Rather than choosing somewhat arbitrary TPI thresholds to define 

landscape categories, the calculated TPI grid is standardized such that the TPI values reflect the 



 

 27 

standard deviation from the original calculated grid mean. Standardization was also desired to 

take into account the variability of elevation values within the search neighbourhood.  

2.3.2 Slope and Elevation Thresholds 

The TPI calculation is effective at delineating lows and highs within the area of interest; 

however, it cannot discriminate between continuous slopes and flat plains. To further differentiate 

the landscape a slope grid for the area is calculated. Slope thresholds are chosen based on the 

likelihood for slope instability and for hillslope processes (i.e. mass wasting) to be the dominant 

geomorphic process in the area (Table 2-1). Terrain stability mapping within the area that could 

be used to substantiate slope thresholds is unavailable; consequently, the slope thresholds used 

in this classification are approximate and should be recognized as such. The three slope classes 

represent a cautious application of thresholds discussed within terrain stability guidelines 

elsewhere (see BC Environment, 1999). Subsequent testing revealed the landscape classification 

to be relatively insensitive to small changes in the slope thresholds. It is acknowledged that slope 

gradient is not the only factor that influences slope stability and factors such as climate, geology 

and surficial materials are important. However, slope gradient remains a critical factor and is an 

effective criteria to differentiate landscapes with similar TPI values.  

Table 2-1: Slope thresholds used in classification 

 Description 

0-20 %  

(0 – 11°) 

Stable – negligible to low likelihood of slope instability; hillslope processes are not 

the dominant geomorphic influence 

20-40 %  

(11-22°) 

Potentially unstable – expected to contain areas with a moderate likelihood of slope 

instability; hillslope processes are active but may not be the dominant geomorphic 

influence 

>40 % (>22°) Unstable – expected to contain areas with high likelihood of slope instability; 

hillslope processes are the dominant geomorphic influence 

 

Elevations within the Yellow River source zone span nearly 4000 m, ranging from 2500 to 

6250 masl, with corresponding implications for elevation-induced climatic variability. Recent work 

on the changing permafrost extent in the Qinghai-Tibetan Plateau has determined the area of 

permafrost has been decreasing over time (Cheng and Wu, 2007), with a recent lower limit of 
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sporadic permafrost in the Yellow River source zone mapped at approximately 4100 masl (Brown 

et al., 2001). While the presence or absence of permafrost in areas above this lower limit will still 

be determined by local conditions (Cheng and Wu, 2007), the 4100 m lower limit was adopted for 

this study to represent the boundary above which permafrost processes may be a dominant 

influence on the landscape. In addition to the 4100 m boundary, an elevation threshold of 4400 m 

is used for high elevation valleys. This boundary is chosen based on recent paleo glacial mapping 

work in the Yellow River source zone that indicates that the strongest evidence for glacial valley 

origins is found above this approximate elevation boundary (Heyman et al., 2008, Stroeven et al., 

2009). The final elevation threshold is chosen to highlight the valley incision that features in 

landscapes downstream of the Anyemaqen mountain range. Although this elevation threshold is 

estimated, it represents the approximate initiation point of valley incision along both the Yellow 

River and tributary valleys, as indicated by visual examination of the SRTM elevation data and 

Landsat imagery, and represents an approximation of the regional level for basin infilling within 

this section (see Craddock et al., 2010).  

2.3.3 Final Classification 

The thresholds discussed for TPI, slope, and elevation values are combined in the final 

classification, resulting in 10 landscape categories as described in Table 2-2. Areas covered by 

lakes and other waterways were excluded from the classification analysis; these areas are shown 

in black in Figure 2-4. 
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Table 2-2: Criteria for determining landscape classes within the Yellow River source zone. 

Description Elevation (m) TPI  

Glacial valleys  
(paleo; >4400 m) >= 4400 TPI <=-0.5 SD n/a 

Fluvial (>4100 m) >= 4100 TPI <=-0.5 SD n/a 

Plateau uplands >= 4100 -0.5<= TPI <=0.5 SD slope <=11° 
Moderate slopes  
(>4100 m) >= 4100 TPI > 0.5 SD 11°< slope <=22° 

Steep slopes (>4100 m) >= 4100 TPI > 0.5 SD slope >22° 

Fluvial (mid-elevation) < 4100, >=3200 TPI <=-0.5 SD n/a 
Fluvial  
(incisional; <3200 m) < 3200 TPI <=-0.5 SD n/a 

Broad plain (<4100 m) < 4100 -0.5<= TPI <=0.5 SD slope <=11° 
Moderate slopes 
(<4100 m) < 4100 TPI > 0.5 SD 11°< slope <=22° 

Steep slopes (<4100 m) < 4100 TPI > 0.5 SD slope >22° 

 

2.4 Results 
The landscape classification for the Yellow River source zone is shown in Figure 2-4; 

general summary statistics are presented in Table 2-3. The following sections describe the 

classes identified in the area. 

Table 2-3: General statistics for landscape classes in the Yellow River source zone. 

Description Total Area 
(km2) 

Proportional 
Area (%) 

Mean 
Elevation (m)  

Glacial valleys (paleo; >4400 m) 2900 2 4513 7 
Fluvial (>4100 m) 6880 5 4239 8 
Plateau uplands 31650 23 4432 4 
Moderate slopes (>4100 m) 21670 16 4475 14 
Steep slopes (>4100 m) 8880 7 4451 28 
Fluvial (mid-elevation) 18770 14 3703 11 
Fluvial (incisional; <3200 m) 2060 2 2903 10 
Broad plain (<4100 m) 20780 15 3475 4 
Moderate slopes (<4100 m) 16200 12 3744 14 
Steep slopes (<4100 m) 5180 4 3832 27 

 

 



Figure 2-4: Landscape classification of the Yellow River source zone.
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2.4.1 Glacial valleys 

Areas classified as paleo glacial valleys are concentrated in the southwest of the area, 

within the Anyemaqen Shan and Bayan Har Shan, and generally include those areas mapped by 

recent work (see Heyman et al., 2008; Stroeven et al., 2009). These areas feature subdued 

glacial landscapes (Figure 2-5), characterized by U-shaped glacial valleys up to 2 km wide found 

clustered around higher mountain massifs along with meltwater channels, large glacial outwash 

fans, and lakes interpreted as glacially scoured basins (Stroeven et al., 2009). Depositional 

features include moraines, hummocky terrain and drumlins (Stroeven et al., 2009). Due to their 

high elevation, permafrost likely exists over much of the area, with wetlands generally present on 

the lower valley floors. 

Although these areas are classified in this study as paleo glacial valleys, the history and 

style of glaciation on the plateau has been a topic of controversy for decades (Stroeven et al., 

2009). The main contention primarily centres upon the possibility for an extensive ice sheet on the 

plateau during the global LGM (last glacial maximum) (see Kuhle, 2004). Consensus is building 

that glaciation on the plateau was limited to mountain-based valley glaciers and ice caps 

(Lehmkuhl and Liu, 1994; Moren et al., 2011; Stroeven et al., 2009). Within the Bayan Har Shan 

the floors of glacial valleys are lower than the fluvial valleys these features cross-cut, indicating 

glacial erosion has been more effective at removing materials (Stroeven et al, 2009). This 

situation is reversed on the plateau margin, where glacial valleys have been truncated by 

renewed fluvial incision (Stroeven et al., 2009). Fielding et al. (1994) found lithology to have a 

relatively minor effect on the spatial pattern of topography relief. Glacial sculpting is more 

pronounced in resistant lithologies but generally a continuous (low) degree of slopes developed 

across lithologies on the plateau. Glacial activity has fluctuated over time, and with the potential 

exception of the last glacial cycle (see Lehmkuhl and Owen, 2005), the initiation, timing, and 

extent of Quaternary glaciation on the plateau was driven in large part by climatic fluctuations due 

to tectonic uplift (Stroeven et al., 2009). 
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Figure 2-5: Photographs of typical landscapes found within each of the ten landscape classes. 

Glacial valleys (paleo) Plateau uplands 

Fluvial (high elevation) Steep slopes (>4100 m) 

Moderate slope (>4100 m) Fluvial (mid-elevation) 

Fluvial (incisional) Broad plain 
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Steep slopes (<4100 m) Moderate slopes (< 4100 m) 
 

2.4.2 Plateau uplands 

The plateau uplands cover nearly 25 % of the Yellow River source zone. This high-

elevation area is relatively cold and dry, with a mean annual temperature below freezing and 

precipitation of approximately 320 mm (Cheng et al., 2010). Permafrost development is evident in 

both periglacial landforms such as patterned ground and frost-heave mounds, as well as thaw-

induced landslides on shallow slopes throughout the region (Wei et al., 2006). Drainage is 

generally poor within the area and wetlands are a dominant feature (Figure 2-5). The landscape is 

relatively low relief, with well-developed, broad fluvial valley systems and internal basins that have 

been infilled with alluvial deposits (Stroeven et al., 2009). Surficial geology throughout much of 

the plateau will also include past glacial deposits and aeolian loess deposits in low basins (China 

Geological Survey, 2004). Many of these comparatively flat slopes cross structural and lithological 

boundaries, seemingly independent of the underlying variation in geologic resistance (Lehmkuhl 

and Spönemann, 1994). Much of this area would be considered part of the larger area postulated 

as a relict peneplain, formed at lower elevations and subsequently uplifted (see Clark et al., 

2006).  

2.4.3 Moderate and steep slopes 

Hillslope classes within the region are primarily located within the Bayan Har and 

Anyemaqen mountain ranges, with isolated hillslope areas located outside of these areas, 

particularly separating broad basins to the north of the Anyemaqen mountains. Overall, moderate 

and steep slopes cover 39 % of the Yellow River source zone, with 2 - 3 % above the 

approximate 4100 m elevation limit of permafrost influence. The majority of these slopes (28 %) 
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are considered moderately sloping, with gradients less than 40 %. While it is expected that slope 

instability would be more prominent on steeper slopes, the combination of thin soils, sparse 

vegetation, widespread human influence, and freeze-thaw action throughout the area lends itself 

to greater instabilities than may be predicted based on slope gradient alone. Indeed, evidence of 

past debris slides was observed through much of the area during field visits in 2011 and soil 

erosion from these areas is an ongoing concern (Hu et al., 2010). 

Within the Anyemaqen mountains, steep narrow valleys are prone to landsliding events, 

and landslide damming can be a frequent occurrence, subsequently impacting on incision and 

deposition within local drainages. Local relief within the mountains can approach 2000 m. The 

Kunlun fault complex bisects the mountain range and is an important control on drainage patterns 

within the region (Fu and Awata, 2007; Harkins et al., 2007), with ongoing tectonic activity a 

further influence on slope stability.  

2.4.4 Fluvial landscapes 

Twenty-one percent of the Yellow River source zone is designated as fluvial landscapes, 

sub-divided into the broad categories of incisional and non-incisional landscapes. Fluvial 

landscapes above 4100 m are a minor component (5 %) of the entire region, largely due to the 

generally poorly connected drainage systems and presence of wetlands at these elevations; 

however, this minor sub-division is created to illustrate those areas that may be impacted by 

permafrost processes. Channels within the headwater reaches of the upper plateau surface 

commonly have gradients <1 % and display meandering planforms (Lehmkuhl and Liu, 1994); 

resultant rates of fluvial erosion are relatively low (Fielding et al., 1994). Many tributaries are 

disconnected from the mainstem and pond behind levees, developing a series of wetlands during 

the wet season (Harkins et al., 2007). Overall, fluvial valleys at these elevations are broad, and 

channels tend to be relatively unconfined (Figure 2-5). 

Within the mountain ranges downstream of the upper plateau surface structural control is 

prominent, and fluvial valleys narrow with channels commonly confined in bedrock gorges 

(Lehmkuhl and Spönemann, 1994). Although generally present to some degree, the extent of 

structural control varies, together with valley gradients and sediment availability, throughout these 

downstream sections. This is reflected in relatively local changes in fluvial landscapes from highly 
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confined valley settings, to wide flat valley bottoms, leading to corresponding changes in the river 

planform and associated landforms (see Blue and Brierley, 2013; Li Z-W. et al., 2013; Yu et al., 

2013). Much of the available sediment load within this area may be due to direct or indirect glacial 

conditioning (Chen et al., 2011; Lehmkuhl and Owen, 2005). Large alluvial fans composed largely 

of glacial outwash materials now act both as sediment sources and confining features for many of 

the streams (Lehmkuhl and Haselein, 2000). 

2.4.4.1 Incisional fluvial landscapes 

Incision within the Yellow River source zone has been the object of study and controversy 

for some time (Craddock et al., 2010; Lehmkuhl and Haselein, 2000). These incisional 

landscapes are located within tributary systems and the Yellow River itself downstream of the 

Anyemaqen Shan. In these settings, fluvial valleys have cut down dramatically and are now 

relatively isolated from the main plateau surface. Where space allows, records of incision are 

manifest as extensive terrace sequences in excess of 500 m high (Harkins et al., 2007). Their 

presence indicates that incision along the stream networks has not been continuous through time, 

and was marked by periods of stability (Chen et al., 2011; Craddock et al., 2010). The formation 

of these terraces and overall initiation of incision in the areas is still under debate (Li et al., 1997; 

Perrineau et al., 2011). Initiation of incision is either attributed to a reduction in channel sediment 

load following glaciation and a change towards a warmer, drier climate (Lehmkuhl and Haselein, 

2000; Owen et al., 2006), as a response to isostatic rebound following glacial retreat (Chen et al., 

2011), or due to ongoing tectonic uplift on the plateau (Li et al., 1996). In one model, climatically-

triggered lake expansion approximately 1.8 million years ago led to progressive aggradation and 

finally spillover into downstream basins, initiating fluvial incision along the Yellow River (Craddock 

et al., 2010). Much of this incision has occurred through large alluvial fans that are now inactive 

and disconnected from the present stream system (Lehmkuhl and Haselein, 2000), forming valley 

fill and pseudo terrace landforms that can rise many tens of meters above present drainage 

(Owen et al., 2006). 

Roughly 2 % of the entire region is classified as incisional fluvial landscape. Although 

these striking landscapes cover a proportionally small area of the upper basin, they have 

disproportional importance in understanding the past and present dynamics of the Yellow River 
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source zone. Based on the SRTM elevation data, depth of incision ranges up to 600 m in the 

study region, although this increases to nearly 2000 m in areas downstream of the study area. 

Terrace sequences are common within the valleys where space allows, although closer to the 

upstream initiation point of incision through the plateau surface some degree of channel 

confinement is common and terraces are absent (Figure 2-5).  

2.4.5 Broad plains 

This landscape class covers 15 % of the study area and consists of wide, relatively flat 

plains that are below the lower limit of permafrost. Being lower in elevation, the landscapes within 

this class are generally not considered to be part of the potential remnant plateau surface that 

may represent the paleolandscape prior to uplift (Clark et al., 2006); however, they share their 

low-relief characteristics. The geographic extent of this class largely covers three main 

sedimentary basins within the region: the Zoige (Ruoergai) basin near the first bend of the Yellow 

River, the Tongde basin downstream of the Anyemaqen Shan, and the Gonghe basin at the 

downstream limit of the study area, bordered to the northwest by the Qaidam basin. Though 

these landscapes are placed in the same class due to physiographic similarities, there is a 

significant climatic gradient between the basins. The Zoige basin has a wetter climate, with much 

of the area covered by the Ruoergai wetland, a peatland designated as being of global 

importance by the Ramsar convention. In contrast, the Tongde and Gonghe basins are semi-arid 

to a large extent, with aeolian processes playing a large role in geomorphology of the region and 

active and vegetated dunefields present.  

2.4.5.1 Basin fills 

Basin fills within these three sedimentary basins are thick, with over 300 m accumulation 

of lacustrine and fluvial silts within the Zoige basin over the past 1 Ma (Harkins et al., 2007). Basin 

fills within the Tongde and Gonghe sedimentary basins are made up primarily of poorly 

consolidated fluvial sand and gravels (Harkins et al., 2007) and are generally thicker than those 

observed in the upstream Zoige basin, with depths of fill up to 1200 m reported in Gonghe basin 

(Métivier et al., 1998; Perrineau et al., 2011). Tops of the basin fill have been estimated to be 

approximately 0.5 Ma in the Tongde basin using cosmogenic isotope dating and extrapolating 

sediment accumulation rates (Craddock et al., 2010) and inferred through stratigraphy to be 
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closer to 1.1 Ma in the Gonghe basin (Yan et al., 2004). These basins provide the environment for 

the incisional landscapes of the Yellow River source zone within the study area, with both the 

mainstem and tributary valleys incised through the basin fills.  

Although only limited dating is available, in taking into account dates of approximately 1.8 

Ma for initiation of incision in sedimentary basins downstream of the study area (Fang et al., 

2005) as well as a downstream progressive increase in magnitude of basin excavation (Craddock 

et al., 2010), strong indicators exist for headward progression of incision up through the Gonghe 

and Tongde basins. Stages of basin development and activity along the upper Yellow River were 

not synchronous, with aggradation occurring within the Gonghe basin while basins downstream 

were already undergoing active incision (Craddock et al., 2010). Although the Yellow River has 

incised through basin fill at the northern edge of the Zoige basin (see Harkins et al., 2007), it 

remains unclear whether this incision is linked to the primary incisional landscapes downstream, 

or whether this is a control of local deformation (Harkins et al., 2007). 

2.5 Discussion 
It is one thing to consider landscapes in terms of their component parts, and quite another 

to think about how those components fit together at any particular locality. To convey 

observations and understandings of form-process linkages in landscapes across the Yellow River 

source zone, schematic block diagrams are presented for three characteristics settings in Figures 

2-6 to 2-8. These representations are considered to broadly reflect the open valley upland 

settings downstream of Eling Lake (Figure 2-6), the higher relief, relatively narrow valleys north of 

Jiuzhi (Figure 2-7) and the incised valley within basin fills around Tongde (Figure 2-8). In this 

section, we discuss key geomorphic (evolutionary) controls upon these differing assemblages of 

landforms, outlining implications for process relationships (with particular emphasis upon how 

landscape connectivity influences patterns and rates of flow and sediment flux; see Brierley et al., 

2006)  

The classification developed in this paper highlights the landscape diversity within the 

Yellow River source zone. Within the headwater reaches of the upper plateau surface, the 

landscape is very low relief, with hillslopes generally rising less than 200 m above the plateau 

surface (Fielding et al., 1994). Fluvial valleys are generally unconfined, with hillslopes 
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disconnected from the stream network (see Harvey, 2002; Figure 2-6). Strong evidence of past 

glacial activity is generally confined to this upper area of the study region (see Stroeven et al., 

2009), discernible as a rather subdued glacial landscape, with features such as broad U-shaped 

valleys and hummocky terrain confined to isolated areas near the former source areas of the 

highest mountain peaks. Resulting attributes of river systems are described by Blue and Brierley 

(2013) and Yu et al. (2013) as typically anabranching to braided channels with frequent bar 

reworking due to limited ability for vegetation establishment under the cold climatic conditions. 

 

Figure 2-6: Schematic block diagram showing characteristic landscapes of the headwater region 

of the Yellow River source zone. Note extensive wetland development, broad plains, 

braided/anabranching channel planforms, hillslopes and minor tributaries largely 

disconnected from the main stream network, and valley landforms such as vegetated 

dunes, shallow moraine deposits and glacial erratics. Primary landscape classes 

within this area include plateau uplands, high elevation fluvial, and glacial valleys. 

Subsurface information is presented for illustrative purposes only. 

 

Leaving the plateau uplands, the Yellow River enters the high relief topography of the 

Anyemaqen Shan, with isolated peaks over 6000 m and local relief exceeding 2000 m. Fluvial 

valleys begin to narrow, tributaries steepen, and hillslope processes begin to play a dominant role 

in the landscape, with an increase in the degree of hillslope-channel connectivity (Figure 2-7). 

The area is crossed by numerous active fault complexes and structural control is evident 

throughout the drainage network. Entry into the first major sedimentary basin marks an abrupt 
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change in the landscape, from a region marked by strong structural control and steep, narrow 

valleys to the low-relief, poorly-drained area of the Zoige basin. The course of the Yellow River 

changes nearly 180 degrees within this basin, potentially a result of deformation surrounding the 

tip of the Kunlun fault complex (Harkins et al., 2007). Fluvial landscapes within the area are 

relatively unconfined, and wide valleys within the basin allow for low-gradient, alluvial systems to 

develop (Harkins et al., 2007). As with the upper plateau surface, tributaries are commonly 

disconnected from the mainstem and frequently end in shallow lakes and swamps (Harkins et al., 

2007).  

 

Figure 2-7: Schematic block diagram showing characteristic landscapes of the regions 

surrounding the Anyemaqen Shan within the middle reaches of the study area. Note 

the high-relief, narrow valleys and the largely single-channeled channel planform 

with minor vegetated bars. Hillslopes and minor tributaries are directly connected to 

the main stream network, with potential for fault offset within streams. Bedrock is 

close to the valley surface. Primary landscape classes within this area include mid-

elevation fluvial features and both moderate and steep slopes. 

 

Downstream of the Zoige basin the Yellow River again enters the Anyemaqen Shan, 

before emerging within the Tongde basin approximately 250 km downstream. The incisional story 

of the Yellow River source zone now becomes dominant, as the river and tributary systems have 

cut down through the broad Tongde and Gonghe sedimentary basins. The low-relief surfaces of 

these basins comprise the largest class by area within this region; however, these areas are 
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generally isolated from both the stream network and the hillslopes bordering the basins. While 

stream networks in the area are disconnected from much of the areal extent of their catchments, 

they can display strong hillslope-channel connectivity within the incised valleys (see Blue et al., 

2013). The numerous alluvial fans and terrace sequences found within these valleys are major 

sediment sources in these systems. The boundaries of both the Tongde and Gonghe basins are 

delineated by narrow bedrock ranges, with the Yellow River flowing through narrow water gaps 

cut through the bedrock (Craddock et al., 2010). The dam constructed across one of these gaps, 

the Longyang Gorge, marks the end of the study area. Blue et al. (2013) describes the Yellow 

River through this reach as generally single-channeled with minor mid-channel bars, with some 

reworking of the extensive network of terraces and alluvial fans confining the river.  

 

Figure 2-8: Schematic block diagram showing characteristic landscapes of the incised valley fills 

downstream of the Anyemaqen Shan. Note the highly incised main valley with 

extensive alluvial fan development on tributaries that act as both confining features 

and as a significant sediment supply to the trunk stream. Tributaries are largely 

incised through the broad plain separating the bedrock ranges from the main trunk 

valley. Terraces are common. The main trunk stream is predominately single-

channeled with minor mid-channel bars. Primary landscape classes within this area 

include broad plains and incisional fluvial features. 

 

The overarching story of landscape diversity in the Yellow River source zone is one of 

climatic signals superimposed on a fundamental base set by tectonics. The exact nature of initial 

uplift and its influence on the development of present landscapes remains controversial (Royden 

et al., 2008), with various deformation models allowing for uplift of the entire plateau along more 
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of a continuum (Clark et al., 2006), or as progressive step-wise uplift of distinct blocks towards the 

NE (Tapponnier et al., 2001; Liu-Zeng et al., 2008). However deformation proceeded in the last 

55 Ma, the complex assemblage of tectonic terranes that compose the Qinghai-Tibetan Plateau 

would be expected to respond differently to the strain, influencing the present landscape 

configuration.  

These competing deformation models have significant implications for the formation and 

potential evolutionary track of the broad low-relief landscapes of the Yellow River source zone. 

Downstream major sedimentary basins (Zoige, Gonghe, Tongde) likely originated as fault basins 

during uplift of the plateau (Wang et al., 1995), and are currently separated from each other by 

actively growing mountain ranges (Craddock et al., 2010). These basins gradually infilled over 

time to create the low-relief landscapes present today, primarily through lacustrine deposits in the 

case of Zoige basin (Wang et al., 1995) and fluvial aggradation in the Tongde and Gonghe basins 

(Harkins et al., 2007). This basin evolution model is akin to “bathtub infilling”, with sediments 

flooding the closed basins created by uplift of the bordering mountain ranges, and creating the 

low-relief broad plains characteristic of the region. Under the stepped-growth model of plateau 

evolution, the possibility exists for an analogous origin of the low-relief landscapes at higher 

elevation (>4000 m), those designated as plateau uplands within this study, with the area 

representing an earlier phase of sediment infilling and overall smoothing of the landscape (Liu-

Zeng et al., 2008). Alternative interpretations, allowing for a more regional-scale uplift, 

hypothesize that these areas have not been directly shaped by tectonics, but represent a 

paleolandscape formed at lower elevations prior to major uplift within the area (Clark et al., 2006), 

and subsequently shaped to a minor degree by glacial erosion following uplift (Stroeven et al., 

2009). Whether the formation of the low-relief plateau uplands (>4000 m) within the Yellow River 

headwaters can be attributed to the raising of a pre-existing lowland surface that has remained 

largely intact, or represents an older analogue for the more recent sediment infilling of 

intermontane basins further downstream (see Liu-Zeng et al., 2008) remains uncertain; however, 

the dominance of these broad low-relief landscapes within the Yellow River source zone provides 

a stark contrast with the high-relief headwaters of neighbouring drainages, such as the Yangtze, 

and their presence has profound implications for overall landscape dynamics in the upper Yellow 

River area (see Yu et al., 2013).  
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In effect, within much of the Yellow River source zone local relief is being reduced 

through infilling of the sedimentary basins and slope denudation, while ongoing tectonic uplift of 

the boundary ranges acts to increase local relief, and rejuvenate slopes. The present landscape 

configuration is thus a function of the underlying tectonics that initiated their development, as well 

as the surficial processes that have shaped the landscape over time. One fundamental factor 

determining present landscape dynamics is the development of generally inefficient, or 

disconnected, drainages within the Yellow River source zone whereby channels are relatively 

disconnected from their hillslopes, with low sediment delivery to channels, and sediment-transport 

that is generally effective only over short-distances (i.e. these relatively passive landscapes are 

dominated by dissipative rather than channelized process relationships; see Montgomery and 

Dietrich, 1989).  

While the Yellow River source zone generally evolved under conditions of internal 

drainage, the current course of the Yellow River only provides for limited external drainage of 

these upper areas. Although timing of the incision that allowed for the transition from internal to 

externally-drained basins is still under debate, it is thought the upper Yellow River in its current 

form may have only reached the Zoige basin as late as 20 ka (Li, 1991). In combination with 

commonly semi-arid climate conditions over time, corresponding relatively low erosion rates, and 

given the large amount of sediment that would need to be moved, it is unsurprising that there has 

not as yet been extensive drainage capture facilitated through incision within the region. Many of 

the local channels end in small lakes or marshlands scattered throughout the plateau uplands or 

simply do not reach the main tributaries, as observed in the drier sedimentary basins further 

downstream. Sediment movement over the study area is relatively limited, and much of that 

removed from the bounding slopes within the Yellow River source zone will not travel significant 

distances but will accumulate on the flat plateau surface and in and around lakes. 

This contrasts markedly to the situation in the neighbouring Yangtze River, where rivers 

are deeply incised into sediments, and a prevalence of steep, narrow valleys allows for highly 

connected and relatively efficient transport of sediment through the drainage networks (Lehmkuhl 

and Liu, 1994; Yu et al., 2013). Such intense downcutting acts to destabilize slopes, keeping 

them active and working to maintain or enhance local relief (Liu-Zeng et al., 2008). It is this 

contrasting evolution of the drainage systems - the ability or inability of streams to transport 
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sediment out of the plateau area, in concert with the underlying tectonic evolution of the area, that 

has greatly influenced the landscape configuration and dynamics seen today. Local areas of high 

relief in the boundary ranges of the catchment of the Yellow River source zone have high 

connectivity and efficient drainage network creation, with relatively high rates of mass movement 

and high sediment delivery to tributaries; however, these areas then drain into the intervening 

low-relief plateau uplands and sedimentary basins, restricting throughput of sediment in these 

largely disconnected landscapes of the Yellow River source zone.  

Though initial uplift of the plateau to near present elevations was complete by the middle 

Miocene, deformation within the area continues today (deMets et al., 1994). Mountain ranges in 

the basin created through the continental plate collision and subsequent uplift are still actively 

growing and are controlling local relief, with strain released through a complex series of strike-slip 

and thrust faults throughout the region. This includes both major ranges, the Bayan Har Shan and 

Anyemaqen Shan, as well as minor ranges such as the HeKa Shan and the Waligong Shan that 

border the Tongde and Gonghe sedimentary basins. Rates of movement along fault systems can 

be significant, such as within the strike-slip Kunlun fault complex where left-lateral fault movement 

has an average long-term slip rate of 10 mm/yr and earthquakes are frequent (Fu and Awata, 

2007). This has direct implications for ongoing renewal of slopes within the region as well as in 

the development of drainage patterns. Many of the rivers are under strong structural control and 

show offsets up to 90 km (Fu and Awata, 2007). In addition, many of the lakes scattered across 

the plateau that form headwaters or local base levels for rivers are tectonic in origin (Fu and 

Awata, 2007). 

While the initial uplift of the Tibetan Plateau had an immediate and profound impact on 

climate, both within the Yellow River source zone and at a global scale (Lehmkuhl and Haselein, 

2000), the current landscape also reflects the influence of subsequent climatic fluctuations. River 

incision through the basin fills may have been a response to ongoing tectonic uplift (Harkins et al., 

2007), although evidence for a climatic trigger is building (Craddock et al., 2010; Perrineau et al., 

2011). The climatic variability is observed within lake and sediment cores covering the last 30,000 

years, with glacial/interglacial cycles and substantial fluctuations in lake coverage throughout the 

region established through isotope, pollen and sediment records (Colman et al., 2007; Wang et 

al., 1995). While the direct glacial imprint within the region is likely limited (Lehmkuhl and 
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Haselein, 2000), the climatic instability associated with transitions between glacial/interglacial 

periods may have triggered major landscape changes such as the initiation of river incision 

(Craddock et al., 2010; Lehmkuhl and Haselein, 2000), with the general aridity of the region 

allowing for the long-term preservation of such large features as the terraces found along much of 

the course downstream of the Anyemaqen Shan (Perrineau et al., 2011). The high sensitivity to 

changes in climate and associated fluctuations in lake levels over the area may also have played 

a major role in allowing for progradation of the numerous alluvial fans that are currently both 

confining features and major sediment sources for many of the streams (Lehmkuhl and Haselein, 

2000).  

In addition to the tectonic and climatic influence on the present landscape, humans have 

been living in the area for up to 8000 years (Miehe et al., 2009). Arguably, the primary impact on 

landscape structure due to human activity has been the expansion of grasslands for grazing, with 

much of the formerly forested areas in decline by approximately 6000 years ago (Herzschuh et 

al., 2010). These various considerations fashion the evolutionary trajectory of landscapes and 

river systems across the region. 

2.6 Summary 

To explain landscape diversity of the Yellow River source zone it is necessary to 

understand the inter-relationships between tectonics and climate in the region, and how they have 

influenced landscape evolution. The raising of the Qinghai-Tibetan Plateau had profound impacts 

on climate and drainage in the region, the exact nature of which is still under debate after 

decades of research (Stroeven et al., 2009). Complex fault systems, glacial history, active 

hillslope processes, and human impacts all influence the landscapes observed today. The 

simplistic classification presented in this paper provides an effective organizational framework to 

describe the landscape diversity, and to begin to understand how the various landscape types are 

situated and interact within the region. Stark contrasts in landform assemblages and associated 

process relationships are evident across three very different terrains that are products of 

particular tectonic and climatic settings that engender variable influences of past conditions upon 

contemporary landscapes (i.e. landscape memory; Brierley, 2010).  
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ABSTRACT 

The degree of landscape connection has wide-ranging implications for sediment 

availability, frequency of transport, and the nature of sediment storage within a basin. Two 

methodological approaches for assessing landscape connectivity are applied within the Garang 

subcatchment of the upper Yellow River. A GIS-based geomorphometric index was calculated for 

the catchment and compared to a methodology linking interpretation of satellite imagery and field 

mapping of sediment storage to slope threshold analysis. Landscapes of the Garang catchment 

are highly contrasting and can be separated into three zones: i) a highly disconnected upper 

catchment of low-relief with large inactive sediment stores; ii) a transitional zone where present 

landscape dynamics are controlled in large part by past incisional processes in the form of large 

alluvial fan/terrace deposits; and iii) a highly connected and highly dissected landscape within the 

lower catchment that has little accommodation space for sediment storage. The geomorphometric 

index shows general agreement with the patterns in landscape connectivity observed through 

imagery and field investigations. However, it estimates similar levels of connectivity in landscapes 

with observed (dis)connectivity, reflecting limitations of the calculation. While rapidly calculated 

geomorphometric indices of landscape connectivity provide useful appraisals of relative within-

catchment variability in systems such as the Garang catchment, caution is urged in conducting 

broader-scale analyses using the same tools. Findings from this study highlight the importance of 

field-informed appraisals of landscape dynamics, site-specific characteristics and the imprint of 

historical (evolutionary) context in making such comparative assessments. 

Keywords: sediment storage, river incision, sediment connectivity, geomorphometry 
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3.1 Introduction 
Sediment availability, frequency of transport, and the nature of sediment storage within a 

basin are critical considerations in assessments of river behaviour and potential response to 

disturbance. As such, they have wide-ranging implications for the nature and character of both 

geomorphic and ecological functions, in the past, present and future, thereby presenting critical 

considerations for river management (Wohl et al., 2015 a, b). Increasingly, complex systems 

thinking that addresses the continuum of sediment dynamics within a landscape is replacing 

overly simplistic notions of sediment flux that apply rating curves to estimate average sediment 

flux from a basin over time (Fryirs, 2013; Bracken et al., 2015). Landscape connectivity, defined 

as the transfer of energy and matter between two landscape compartments or within a system as 

a whole, is central to these emerging developments. Connectivity may occur through either direct 

physical contact between landscape compartments or transfer of material between compartments 

that are not physically linked (Jain and Tandon, 2010). In this way, catchment-scale analyses of 

connectivity can be differentiated from the concept of coupling, which focuses on direct contact at 

a more localized scale, such as process linkages between an individual hillslope and an adjacent 

channel (Messenzehl et al., 2014; Bracken et al., 2015). Recent approaches to analysis of 

landscape connectivity have moved beyond static assessments of landscape configuration to 

incorporate considerations of the process linkages that actually drive sediment flux (Wainwright et 

al., 2011).  

The spatial dimensions of catchment (dis)connectivity can be expressed through an 

assessment of the linkages between the various landscape compartments that make up any 

given river system. The changing nature of lateral, longitudinal, and vertical linkages reflect the 

variable processes that operate at different positions within a landscape (Brierley et al., 2006). 

Lateral linkages, such as hillslope processes and channel-floodplain relationships, drive sediment 

delivery to the channel network (e.g. Caine and Swanson, 1989; Benda and Dunne, 1997a). 

Longitudinal linkages, such as channel network processes and tributary-trunk stream 

relationships, dictate the ability of the channel network to transfer materials of variable calibre 

along its length (e.g. Hooke, 2003; Ferguson et al., 2006). In some instances, lateral sediment 

inputs may exert a significant impact on bed sediment calibre and channel form (Rice, 1999). 
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Vertical linkages involve surface - sub-surface interactions of water, sediment and nutrients 

(Fryirs, 2013).  

Discussion of the varying scale of connectivity is imperative to any assessment of 

sediment flux and associated sediment budgets (Bracken et al., 2015). Although landscape 

connectivity is most effectively analyzed at the catchment scale, processes that dictate the level 

of connection within the various landscape compartments operate across a range of spatial and 

temporal scales. Using a nested hierarchical framework, connectivity can be conceptualized from 

analyses that scale-up form-process relationships within individual landforms to an understanding 

of linkages between landforms, reach-scale relationships, and analysis of reach-reach linkages 

within a catchment (Brierley et al., 2006). At any given point in time only a portion of the 

catchment, termed the effective catchment area, actively contributes to the sediment cascade, 

either through sediment contribution or active transportation of material through the area (Harvey, 

2002; Fryirs, 2013). The extent of the effective catchment area varies over a given timeframe, 

largely dictated by the distribution of impediments to connectivity within the catchment (Fryirs et 

al., 2007 a, b). For example, buffers such as alluvial fans and broad alluvial plains may inhibit 

connection of hillslope or tributary sediments to the mainstem, while barriers along the channel 

itself may block downstream movement of sediment through the network. The availability of 

accommodation space for sediment storage within the catchment plays a critical role in 

determining connectivity, and the potential for reworking of sediment stores along the valley floor 

(Fryirs and Brierley, 2001; Kuo and Brierley, 2013). Indeed, the catchment-scale pattern of valley 

width exerts a critical influence upon landscape configuration and connectivity (McDowell, 2001; 

May et al., 2013; Fryirs et al., 2016).  

Temporal variability in landscape connectivity, and associated notions of effective 

timescales, reflect the (dis)connectivity of a given landscape and the magnitude-frequency 

domains of formative processes on hillslopes and the valley floor (Lane et al., 2008; Kuo and 

Brierley, 2014). Effective timescales reflect the frequency of threshold exceeding events that 

breach impedances within the network, recovery time of the system, and time needed for 

propagation of the disturbance (Harvey, 2002; Fryirs et al., 2007a). As noted by Bracken et al. 

(2015), complete assessments of catchment connectivity incorporate consideration of formative 

processes that drive sediment detachment, transport, attrition and deposition. Given these 
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inherent complexities, landscape connectivity must be defined over (and will be applicable only 

to) a given timescale. Pertinent scales of analysis are dependent on the objective of the end-user. 

Examples include appraisals of event-based connectivity (e.g. Croke et al., 2013; Thompson et 

al., 2015), management-based applications over decadal timescales (e.g. Sear et al., 1995; 

Florsheim et al., 2006; Lane et al., 2008; Smith et al., 2011; Toone et al., 2014), and assessments 

of the role of landscape connectivity as an influence upon long-term landscape evolution (e.g. 

Jain and Tandon, 2010; Hinderer, 2012; Hoffmann, 2015).  

Given the difficulties presented by both the spatial and temporal variability inherent in 

investigations of landscape connectivity, it is perhaps unsurprising that past assessments have 

leaned toward qualitative measures; however, there is a need to move beyond conceptual 

description to process-based quantification and measurement (Heckmann and Schwanghart, 

2013; Wohl, 2014; Bracken et al., 2015). Initially, many studies analysing connectivity based their 

interpretations on geomorphological mapping (Harvey, 2002; Fryirs et al., 2007a, b; Theler et al., 

2010). In recent years this has evolved with the increase of GIS-based metrics (Borselli et al., 

2008; Wichmann et al., 2009; Cavalli et al., 2013), the development of models describing 

landscape connectivity (Vigiak et al., 2012; Baartman et al., 2013; Czuba and Foufoula-Georgiou, 

2015), and the use of applied graph theory to analyse connections within a catchment (Heckmann 

and Schwanghart, 2013). Perhaps key to development of appropriate measures is recognizing 

connectivity as a dynamic property of a catchment, and the need to move beyond static 

representations and consider future trajectories of change (Brierley et al., 2006; Wainwright et al., 

2011). Although the rise of a more integrative approach to sediment dynamics at a catchment 

scale is promising, there remains a need for methodological overviews that compare and contrast 

the various approaches to assessing landscape connectivity that have developed in recent years.  

This study compares two approaches to assessment of landscape connectivity for a small 

subcatchment in the upper Yellow River basin of western China. While sediment delivery to the 

Yellow River within the Loess plateau region has received much attention (Zhang et al., 1990; 

Jiongxin, 1999; Shi and Shao, 2000), the more remote regions of the upper Yellow River basin 

have received relatively little study. This region has a distinctive geomorphology, ecology, and 

history (Wang et al., 2002; Nicoll et al., 2013), yet its remote nature and sparse data availability 

present challenges for investigation. The upper Yellow River basin encompasses a variety of 
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landscapes, from high-altitude broad plateaus underlain by permafrost, to broad deserts with high 

dunes, to steep mountain environments with cascading streams. The resulting disparity in 

landscape dynamics, combined with ongoing change due to active tectonic uplift and a dramatic 

incisional history, presents an intriguing case study for landscape connectivity.  

This paper presents two key contributions: i) a methodological appraisal and overview of 

within-catchment connectivity relations using two previously developed methodologies and ii) an 

initial assessment of connectivity within an understudied part of the world, highlighting 

implications for how these tools may be applied elsewhere. Due to the data-sparse nature of the 

region and the complexity of data requirements needed to reflect the spatial and temporal 

variability of connectivity, it was not possible to consider attributes such as the magnitude-

frequency relations of formative hillslope and valley floor processes in this study. Rather, this 

paper presents an overview analysis of landscape connectivity within a tributary of the upper 

Yellow River basin, primarily concerned with processes operating over the longer term (102 to 106 

years) that have fashioned the landscape observed today. 

3.2 Regional Setting 

The Garang catchment study site covers 236 km2 and is a tributary of the upper Yellow 

River basin, located approximately 1300 km downstream from the Gyaring/Ngoring Lakes source 

area (Figure 3-1). It is a relatively high-relief catchment; individual mountain peaks reach up to 

4500 m, with elevations along the Garang mainstem ranging from 3700 m at the headwaters 

dropping to 2200 m at its confluence with the Yellow River, 36 km downstream.  

The catchment is located in the northeast corner of the Guide basin, the most highly 

dissected of a series of infilled sedimentary basins linked upstream through Yellow River incision 

(Craddock et al., 2010). As this area lies in a transition zone between the high plateau regions to 

the southwest, and loess plateau to the northeast, elevations within the catchment are somewhat 

lower than those found over much of the Qinghai-Tibetan plateau. The area lies between two 

major active fault systems (Kunlun and Haiyuan strike-slip fault complexes). Numerous (now 

inactive) smaller faults sharply bound changes in geology within the catchment (Figure 3-2, Fang 

et al., 2005). The timing of the transition from basin infilling to excavation as Yellow River 

drainage was established through the area is still up for debate (Perrineau et al., 2011); however, 
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as incision progressed gradually upstream within the upper Yellow River, incision would have 

progressed through this area first between 500 ka to 1.8 Mya (Harkins et al., 2007; Craddock et 

al., 2010). Consequently, excavation was thorough, with little remnant of the original basin 

surface in the area (Fothergill and Ma, 1999).  

 

Figure 3-1: Landsat 7 imagery overview of Garang catchment (A) and its location within the upper 

Yellow River basin (B) of central and western China. The longitudinal profile of the 

Garang mainstem (C) is separated into three zones, each having distinct landform 

assemblages (see text for details); profile line is along the mainstem shown in (A). 

 

Lithologies within the catchment are diverse (Figure 3-2). Relatively resistant Pre-

Cambrian granites and schists underlie and outcrop within the upper catchment (Qinghai Geology 

Bureau, 1989). At lower elevations these basement rocks are buried, and the mainstem has cut 

down through a succession of Tertiary sedimentary rocks, consisting of a series of interbedded 

sandy conglomerates, sandstones, and mudstones that represent a period of basin infilling (Fang 

et al., 2005). These rocks are highly erodible, and their dissection has resulted in the Badlands or 

Danxia characteristics of the lower catchment today (Figure 3-2H).  

The Garang region has a cold, semi-arid continental climate, with an average annual 

temperature near 0° C (Fothergill and Ma, 1999). Mean annual precipitation is 253 mm, as 



 

 52 

recorded at the Guide county climate station approximately 12 km upstream, with nearly all 

precipitation falling during the summer months (Zhao et al., 2012). Vegetation within the upper 

catchment consists of alpine and sub-alpine meadows; isolated remnants of mixed broadleaf and 

conifer forest start to appear below 3100 m but are confined to narrow areas within the middle 

and lower catchment. Agriculture is practiced throughout the catchment, and much of the area 

that may have been forested at lower elevations is used for grazing of livestock or growing crops.  

The diversity of the contemporary landscapes within the Garang catchment reflects the 

inter-relationship between its landscape history and other controlling geomorphic factors such as 

lithology, tectonics, and climate. The upper catchment is dominated by broad, low-relief paleofan 

and alluvial plain deposits (Figure 3-2A-C). Periglacial processes are active in the area with 

numerous solifluction lobes apparent on the hillslopes, and near to surface permafrost observed 

in ground exposures. Drainage in this area is poor and wetlands dominate on the low-relief 

alluvial deposits. While occasional rockfalls and rockslides are evident within the exposed peaks 

of this area, these materials do not progress beyond the initial depositional area. At lower 

elevations within the catchment, the mainstem valley narrows and is filled by large tributary 

alluvial fan deposits that the mainstem has subsequently cut through, leaving behind a series of 

terraces (Figure 3-2D-E). The landscape characteristics of the lower catchment are a sharp 

contrast to the upper catchment. Intense dissection of the sedimentary bedrock has resulted in a 

Badlands landscape. As the channel network is confined between steeply sloping valley sides, 

there is minimal space for sediment storage (Figure 3-2F-H). 
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Figure 3-2: Geology of Garang catchment and examples of variable landscapes found within the 

catchment. Photographs A and B from the upper catchment show broad alluvial plain 

and low-relief inactive alluvial fan surfaces that are typical of the area. A large fan 

(C) is located 3.5 km downstream from the upper reach of mainstem incision. 

Discontinuous floodplains (D) and mainstem incision through alluvial fan/terrace 

deposits (D, E) are common within the middle catchment. Highly dissected hillslopes 

and confined channels are common within the lower catchment (F, G, H). Geology is 

adapted from Qinghai Geology Bureau (1989) and Fang et al. (2005). Legend 

abbreviations include: conglomerate (cgl), sandstone (sst), siltstone (slst), and 

mudstone (mdst). 
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3.3 Methods 

3.3.1 Mapping of sediment storage and classification of tributary-trunk 
stream connectivity 

Sediment storage types within the Garang catchment were digitally mapped in ArcGIS 

using orthorectified 2.5 m resolution SPOT 5 satellite imagery. Extents and types of features were 

verified during field investigations in the summer of 2012. Four major types of sediment storage 

were identified: floodplain, alluvial fan, alluvial terrace, and alluvial plain. Further subdivision of 

active alluvial fans enables identification of smaller features that are inset within larger fans, while 

the inclusion of the alluvial fan/terrace category clearly differentiates areas where incision has 

carved a series of terrace surfaces into a formerly more extensive fan deposit from a more 

standard alluvial terrace deposit. 

Tributary-trunk stream connectivity was classified following slight modification of the 

scheme developed in Fryirs et al. (2007b) to allow for local variability. The original six categories 

developed for landscapes in Australia are extended to eight, with the addition of Types 7 and 8 to 

account for variations observed in the comparatively higher relief landscapes of the Garang 

catchment that are not present in the original Australian example (Figure 3-3). Types 1 to 3 

represent disconnected tributary-trunk stream relationships through either blockage within the 

channel or presence of a blocking feature near or at the valley floor. Types 4 to 6 represent 

connected tributary-trunk stream relationships, either directly, or through a non-impeding feature. 

Types 7 and 8 represent an intermediate connection, whereby there is evidence for intermittent 

blockage within the tributary channel (Type 7), or only a very minor portion of the upstream 

contributing area could be considered connected to the stream channel due to incision or greatly 

reduced size of the active channel area (Type 8). The stream network used for classification was 

generated using ArcHydro tools available in ArcGIS and the SRTM 1 arc-second global elevation 

data. Stream lines were generated using a channel initiation threshold catchment area of 500 grid 

cells (approximately 0.5 km2), as this was found to result in a stream network that most closely 

matched that seen in the satellite imagery and observed in the field. Tributaries were classified in 

GIS based on a combination of satellite imagery, the mapped sediment storage features, and field 

visit verification of accessible areas. 
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Figure 3-3: Classification scheme for tributary-trunk stream connectivity classification describing 

whether the tributaries are considered connected, disconnected, or conditionally 

connected. Adapted from Fryirs et al., (Figure 3, 2007b). 

 

3.3.2 Estimation of effective catchment area 

Estimation of the effective catchment area followed the methods of Fryirs et al. (2007b) 

that uses slope as a proxy for connectivity potential. Although many other factors may influence 

sediment connectivity between hillslopes and the channel network, slope is a primary determinant 

of stream power and can be a reasonable approximation of the energy available for sediment 

transport. It also has the advantage of being easily obtainable in data-sparse regions such as 

those found in the upper Yellow River basin.  

The first step was to buffer the stream network created using ArcHydro tools at a distance 

of 30 m, a distance selected based on the resolution of the input DEM data. The buffered 

streamlines were then converted to point features spaced 30 m apart, resulting in two lines of 

points that parallel the original streamlines on either side of the channel. The ArcHydro hydrology 

routines were then run again to calculate the subcatchment area that corresponds to each point 

feature. This allows for calculation of the subcatchment area that drains to every point, separated 
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into that draining to either side of the channel. The next step was to generate a slope raster from 

the original SRTM 1 arc-second DEM. The slope raster was used to create modified DEMs 

representing various slope thresholds by setting the DEM values to null where slopes were less 

than the threshold value. The modified DEMs were then used to generate new subcatchment 

areas in ArcHydro for each of the buffered stream line point features. These new subcatchments 

represent areas connected to the channel where slopes are greater than the threshold slope. The 

selection of an appropriate slope threshold value for the Garang catchment that represented the 

catchment-wide variability in effective catchment area was a matter of trial and error. Initial runs 

trialled the thresholds used in the original Fryirs et al. (2007b) study – 0.5°, 2°, and 25°; however, 

these were found unsuitable for the higher relief found within the catchment. Slope thresholds of 

0.5° and 2° were too low, showing nearly entire connectivity throughout the catchment, while a 

slope threshold of 25° implied connection only in the steepest upland slopes of the catchment. 

After some iteration of thresholds between 2° and 25°, a slope threshold of 8° was found to best 

represent effective catchment area within the Garang catchment, distinguishing between the wide 

swaths of disconnected alluvial fans within the upper catchment and the high connectivity 

observed within the steeper slopes of the lower catchment. To provide some measure of the 

uncertainty involved in the selection of slope threshold, a basic sensitivity analysis was 

performed. Increasing the slope threshold by 1 degree results in a decrease in effective 

catchment area of 8% (at a slope threshold of 9°), while a decrease by 1 degree (to a 7° slope 

threshold) increases the estimated effective catchment area by 9.4%.  

3.3.3 Calculation of connectivity index (IC) 

The topography-based index initially developed by Borselli et al. (2008) and later refined 

by Cavalli et al. (2013) was used to model the potential connectivity between hillslopes and the 

channel network of the Garang catchment. This algorithm allows for two outputs: i) an evaluation 

of the potential sediment connectivity within the entire catchment, from the hillslopes to the 

catchment outlet; and ii) the potential connection between the hillslopes and a target feature, in 

this case the Garang mainstem. These two options allow for an assessment of the potential for 

sediment to reach both the channel network, and ultimately, the catchment outlet. This index was 

developed for assessing sediment dynamics within the Italian Alps, an alpine environment with 
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topographic similarities to the Garang catchment. One of the refinements introduced by Cavalli et 

al. (2013) is the inclusion of topographic surface roughness as a weighting factor to model 

impedance to runoff and sediment delivery, rather than the soil and land-use criteria used by 

Borselli et al. (2008). Although it is acknowledged that vegetation and soil properties will influence 

sediment connectivity (Benda and Dunne, 1997a), the limited vegetative cover within the Garang 

catchment, and the relatively high relief signify that the topographic roughness would be the more 

appropriate weighting factor and was used within this study. 

The index algorithm is calculated for each raster cell of the input data and can be divided 

into two parts, an upstream and a downstream component. The upstream component (Dup) 

estimates the potential for downward sediment routing through a combination of average slope 

gradient ( ) and upslope contributing area (A), using an averaged weighting factor ( ) based on 

surface roughness or another user-defined metric. The downslope component (Ddn) calculates the 

flow path length to the target as a function of slope and the weighting factor chosen. Calculation 

of the upstream contributing area uses the multiple flow D-infinity algorithm (see Tarboton, 1997) 

to account for potential flow divergence on hillslopes, while the downslope component of the IC 

index assigns the steepest flow path using the D8 algorithm (see O'Callaghan and Mark, 1984). 

Equation (1) describes the calculation of the index of connectivity itself, where A is the 

upslope contributing area (m2) and  and  are respectively the average weighting factor and the 

average slope of the upslope contributing area (m m-1);  is the length (m) of the flow path along 

the ith raster cell along the steepest downslope pathway, and  and  are respectively the 

weighting factor and slope gradient of the ith raster cell. 

= =    
(1) 

Equation (2) represents the standardized weighting factor (W) that is calculated for each 

raster cell where  is the maximum value of surface roughness in the study area, with surface 

roughness ( ) representing the standard deviation of the residual topography (the difference 

between the original DEM and a smoothed version) (see Cavalli and Marchi, 2008). Calculation of 

both the residual topography and its standard deviation used a 5x5 cell moving window, with the 
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final calculation of surface roughness providing a measure independent from the effect of slope 

along the surface. 

=  
(2) 

A hydrologically corrected DEM is required to calculate the connectivity index (IC). For 

this study the SRTM global elevation data at both 1 and 3 arc-second (approximately 30 m and 

90 m) resolution was used as input in separate analyses, with the initial hydrological conditioning 

performed using the Breach Depressions tool available in Whitebox Geospatial Analysis Tools v. 

3.2. Subsequent analysis and calculation of the connectivity index were completed using Model 

Builder in ArcGIS 10.2 and algorithms available in TauDEM v. 5.1 (Tarboton, 2013). The 

unaltered SRTM data were used to calculate surface roughness for the weighting factor required 

for index calculation, using a 5 x 5 cell rectangular neighbourhood for calculation of the focal 

mean. Connectivity indices were initially calculated with respect to the Garang catchment outlet 

for both the 1 and 3 arc-second SRTM data, then the analyses were repeated using a polygon 

mask of the Garang mainstem channel as the target feature. To allow for comparison of the 

various model runs, the original output values of the connectivity index (IC) were normalized (IC’) 

into the range [0,1] using equation (3). 

=    
(3) 

 

3.4 Results 

3.4.1 Spatial pattern of sediment storage type 

Alluvial fans are the dominant form of sediment storage within the Garang catchment 

(Table 3-1), however their typical form varies spatially within the catchment. The upper catchment 

is dominated by very large, inactive alluvial fan deposits (Figure 3-2A-C). Current fan activity is 

limited to small areas that are generally slightly incised within the larger deposit. This contrasts 

with the lower catchment, where alluvial fan deposits are generally smaller and more active, 

contributing greater amounts of sediment to the channel network. Relic alluvial fan/terrace and 
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alluvial terrace deposits are present within the middle reaches of the catchment, where the 

Garang mainstem has incised through large tributary alluvial fan deposits in response to incision 

along the main Yellow River (Figure 3-2D-E). Floodplains on the Garang mainstem are 

discontinuous along its length, with their development limited by valley confinement (these are 

partly-confined valleys with bedrock controlled floodplain pockets, sensu Fryirs and Brierley, 

2010). The drainage divide at the head of the catchment is a low-relief, wide alluvial plain. Slope 

gradients do not vary greatly within the sediment storage types, with floodplain and alluvial plain 

deposits predictably having the lowest average gradients (Table 3-1). Overall, sediment storage 

within the Garang catchment is highly limited by accommodation space, with the unmapped areas 

of the catchment comprised of either exposed bedrock, or bedrock overlain by thin deposits of 

valley fill or colluvium. 

Table 3-1: Slope distributions for sediment storage types in the Garang catchment. Q1 and Q3 

refer to the 1st and 3rd quartile, respectively. 

Type 
Total Area 

(km2) 

% 
Total 
Area 

Min 

(°) 

Max 
°) 

Mean 
°) 

Q1 
(°) 

Median 

(°) 

Q3 
(°) 

Floodplain 2.70 7 0 48 5.7 3.3 4.3 7.4 

Alluvial fan 24.79 61 0 43 9.7 6.7 9.5 13.2 
Active 
alluvial fan 5.68 14 0 46 7.9 5.6 7.8 10.5 

Alluvial 
fan/terrace 6.20 15 0 30 9.0 5.8 8.5 12.3 

Alluvial 
terrace 0.84 2 1 29 9.4 6.9 9.3 12.3 

Alluvial plain 0.61 1 0 14 4.9 3.3 5.0 7.1 
 

3.4.1.1 Tributary-trunk stream connectivity 

Overall, the Garang catchment could be considered connected, with the majority of 

tributaries connected to the mainstem (Table 3-2); however, this misrepresents the spatial 

variation in the degree of connectivity (Figure 3-4). Disconnected tributaries are primarily found 

within the upper catchment, where there is a concentration of inactive alluvial fan deposits. 

Numerous tributaries within this area are limited to small areas of the fan deposit (Type 8), and 

end prior to reaching the valley floor (Type 2). Channels that have been delineated using the 

DEM data are commonly blocked or have a discontinuous partial channel in the satellite imagery 

(Type 3). Once the mainstem begins to incise through the tributary deposits (a response to Yellow 
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River incision), approximately 4 km downstream from the headwaters, the pattern of connectivity 

changes, with Type 4 and 5 connectivity becoming prevalent. Direct connection at the valley wall 

(Type 6) is common within the lower catchment, where bedrock is close to the surface and 

accommodation space is limited relative to the upper catchment. Types 7 and 8 intermittent 

connectivity are more common within the southwest of the catchment, where there is a low-relief 

erosional surface at the tributary headwaters. Occasional small depressions are located along the 

tributaries in this region, acting as channel blockages in times of lower flow, while tributary 

headwaters tend to be incised within the main erosional surface. Type 1 disconnectivity is 

apparent in a few select channels near the catchment outlet, where small, steeper tributaries are 

able to bring sediment to the mainstem valley floor, but the greater accommodation space allows 

for a sizeable buffer deposit that exceeds the ability of these smaller tributaries to breach it. 

 

Table 3-2: Classification of connectivity types in the Garang catchment. 

 Connectivity Type Number of 
instances (km) 

% of total 
 

1 Disconnected at valley floor 5 5.0 2 
2 Disconnected before valley floor 26 35.3 13 

3 Disconnected, blocked channel 18 9.3 3 

4 Connected through continuous buffer 10 15.2 5 

5 Connected through discontinuous buffer 73 86.4 31 

6 Connected at valley wall 51 44.4 16 

7 Intermittent connection; blockage in channel at 
times 

22 36.1 13 

8 Intermittent connection; most upstream area 
disconnected 

6 7.0 3 
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Figure 3-4: Effective catchment area (8° slope threshold) and distribution of sediment storage in the Garang catchment.
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3.4.1.2 Effective catchment area 

At a slope threshold of 8°, the effective catchment area of the Garang catchment covers 

136 km2, or approximately 58% of the total catchment area, with 42% of the catchment not 

contributing to sediment delivery. This choice of slope threshold agrees well with the distribution 

of sediment storage within the upper catchment, namely the wide swaths of inactive alluvial fan 

deposits, as well as highlighting the low-relief erosional surface found within the lower southwest 

area of the catchment where thin layers of valley fill overlie bedrock (Figure 3-4). This slope 

threshold likely underestimates effective catchment area within the lower southeast corner of the 

catchment where field investigation indicates the hillslopes are closely coupled to the drainage 

network. This is due to the 0.5 km2 channel initiation threshold catchment area being too large to 

account for these smaller areas. It is widely recognized that selecting one channel initiation 

threshold is problematic in analysis of disparate landscapes, as the hydrologic and geomorphic 

processes controlling channel initiation vary (see Montgomery and Dietrich, 1992; Istanbulluoglu 

et al., 2002; McNamara et al., 2006).  

3.4.2 Spatial pattern of sediment connectivity index 

The spatial pattern of the calculated connectivity index (IC) is displayed in Figure 3-5 for 

both the catchment outlet and mainstem target model runs. For the catchment as a whole, higher 

IC values are associated with the higher relief tributary headwaters. They are also concentrated 

close to the catchment outlet due to the combination of higher slopes and shorter distance to the 

outlet. Lower IC values are nicely associated with the wide, low-relief alluvial fan and alluvial plain 

deposits within the upper catchment, as well as on the upper regions of the erosional surface in 

the southwestern part of the catchment. The flat tops of the alluvial fan/terrace deposits that the 

trunk stream has incised through within the middle catchment are also apparent as areas of lower 

connectivity.  
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Figure 3-5: Index of connectivity (IC) for the Garang catchment calculated using a GIS approach 

(see Cavalli et al., 2013) on 1-arc resolution SRTM data; IC values have been 

normalized to aid in comparison. Arrow indicates the fan located approximately 7.5 

km downstream of the headwaters discussed in the text. 

 

3.4.2.1 Issues of scale 

The connectivity indices calculated using the SRTM 3 arc-second (~90 m) data are 

illustrated in Figure 3-6. Although the general patterns apparent in the SRTM 1 arc-second (~30 

m) run (Figure 3-5) are visible, there are noticeable disparities due to the difference in resolution. 

Overall, the lower resolution data cannot differentiate as clearly between areas of distinct relief, 

potentially resulting in misleading interpretations of the dataset. One prominent example is the 

large fan entering on the south bank located approximately 7.5 km downstream from the 

mainstem headwaters (Figure 3-2C). The higher resolution data correctly show this area as 

largely being an inactive fan surface, with much smaller active areas. This is obscured in the 

lower resolution data, and one could reasonably assume this is a large active, highly connected 

fan without knowledge of the area. These disparities are also apparent within the IC run targeting 

the mainstem, where the higher resolution dataset is able to resolve the small, steep slopes 
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adjacent to the channel in the lower portion of the catchment, such that comparatively higher 

connectivity values are assigned relative to the lower resolution run. 

 

 

Figure 3-6: Index of connectivity (IC) calculated for the Garang catchment using a GIS approach 

(see Cavalli et al., 2013) on 3-arc resolution SRTM data; IC values have been 

normalized to aid in comparison. Arrow indicates the fan located approximately 7.5 

km downstream of the headwaters discussed in the text. 

 

3.4.3 Comparison of two methods

Figure 3-7 presents an overlay of the mapped sediment storage and trunk-tributary 

connectivity with the IC value calculated for the Garang catchment outlet (1-arc resolution SRTM 

data; approximately 30 m DEM). Generally, the patterns shown by the IC index agree with the 

mapped sediment storage distribution. The large alluvial fan and fan/terrace deposits within the 

upper and middle catchment align well with the lower values of the connectivity index. Tributary-

trunk streams classified as connected generally extend into the tributary headwaters with higher 

IC values. However, there are locations where tributary streams are classified as disconnected, 

either due to buffers present along their length or partial channel blockages that were not picked 

up by the connectivity index and have a high IC value. This is particularly the case where the 
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impeding buffer is relatively small, or the partial channel is not overly incised into the landscape. 

The alluvial fans near the bottom of the catchment are an example of the smaller buffers where 

contemporary breaching has not occurred, while an example of the latter is the relict distributary 

channels on the alluvial fan surfaces within the upper catchment. Where tributaries are highly 

incised within the lower Garang catchment, the high IC values agree well with the tributary-trunk 

stream classification of Types 5 and 6.  

 

Figure 3-7: Overlay of sediment storage on GIS-calculated index of connectivity for the Garang 

catchment. 

 

Figure 3-8 overlays the effective catchment area with the connectivity index (1-arc 

resolution SRTM data; approximately 30 m DEM). Within the upper and middle catchment the two 

methods largely show agreement, with the effective catchment areas generally outlining the 

higher IC values. Where this relationship breaks down to some extent is within the lower 

catchment area, where high IC values do not correspond to effective catchment areas as defined 

by this study. As discussed earlier, this is likely due to the single value for channel initiation 
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threshold area being set too high to effectively represent this region of the catchment. Field 

observation and examination of satellite imagery indicate a highly dissected and erodible 

landscape, corroborating the high connectivity values of the IC index within this area. Overall, 

given that slope plays a critical role in both methods used within this study and that both are 

dependent on calculation of hydrologic connectivity by way of steam delineation, it is expected 

that the results would align in large part.  

 

Figure 3-8: Overlay of effective catchment area (8° slope threshold) on GIS-calculated index of 

connectivity for the Garang catchment. 

 

3.5 Discussion 

A comparison between the calculated IC index and the geomorphological mapping 

techniques proposed by Fryirs et al. (2007b) highlights both the usefulness of a rapidly calculated 

metric in providing a visual representation of catchment connectivity, and the critical importance of 

needing to base these metrics in site-specific knowledge through geomorphologic mapping and 

field investigation (as noted by Messenzehl et al., 2014). In areas of limited data availability and 
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accessibility, such as within the upper Yellow River, the ability to rapidly calculate metrics such as 

the IC index with freely-available data is a valuable asset, yet care must be taken to ensure the 

output is meaningful. At the catchment-wide scale the spatial patterns of the IC index calculated 

within this study are in general agreement with the geomorphological mapping and landscape 

characteristics observed in the field. However, the index is based on relatively simple 

geomorphometrics, and can be misleading at a more localized scale. This can be a result of 

insufficient data resolution, where smaller impedances to connectivity are unable to be resolved; 

however, a more fundamental issue is that this method cannot take into account the geomorphic 

processes responsible for (dis)connectivity and the relevant magnitude-frequency distributions.  

Although the approach proposed by Fryirs et al. (2007b) does not assess these variables 

in an explicit manner, field geomorphic mapping allows for inferences to be made as to dominant 

process type and general activity levels (see Fryirs and Brierley, 2013). For example, the 

topography, landform distribution and disparate geology of the catchment provide insights into 

controls on erosional and depositional processes and associated implications for controls upon 

the distribution of sediment stores/sinks and the effectiveness of reworking processes (cf., Fryirs 

and Brierley, 2001). Many of the upper hillslopes within the catchment have relatively high IC 

values that are quite similar throughout the catchment, a reflection of similar slope steepness and 

high surface roughness. However, field mapping indicates that the potential for sediment 

generation, as well as activity level of these upland regions, varies greatly within the catchment. 

The granites present within the upper catchment are relatively resistant to erosion, and much of 

the sediment generated from these areas through infrequent rockfalls and rock slides remains on 

hillslopes or inactive surfaces of alluvial fans, disconnected from the channel network. The 

primarily sedimentary rocks within the lower catchment are a sharp contrast. These are highly 

erodible rocks, and although slope angles may be similar, the degree of lateral connectivity is 

much higher, with hillslope materials more likely to reach the channel network. The potential for 

significant sediment generation from steep hillslopes within the lower catchment is thus much 

greater; however, these types of nuances cannot be resolved from the calculation of the IC index 

as it was applied here. As noted by Wainwright et al. (2011) and Bracken et al. (2015), these are 

critical considerations in process-based interpretations of sediment connectivity. 
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Based on geomorphologic mapping and field investigations, the Garang catchment can 

be divided into distinct geomorphic zones, an upper and lower catchment zone, separated by a 

transitional zone. Each zone is characterized by distinct landscape configuration and dominant 

geomorphic processes. An examination of IC values (prior to normalization) within the catchment 

lends tenuous support to this division, as median IC values for alluvial fans within the upper 

catchment are lower (-5.0) than their counterparts in the lower catchment (-4.7). Given that the 

majority of sediment stores within the Garang catchment are alluvial fans, the differences 

between zones is readily apparent in the changing characteristics of these deposits. 

The upper zone, at elevations between 3550 to 3700 m, is characterized by highly 

disconnected landscapes of relatively low-relief. This is a wetland-dominated area with permafrost 

close to the surface. Hillslope processes are characterised by occasional rockfalls and rockslides 

within exposed bedrock regions of the uppermost hillslopes, with thaw-induced shallow landslides 

common on the lower-elevation gentle hillslopes of the area. Accommodation space is relatively 

high, with large amounts of sediment stored in the form of broad inactive alluvial fans, and an 

ancient (inherited) alluvial plain that defines the headwaters of the catchment (Figure 3-4). 

Sediment input to the mainstem is low, and dominant inputs are from localized reworking along 

the mainstem channel and within much smaller active fan deposits that are inset within the large 

paleofan surfaces. The low connectivity of this zone is corroborated by both methodologies, with 

concentrations of low IC values delineating the large inactive surfaces, and the predominance of 

Type 2 and Type 8 tributary-trunk stream connectivity indicating either the modern tributary fans 

fail to reach the mainstem, or those tributaries that do provide longitudinal connection to the 

mainstem, yet are laterally disconnected from the surrounding hillslopes and fan surfaces.  

The transitional zone begins approximately 4 km downstream from the headwaters, at 

3550 m, and continues for 20 km downstream to 2460 m in elevation. The upper boundary is 

defined by the onset of incision of the mainstem through the broad paleofan deposits, and the 

subsequent tributary incisional response. This is evident as a knickpoint in the longitudinal profile 

(Figure 3-1C) and can also be seen in the tributary-trunk stream connectivity classification as the 

area where tributary streams become connected to the mainstem via this incisional response. 

This is particularly evident on the south side of the upper valley where tributary-trunk connectivity 

switches from Type 2/8 to Type 4/5. Accommodation space is greatly limited by this incision, 
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which increases the connectivity of this region. Tributaries that had developed large alluvial fans 

adjusted to a past base level have now incised through their former deposits in response to the 

mainstem incision. This has created a series of large alluvial fan/terrace deposits along much of 

this geomorphic zone (Figure 3-4). These large features are up to 2 km wide along the mainstem, 

with incision up to 50 m. Active alluvial fans in this zone are much smaller than their former 

counterparts, and are generally inset within the paleosurface. Floodplains have developed along 

the mainstem where accommodation space has allowed, and have their greatest extent in the 

upper portions of the zone. Bedrock is closer to the surface within the zone, and begins to outcrop 

within the mainstem midway through the zone. The IC index is highly variable within this zone. 

Steeper hillslopes have high IC values, while the relatively flat surfaces of the alluvial fan/terrace 

deposits have low IC values. This is reflective of the general connectivity characteristics seen in 

the field, where upland slopes are connected to tributary channels, yet this relationship breaks 

down as the tributary is incised through the fan deposits, minimizing potential for reworking of 

these large sediment stores beyond that seen at a very small, localized scale.  

The downstream zone consists of the lower 12 km of the mainstem, from 2460 m to the 

Yellow River confluence at 2200 m. Its upper boundary is marked by the end of the continuous 

alluvial fan/terrace deposits, at a point where the valley narrows further due to strong bedrock 

control. This lower zone is a highly dissected region with channels that are generally highly 

confined and incised within bedrock valleys (Figure 3-2F-H). Accommodation space is very limited 

and sediment storage is minimal, with higher potential for reworking. Both lateral and longitudinal 

connectivity are relatively high, with hillslopes able to contribute significant sediment to the 

channel network. This is reflected in higher IC values, particularly near the bottom of the 

catchment, where short tributaries with relatively steep side hillslopes are indicated as highly 

connected to the channel network. Tributary-trunk stream connectivity in the region is dominated 

by Types 5/6, reflecting the smaller accommodation space that limits the formation of impeding 

features. One discrepancy noted previously is observed within a few small tributaries of the lower 

catchment, as alluvial fans currently act as impeding features on the mainstem valley floor (Type 

1 disconnectivity). At these locations there is a local increase in accommodation space within the 

main valley due to proximity of the Yellow River confluence and resulting development of a fan at 

the mainstem outlet. This has created the space necessary for the present fans to act as 
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impeding features to select tributaries along this lowermost portion of the catchment. This is a 

localised phenomenon not captured within the IC index. 

The Garang catchment presents an interesting case study of highly contrasting landscape 

zones adjacent to an actively uplifting setting. The imprint of basin infilling and incisional response 

highlights how landscape history influences connectivity relationships over time (cf., Li et al., 

2015). The long-term evolution of the Garang catchment exerts a major influence upon the 

landscape dynamics observed today (i.e. the landscape retains a distinct ‘memory’ of the past; 

Brierley, 2010). This provides the fundamental control upon the development of the contrasting 

landscapes within the three distinct zones described above. Prior to incision along the Yellow 

River, and subsequent incisional response progressing up the Garang catchment, this area would 

have been part of a lower-relief infilled basin with landscape dynamics likely similar to those seen 

within the upper catchment zone today (Fothergill and Ma, 1999). As the Yellow River incised 

through the area, the catchment adjusted to falling base level. Incisional response along the 

Yellow River is evident in the low-relief erosional surface discussed previously in the southwest 

region of the Garang catchment that is dissected by narrow contemporary tributaries. Incisional 

response along the Garang mainstem itself is evident in the demarcation of the three zones within 

the catchment. Foremost among this is the boundary between the upper and transitional zones 

that marks the extent of incision within the catchment. Below this point the mainstem begins to 

rapidly incise through past sediment stores. The large alluvial fan/terrace features that comprise 

most of the sediment stores within the transitional zone are a product of stepped incision of the 

mainstem channel, and tributary response to the incision. The initial fan formation in the middle 

Garang catchment would have resulted from vast quantities of sediment available at the onset on 

incision, signifying activity and sediment delivery levels that are not evident today. The type of 

stepped response seen here is similar to that observed at a larger scale within the upper Yellow 

River itself, as evidenced by large terraces preserved within the Tongde and Gonghe sedimentary 

basins upstream (Craddock et al., 2010; Perrineau et al., 2011).  

In contrast to the upper and middle reaches, the lower Garang catchment reflects a post-

incisional landscape that is operating under contemporary sediment regimes, with the upstream 

boundary defined by significant valley narrowing that limited development of the alluvial 

fan/terrace deposits. Any large sediment stores that may have existed as a result of basin infilling 
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and subsequent incision within this lower zone have largely been eroded from the catchment. 

Small, isolated areas of remnant basin fill deposits provide evidence for their previously more-

expansive existence. Current sediment stores within this area largely reflect contemporary 

deposits. The limited accommodation space allows for frequent reworking. Although the values of 

the IC index reflect the overall connectivity characteristics within the catchment at present, the 

strong imprint of past processes on contemporary sediment dynamics within the Garang 

catchment highlights the need to place such metrics in the context of the long term basin history 

in order to understand contemporary patterns of landscape connectivity. In summary terms, the 

upper and middle landscape compartments of this catchment retain a strong memory of past 

controls upon basin fill and incisional landscapes, the record of which has been largely erased by 

sediment reworking in the lower landscape compartment (cf., Brierley, 2010).  

Procedures used here provide a somewhat static and qualitative view of landscape 

connectivity. Ideally, the methodologies applied in this study would be supplemented by 

magnitude-frequency analyses of formative hillslope and valley floor processes that influence 

changing landscape connectivity relationships over time, thereby adding more substantive 

insights into the dynamics of sediment cascades in this catchment. In the Garang catchment, this 

needs to be extended through analysis of longer-term landscape evolution, as the contemporary 

degree of connectivity appears to be lower than at the height of incisional adjustment, as much of 

the available basin fill sediment has already been eroded from the catchment. Remnant sediment 

stores are left high above the tributary and mainstem channels, effectively removed from the 

contemporary catchment sediment cascade. This restricts active contemporary sediment 

processes to a smaller proportion of the catchment. However, without appropriate controls, such 

as extensive dating within the deposits, definitive conclusions on the changing nature of sediment 

dynamics and connectivity over time remain elusive. It is likely that ages of sediment and basin 

fills range from 102 to 106 years, constrained at the upper end by the onset of Yellow River 

incision within the area (see Fang et al., 2005); however, a detailed chronology is unavailable. 

The application of the IC index in this study is somewhat outside of the original 

environments and scale for which it was developed. Although the size of the Garang catchment is 

of the same order of magnitude as the original Borselli et al. (2008) model application, Cavalli et 

al. (2013) examined connectivity in a very small alpine catchment, with availability of high-
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resolution DEM data. In comparison, overall basin steepness within the Garang catchment is 

lower and high resolution DEM data is unavailable. Findings from this study highlight the need for 

topographically-informed measures of landscape connectivity that meaningfully consider the 

designation of process-based zone boundaries, supporting analyses of controls of their 

distribution. While the zone boundaries within the Garang catchment were defined based on field 

investigation and geomorphic mapping, the IC index as applied within this paper is unable to 

pinpoint the zonal boundaries. The development of such measures and approaches must be 

grounded using site-specific knowledge, which may be as simple as including information on 

geology, land-use, vegetation or channel cross-sectional geometry to accentuate zonal 

boundaries and fundamental changes in connectivity relations. Including this type of information 

as additional weighting factors in calculation of the IC index may have improved its interpretative 

value. While the IC index provides a good visual overview of areas of relatively higher and lower 

connectivity, the metric in itself is relatively meaningless as landscapes of similar values can be 

the result of highly variable processes and behave very differently. However, the value of the IC 

index lies in its ability to rapidly present a visual overview of relative connectivity relationships 

within a catchment, allowing for focusing of field investigations to areas of potential interest.  

Findings from this study suggest that the chosen scale of analysis and associated indices 

of landscape connectivity should relate directly to formative processes (i.e. the ‘topographic grain’ 

or ‘signature’) of a given landscape. Given limitations outlined in this study, existing approaches 

to analysis of landscape connectivity are better viewed as comparative (relative) tools, with the 

prospect that more refined, truly quantitative and process-based measures will enable ‘absolute’ 

assessments of landscape connectivity in the future. In light of these considerations, caution is 

urged in the derivation and application of automated procedures to ‘measure’ landscape 

connectivity, and efforts should continue to map landforms as agents of (dis)connectivity, giving 

due regard to their process-based role. Unless these steps are taken, connectivity analyses could 

engender the same cynicism and uncertainties that continue to haunt analyses of sediment 

budgets and sediment delivery ratio (see Parsons et al., 2006; Parsons, 2012). Ideally, these 

analyses would entail closed-system assessments where near-complete sediment capture allows 

closure of sediment budgets over a given timeframe (Hoffmann, 2015). In these situations, 

modification of 1-D modelling procedures to reconstruct long-term changes to sediment flux (as 
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shown over Holocene timeframes by Tunnicliffe et al. (2012)) could be extended to incorporate 

quantitative assessments of changes to landscape connectivity over time, showing which parts of 

the landscape contribute to sediment delivery during differing evolutionary phases. 

Additionally, in assessing linkages between landscape compartments, further analysis is 

required into the role of catchment-shape, tributary-trunk stream relations and transitions along 

longitudinal profiles as potential tools to support broader-scale analyses of landscape connectivity 

(cf., Ferguson et al., 2006; Czuba and Foufoula-Georgiou, 2014, 2015). Building upon the simple 

categorization of tributary-trunk stream connectivity presented in Figure 3-3, an assessment of 

what types of connectivity occur in different landscape settings is required. In the case study 

outlined here, fundamental transitions in geomorphic process relationships and associated 

landscape connectivity are demarcated above and below the knickpoint on the longitudinal profile 

of the Garang catchment. In this instance, although the high degree of landscape dissection 

implies high connectivity in the lower catchment of the Garang, much of the readily available 

sediment stores have already been depleted in this bedrock-based Danxia landscape. In contrast, 

many significant stores in the mid-catchment transition zone remain prone to reworking. 

Importantly, once these materials are made available to the mainstem channel, they are readily 

flushed through the lower catchment as limited accommodation space in that zone acts as a 

‘booster’ that enhances sediment transport through the area (cf., Fryirs et al., 2007a). Findings 

from this study also highlight the critical importance of landscape evolution studies to evaluate 

and contextualize the dynamic nature of connectivity relationships in any given catchment. 

Understanding how landscape connectivity varies over time within contrasting landscapes is still 

lacking. Building upon an inventory from differing tectonic and climatic settings would provide a 

basis to assess the variable impact of human disturbance upon connectivity relationships.  

3.6 Conclusions 

This study applies two methodological approaches to measuring degree of landscape 

connectivity and examining sediment dynamics within a small subcatchment of the upper Yellow 

River. The complexity of data requirements and remote nature of the study site prohibit a detailed 

examination of geomorphic process; however, patterns and varying degrees of connection are 

apparent within the highly contrasting landscapes of the Garang catchment. The IC index 
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calculated here showed general agreement with inferences on connectivity construed from field 

and imagery-based investigation, and successfully identified areas of low connectivity on low-

relief large inactive alluvial fans and fan/terraces of the upper and middle catchment. However, 

the IC index bases its determination of connectivity on a narrow set of specific geomorphometric 

parameters, discounting forms of connection that do not fit into these boundaries. Cell-based 

morphometrics, as applied here, are also incapable of differentiating between landforms and 

activity levels of separate sediment stores that may be evident in the field. While metrics such as 

the IC index are useful and are a good visual tool to quickly assess broad patterns of connectivity, 

care must be taken to ensure their results are meaningful. The Fryirs et al. (2007b) approach 

applied here relies primarily on geomorphic mapping but provides valuable insight on the 

distribution of sediment storage within the catchment, as well as the various impedances to 

sediment connectivity. This method allows for landscape dynamics within the Garang catchment 

to be placed in the context of the long term basin history and provides a helpful physical template 

that can be used to support more detailed examinations of sediment flux.  
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ABSTRACT 

Forms of sediment storage, and the rates at which sediment stores are reworked, vary 

markedly in different landscapes settings, with profound implications for landscape connectivity, 

and variability in the continuity of sediment transfer through a catchment. This study evaluates 

changing landscape connectivity relationships within the dramatically incised landscapes of the 

upper Yellow River, where basin fill deposits of alluvial and lacustrine sediments up to 1200 m in 

depth have been extensively reworked following incision by the Yellow River. The Garang 

catchment (236 km2) is a tributary of the Yellow River that has been greatly impacted by this 

incision. Extensive field and GIS-based analyses highlight the very patchy, discontinuous 

distribution of sediment stores in Garang catchment. Volumetric estimates of sediment storage 

were obtained through a combination of field-based mapping, GPR transects, and GIS-based 

analyses. Sediment stores cover 20% of the Garang catchment, with an estimated volume of 

474.0 x 106 m3. Fans and terraces reworked from basin fill deposits, and associated cut and fill 

terrace features, are the dominant forms of sediment storage (around 90% of total). OSL and 14C 

dating indicate residence times of 103 – 104 years. Sediments within the upper catchment lie 

above the regional basin fill level, with extensive shallow angle fans lining the wide valley floor of 

an ancient river course. The highly disconnected nature of this zone contrasts markedly with the 

more connected landscapes of dissected basin fill deposits downstream (the lower part of the 

catchment is a dissected sandstone (Danxia) landscape). The cumulative volume of sediment 

stores along the course of the Garang mainstem increases downstream in a linear manner, with 

relatively high volumes of sediment storage in the upper zone, significant volumes of reworked 

sediments in mid-catchment, and relatively low volumes of sediment storage along the lower 
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course. Findings of this paper inform interpretations of long-term landscape evolution and 

associated changes to connectivity relationships in this dramatically transformed landscape. 

Keywords: sediment storage, sediment reworking, fan, terrace, landscape connectivity, incision, 

landscape evolution, landscape memory 

4.1 Introduction 
Complex systems thinking that addresses the continuum of sediment dynamics within a 

landscape is replacing more simplistic notions that consider sediment flux in an ‘averaged’ sense 

at the basin scale (e.g. Phillips, 2003b; Hinderer, 2012; Hoffmann, 2015; Romans et al., 2016). 

Looking at the system as a whole, and identifying the connections that facilitate or impede 

sediment movement within a catchment, is central to these applications (see Fryirs, 2013). 

Although patterns and rates of sediment flux vary markedly in different settings, quantitative 

information on the distribution and make-up of sediment stores, framed in relation to long-term 

evolutionary analyses of their formation and reworking, is lacking in assessment of changing 

connectivity relationships for many landscapes. This paper examines the complexity of patterns of 

sediment deposition and reworking within the Garang catchment, a tributary of the upper Yellow 

River basin near Guide in Qinghai Province, western China (Figure 4-1). Findings of this study 

add to the range of landscape settings in which catchment-scale patterns of sediment storage 

have been assessed. 

The sediment delivery problem outlined by Walling (1983) indicates how and why only a 

fraction of eroded sediment within a catchment reaches the basin outlet. As noted in the recent 

review by Fryirs (2013), much of the discrepancy between sediment erosion and basin yield can 

be explained through the role of sediment storage. In many catchments, internal sediment 

dynamics are dominated by long periods of sediment storage punctuated by short intervals of 

transport (see Harvey, 2002; Otto et al., 2009). Hence, efforts to explain variability in sediment 

flux must consider the spatial distribution and nature of sediment stores within a catchment, and 

appraisals of the linkages between these features (Brierley et al., 2006; Wainwright et al., 2011). 

Connectivity may manifest as direct physical contact between landscape compartments, or 

transfer of material between compartments that are not physically linked (Jain and Tandon, 

2010). Long-term changes to the interplay among landscape compartments determines the long-
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term sediment budget (Bracken et al., 2015). Effective timescales of connectivity vary depending 

on the magnitude-frequency characteristics of the hillslope and valley floor processes under 

consideration, and the operation of ‘switches’ (thresholds) which turn on/off the connectivity of 

sediment conveyance pathways through a river system as impediments are breached (Fryirs et 

al., 2007a; see also Harvey, 2002; Hooke, 2003, 2015; Reid et al., 2007). These relationships 

vary with scale (Church, 1996; Bracken et al., 2015). In many instances, contemporary sediment 

dynamics can only be explained through assessment of the long term, evolutionary context. 

Dramatic landscape changes may bring about fundamental transformations in connectivity 

relationships. This is the case in the Garang catchment, where contemporary sediment dynamics 

contrast starkly with former phases of basin infilling (sedimentation) that preceded knickpoint 

retreat and incision of the upper Yellow River over the last 1.8 million years (Fang et al., 2005; 

Craddock et al., 2010; Perrineau et al., 2011; Nicoll et al., 2013). 

Landscape setting exerts a primary control upon patterns of sediment storage within a 

catchment. Numerous studies have highlighted the influence of landscape structure upon 

drainage network configuration, providing a first order guide into pathways and rates of sediment 

flux through catchments (e.g. Rice, 1999; Richards, 2002; Benda et al., 2004; Ferguson and 

Hoey, 2008). A suite of recent modelling applications has accompanied these developments (e.g. 

Czuba and Foufoula-Georgiou, 2014, 2015). Ultimately, conveyance of materials through a 

catchment is contingent upon connectivity relationships. A combination of slope (relief) and 

accommodation space for sediment storage (typically fashioned by valley width, downstream 

changes in base level, and tributary-trunk stream relationships along the river course) exerts a 

critical influence upon these relationships. 

Rivers can only rework the sediments that are made available to them. A combination of 

geographical and historical factors fashion contemporary sediment flux in any given setting 

(Phillips, 2007) In many tectonically uplifting landscapes, hillslope processes directly transfer 

sediments to valley floors where they are actively reworked within relatively confined valleys (e.g. 

Korup, 2013; Kuo and Brierley, 2014). Elsewhere, rivers in tectonically stable landscapes at plate 

centre settings may receive only a small proportion of their contemporary sediment load directly 

from hillslopes, as channels rework sediment stores on their valley floors (e.g. Fryirs and Brierley, 

2001; Prosser et al., 2001; Wasson et al., 2002). In other instances, reworking of older (often 
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ancient) sediment stores is the primary component of the contemporary sediment load of rivers. 

Such is the case in rivers that drain from the loess plateau in China (Hassan et al., 2008), alpine 

landscapes of Europe (e.g. Messenzehl et al., 2014) or rivers that rework paraglacial sediments 

(Church and Slaymaker, 1989; Ballantyne, 2002; Tunnicliffe and Church, 2011). This study further 

exemplifies this theme, as the contemporary Garang River reworks sediment stores derived from 

past basin fills in the landscapes of the upper Yellow River.  

Nicoll and Brierley (2016) apply qualitative measures to show how landscape connectivity 

varies within the contemporary Garang catchment. In this paper, quantitative assessment of 

sediment distribution documents spatial variability in patterns and rates of sediment stores in this 

landscape. The objectives of this paper are to (i) examine the nature and pattern of sediment 

distribution within the Garang catchment; (ii) estimate the volume of sediment stores; (iii) assess 

and summarize factors controlling onward transfer of sediment through the catchment, and (iv) 

examine what the distribution of sediments reveals about incisional response within the 

catchment.  

4.2 Regional Setting 

The Garang catchment is a tributary of the upper Yellow River and is located at the 

northeastern edge of the Qinghai-Tibetan Plateau of western China (Figure 4-1). This high relief 

catchment covers 236 km2, ranging in elevation from individual mountain peaks in the upper 

catchment that extend above 4500 m to 2200 m at the confluence with the Yellow River (a 

distance of just 36 km). The catchment has a cold and semi-arid climate, with average annual 

temperature near 0° C (Fothergill and Ma, 1999). Mean annual precipitation at Guide 

(approximately 12 km upstream of the Garang-Yellow confluence) is approximately 250 mm. 

Nearly all precipitation falls during the summer months of June to August (Zhao et al., 2012). 
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Figure 4-1: Landsat 7 imagery overview of Garang catchment (A) and its location within the upper 

Yellow River basin (B) of central and western China. The approximate boundaries of 

the incised sedimentary basins (see text) are shown (C). The Garang catchment is 

located in the northeast corner of the Guide sedimentary basin. 

 

The history of plateau uplift and subsequent Yellow River incision through the area has 

profound implications for contemporary sediment dynamics. While the exact mechanisms and 

timing of uplift of the Qinghai-Tibetan Plateau remain contested (Yuan et al., 2013; Hough et al., 

2014), evidence suggests that initial deformation of the northern region occurred ~45 Ma (Clark et 

al., 2010). Later deformation in the area (~20 to ~15 Ma) was accommodated by a series of 

strike-slip and thrust faults, resulting in the emergence of smaller mountain ranges that split the 

initial wider basin into a series of smaller, adjacent basins (Yuan et al., 2013). A thick series of 

sedimentary fills was developed under these closed basin conditions, with sediments locally 

sourced through alluvial fans, braided streams, and deltaic-lacustrine deposits (Liu et al., 2013). 

The upper Yellow River crosses three of these sedimentary basins over a distance of 250 km – 

the Tongde, Gonghe, and Guide sedimentary basins (Figure 4-1C). Basin fills extend up to 1200 

m thick, with a regional basin surface level around 3200 – 3250 m (Perrineau et al., 2011).  

The Garang study catchment is located in the northeastern corner of the Guide 

sedimentary basin (Figure 4-1C). Basin fill deposits within this basin consist of a series of 

Neogene clastic sedimentary rocks. These sediments overlie the granites, phyllites, schists and 
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slates of the Precambrian and Triassic basement rocks (Figure 4-2; Fang et al., 2005). Lacustrine 

sediments at the top of the basin fill in the area have been dated to approximately 1.8 Ma, 

demarcating the upper limit for transition from basin filling to excavation within the area (Fang et 

al., 2005). This change is likely linked to the establishment of external drainage and the 

appearance of the Yellow River as it progressed upstream through headward erosion (Craddock 

et al., 2010). Upstream progression of Yellow River incision was relatively rapid, estimated at 

~350 km Myr-1 (Craddock et al., 2010). Terraces preserved within the sedimentary basins indicate 

that Yellow River incision was transient; dating on terraces preserved in the upstream Tongde 

and Gonghe sedimentary basins indicate vertical incision rates on the order of 1-9 mm yr-1 

(Craddock et al., 2010; Perrineau et al., 2011). Due to the headward progression of incision within 

the area, the Guide sedimentary basin is highly dissected compared to upstream basins. Virtually 

no remnants of the original basin surface remain preserved intact in the contemporary landscape 

of the Guide basin; in addition, there is no preservation of extensive terrace sequences such as 

those seen in upstream basins (Craddock et al., 2010). 

The complex history of tectonic activity and responses to incision is reflected in the 

contemporary landscapes of the Garang catchment. Over its 36 km length, the contemporary 

Garang mainstem flows through three distinct geomorphic zones that are defined by highly 

disparate assemblages of landforms (and associated geomorphic processes; see Nicoll and 

Brierley, 2016). Low-relief paleofan and alluvial fan deposits dominate the upper catchment 

(Figure 4-2A/B). Drainage in the area is poor, with near to surface permafrost evident in 

exposures and wetlands present in low-lying areas of the valley floor (and adjacent fan 

complexes). Occasional rockfall and rockslides occur within the area, but hillslopes are generally 

disconnected from the channel network. At lower elevations within the middle catchment, the 

valley narrows and the Garang mainstem has incised through a series of large tributary alluvial 

fan deposits, leaving behind a cut and fill terrace sequence (Figure 4-2E). The lowermost 

catchment consists of highly dissected sedimentary bedrock (a Danxia landscape; see Peng, 

2001), with development of small alluvial fans and talus slopes that reach the confined mainstem 

channel, thereby restricting space for sediment storage (Figure 4-2G/H). The exception to this 

intensely dissected bedrock is the presence of a low-relief erosional surface within the lower 
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southwest of the catchment, consisting of a thin layer of alluvial valley fill overlying bedrock that is 

heavily incised by contemporary tributaries (see Nicoll and Brierley, 2016). 

 

Figure 4-2: Geology of Garang catchment and examples of landscapes found within the 

catchment. Photographs A and B show broad alluvial plain and low-relief inactive 

alluvial fan surfaces that are typical of the upper catchment. A large fan (C) is 

located 3.5 km downstream from the upper reach of mainstem incision. 

Discontinuous floodplains (D) and mainstem incision through alluvial fan/terrace 

deposits (D, E) are common within the middle catchment. Highly dissected hillslopes 

and confined channels are common within the lower catchment (F, G, H). Geology is 

adapted from Qinghai Geology Bureau (1989) and Fang et al. (2005). Legend 

abbreviations include: conglomerate (cgl), sandstone (sst), siltstone (slst), and 

mudstone (mdst). Adapted from Nicoll and Brierley (2016) with permission from 

Elsevier. 
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4.3 Methods 
Given limited data availability, various methods were combined and adapted to quantify 

sediment storage within the Garang catchment. Geomorphic mapping of sediment storage types 

was completed in a GIS using orthorectified 2.5 m resolution SPOT 5 satellite imagery. Extensive 

ground-truthing was undertaken to map the extents and types of features (summer 2012). Five 

major types of sediment storage features were identified: floodplain, alluvial fan, alluvial terrace, 

colluvium and alluvial plain (Table 4-1). The alluvial fan category was further subdivided to include 

active alluvial fan and alluvial fan/terrace to account for the specific morphologies present within 

the catchment. The active alluvial fan category refers to smaller features that are inset within 

larger fans, while the inclusion of the alluvial fan/terrace category clearly differentiates areas 

where incision has carved a series of terrace surfaces into a formerly more extensive fan deposit 

from a more standard alluvial terrace deposit (Table 4-1). 

Data on sediment thickness were derived from a combination of topographic field surveys 

and ground penetrating radar (GPR) transects. A total of 327 river valley cross-sections were 

collected in the field along the Garang mainstem and major tributaries, with additional locations of 

bedrock exposures mapped in the field using a handheld GPS. Cross-sectional surveys were 

completed with a handheld GPS and a Laser Technology TruPulse 200 laser rangefinder. The 

general nature of sediment exposures (degree of sorting, cementation, clast size) was noted in 

the field; however, detailed sediment logging was not undertaken. GPR surveys were conducted 

along transects within the upper catchment area to characterize the subsurface nature of the 

materials and provide depth to bedrock. A pulseEKKO Pro GPR system with a 50 MHz antennae 

(to improve penetration depth) was used to complete the survey. Common mid-point (CMP) 

surveys were conducted to determine the velocity required to calculate depth on the GPR profiles. 

Transect lines were surveyed using a Sokkia C330 auto level to provide topographic information 

needed to correct the GPR transects. In total, 4.4 km of transects along 14 profile lines were 

surveyed (located on Figure 4-1A). Post-processing of the data was conducted using the Sensors 

and Software Ekko View deluxe software package.  
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Table 4-1: Sediment storage feature types and associated characteristics within the Garang 

catchment. 

Feature 
Type  (m2) 

Position in 
Landscape Attributes  

Formative 
Processes 

Floodplain Flat elongate 
surface 

102 
- 
105 

Adjacent to 
modern stream 
channel, 
discontinuous 

Graded and well-
sorted 
unconsolidated 
deposits, silts to 
cobble 

Inset against 
valley bedrock 
margins or 
confined by 
terraces and 
alluvial fan 
deposits 

Fluvial 

Alluvial 
plain 

Gently 
sloping plain 

105 
- 
105 

Forms the 
headwaters of 
the Garang 
catchment 

Poorly to 
moderately 
sorted, 
unconsolidated 
sands and gravels 

Downstream 
boundary marked 
by alluvial fan 
surface 

Fluvial 

Colluvium Conical 
(debris fan) or 
steeply 
sloped 
surface (talus 
sheet) 

102 
- 
104 

Found adjacent 
to steep bedrock 
surfaces 

Generally poorly 
sorted, 
unconsolidated 
gravel to boulder 
size materials 

Deposited along 
steep bedrock 
slopes or overlie 
alluvial deposits 

Gravitational 
hillslope 

Alluvial 
terrace 

Flat or gently 
sloping 
elongate 
surface 

103 
- 
105 

Elevated former 
floodplain surface 
within river valley 

Moderately to 
well-sorted sands 
to cobble sized 
materials, 
occasional 
boulder 

Inset against 
bedrock valley 
margin, not 
associated with 
alluvial fan 
deposit 

Fluvial 

Alluvial fan Conical 102 
- 
106 

Radiates from 
tributary 
networks where 
stream emerges 
from confinement 
(bedrock or other 
deposit) 

Poorly to 
moderately 
sorted, 
unconsolidated 
sands and 
gravels, 
occasional 
boulders 

Upper deposits 
bound by 
bedrock valley 
walls, commonly 
coalesced with 
other alluvial fans 
in upper 
catchment  

Fluvial 

Active 
alluvial fan 

Conical 102 
- 
105 

Commonly 
incised within 
larger alluvial fan 
deposit, marked 
by evidence of 
recent activity 
(vegetation 
disturbance) 

Unconsolidated 
sands and 
gravels, 
occasional 
boulder; silts 
within lower 
catchment 

Upper deposits 
bound by 
bedrock valley 
walls, lower 
reaches 
commonly 
confined by 
inactive alluvial 
fan deposits 

Fluvial, minor 
debris flow 
activity 

Alluvial 
fan/terrace 

Flat or gently 
sloping 
elongate 
surface, 
stepped 
downwards to 
modern 
channel 

102 
- 
106 

Found within the 
incisional 
landscapes of the 
middle 
catchment, 
adjacent to 
modern channel 

Moderately to 
well-sorted sands 
and gravels, 
boulders, some 
degree of 
consolidation 

Bound by valley 
margins and 
contemporary 
river valley, 
associated with 
formative 
tributary 

Fluvial, 
incisional 

 

Final sediment volumes were calculated for each mapped sediment storage unit by 

differencing the contemporary landscape surface from the underlying bedrock surface and 

multiplying by the grid resolution. The SRTM 1 arc-second global elevation DEM data were used 

to derive the contemporary surface, with a horizontal resolution of approximately 30 m. This grid 

was resampled to 5 m cell size using bilinear interpolation to improve extraction of sediment 
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thickness along individual feature boundaries in later processing steps. After trialling various 

interpolation techniques, creation of the bedrock surface using the ANUDEM algorithm 

(Hutchinson, 1989) was found to produce the most satisfactory results. The algorithm is an 

adapted spline interpolation that imposes constraints to prevent spurious sinks being formed in 

the output (Hutchinson, 1989). It has been used in similar studies to produce realistic results, 

particularly when dealing with diverse data inputs and enforcing concave profiles (Jordan, 2010; 

Linsbauer et al., 2012; Fretwell et al., 2013).  

The primary input data for the bedrock surface interpolation were sediment thickness 

point data for the sediment units obtained through field measurement and point elevations for 

bedrock exposures within the catchment. Thicknesses were converted to bedrock elevations 

using the SRTM data for that point. SRTM data were used to define the outside boundaries of the 

bedrock surface interpolation. A valley axis was introduced to provide the cross-sectional low 

point for the interpolation, assumed to equal the SRTM elevation of the mainstem or tributary 

channel minus 1 m, to ensure the interpolated bedrock surface did not rise above the land 

surface. This low point was adjusted upwards within the middle catchment, where bedrock 

outcrops appear within the channel banks. This results in a bedrock surface that is actually above 

the present-day channel; however, as only volumes of sediment stores are calculated and 

therefore the channel is excluded, having the bedrock surface above the present-day channel 

does not impact subsequent volume calculations. Additional adjustment was required within the 

alluvial plain and alluvial fans of the upper catchment. GPR penetration depth reached 7 – 16 m 

within these areas but was insufficient to reach bedrock. Gravel pit exposures within the upper 

catchment provide corroboration, indicating that bedrock contact is greater than 8 m below the 

present surface. To account for this information, the bedrock surface was lowered along the 

valley axis by 8 m within this area. Points along the GPR transects were incorporated into the final 

interpolation, using the maximum penetration depth for each profile. Thus, final estimated 

volumes for the alluvial fans and alluvial plain within the upper catchment area represent a 

minimum volume. Following initial iterations of the algorithm, manual contours were added to link 

areas of known continuous thickness that were not resolved. In addition, breaklines were drawn 

to enforce steep drops mapped in the field that were not resolved within the DEM, such as the 
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cliff-like nature of many of the edges of the alluvial fan terrace features. This was completed prior 

to final interpolation of the bedrock surface.  

The greatest source of uncertainty in the calculated sediment volumes is the interpolation 

of the bedrock surface. Spot checks using additional surveyed points of known sediment 

thickness were used to ensure the estimated thickness at these locations was within +/-1 m; 

however, due to limited availability of sediment thickness data, the vast majority of spot points 

were incorporated into the interpolation. As an additional check, sediment volumes of small 

alluvial fans within the lower catchment were calculated using a geometric technique described in 

Campbell and Church (2003) that assumes fans approximate a cone truncated by a plane. 

Volumes calculated using this technique were found to be within +/- 30% of volumes estimated 

through surface differencing. The assumption of the smooth underlying bedrock surface also 

belies the fact that surface irregularities are likely to exist. Furthermore, alluvial deposits are 

unlikely to be as sharply defined in the subsurface as assumed within this study. Error bounds on 

all sediment volumes are likely on the order of 30 - 50% based on a subjective assessment of the 

complexity of the feature geometries, with smaller features potentially having larger error due to 

the low resolution of the available DEM and its poor registration with the higher-resolution of 

imagery used for mapping of sediment stores. Given these limitations, the volumes presented in 

this study should not be interpreted as absolute; however, a consistent set of procedures has 

been applied throughout, and the relative magnitude of the various storage types is considered to 

be fairly robust.  

Radiocarbon (14C) and optically stimulated luminescence (OSL) sampling were carried 

out to obtain representative sediment residence times for the different types of sediment storage. 

Four 14C samples were taken within carbon-rich paleosols of the upper catchment (Figure 4-1A). 

Accelerator Mass Spectrometry (AMS) radiocarbon dating was undertaken at the University of 

Waikato Radiocarbon Dating Laboratory in New Zealand. Twelve OSL samples were taken from a 

variety of storage features throughout the catchment (Figure 4-1A). Samples were collected by 

hammering stainless steel tubes of 30 cm length and 7 cm diameter into freshly exposed 

sediment. The tubes were immediately sealed and placed in light-proof bags to avoid daylight 

exposure. Initial processing and final dating of the OSL samples was undertaken at the School of 

Archeaology and Museology OSL Dating Lab in Peking University, Beijing, China. Aliquots of the 
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10 μm quartz fraction were measured with an automated Risø TL/OSL-20 reader. Age 

estimations from storage feature sampling ranges from ~2000-28000 BP. Sampling sites were 

limited and largely confined to Zones 1 and 2 (Table 4-2; Figure 4-1A). Ages from OSL and 14C 

sampling sites within close proximity are in general agreement, indicating ages of the two 

sampling methods are comparable. Table 4-2 presents the results of the OSL and 14C sampling. 
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Table 4-2: OSL and 14C sample dates. 

 Latitude (N°)  Elevation 
(m.a.s.l.) 

 
(m) Type  

a b  
(Year BP) Zone  Additional Detail 

OSL01 36.3029 101.5231 3182 5.53 OSL  3210±260 2 active alluvial 
fan gravel pit exposure 

OSL02 36.3024 101.5227 3194 1.05 OSL  3360±170 2 active alluvial 
fan gravel pit exposure 

OSL03 36.3138 101.5032 3316 4.4 OSL  13040±1400 1 alluvial fan gravel pit exposure 

OSL04 36.3149 101.5031 3320 1.3 OSL  3700±380 1 floodplain gravel pit exposure 

OSL06 36.2521 101.5529 2779 3.2 OSL  11040±1100 2 alluvial 
fan/terrace  

OSL07 36.2751 101.5458 2928 6.9 OSL  18340±1600 2 alluvial 
fan/terrace  

OSL08 36.3243 101.4850 3478 3 OSL  1870±120 1 active alluvial 
fan  

OSL09 36.3341 101.4633 3587 0.6 OSL  1720±320 1 active alluvial 
fan/floodplain  

OSL11 36.1224 101.5754 2188 1.5 OSL  2280±430 3 floodplain near Yellow River 
confluence 

OSL12 36.2317 101.5622 2662 2.05 OSL  28540±3800 2 alluvial 
fan/terrace  

OSL13 36.1765 101.5818 2364 4.02 OSL  5220±270 3 alluvial terrace above Yellow River basin 
fill 

PL06C 36.3429 101.4286 3673 1.7 Radiocarbon  4880-4830 1 alluvial plain near drainage divide 

PL07 36.3408 101.4299 3681 1.1 Radiocarbon  2160-2050 1 active alluvial 
fan 

near drainage divide; 
exposure due to fluvial 
activity 

472 36.3028 101.5234 3178 9.5 Radiocarbon  4660-4520 2 active alluvial 
fan gravel pit exposure 

474 36.3139 101.5031 3315 2.7 Radiocarbon  12770-12680 1 alluvial fan gravel pit exposure 

aOSL ages have been adjusted to AD 1950 to compare with calibrated 14C ages. 
bCalendar age reported for 14 14C age (14C a BP) is as follows: PL06C: 4298 ± 22 BP, PL07: 2147 ± 22 BP, 472: 4112 ± 22 BP, 474: 10,831 ± 35 BP. 
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4.4 Results 

4.4.1 Nature and pattern of sediment distribution 

A total of 799 sediment storage units were mapped within the Garang catchment (Figure 

4-3). Mapped sediment storage units cover 20% of the catchment, with the unmapped areas 

comprised of either exposed bedrock, or bedrock overlain by thin deposits of valley fill or 

colluvium. Average feature size ranges from 0.002 km2 for colluvial deposits to 0.19 km2 for 

alluvial fan deposits (Figure 4-3A). Alluvial fans are the dominant type of sediment storage 

throughout the Garang catchment. Taken together, alluvial fans, active alluvial fans, and alluvial 

fan/terraces account for nearly 80% of all sediment stored by area (Figure 4-3A/B). The form of 

alluvial fan deposits varies spatially within the catchment. Extensive, inactive alluvial fan deposits 

cover much of the upper catchment (Zone 1 on Figure 4-1A and 4-3C), with contemporary 

geomorphic process activity limited to much smaller areas that are slightly incised within the 

larger deposits (Figure 4-3C). Within the middle catchment (Zone 2 on Figure 4-1A and 4-3C), 

many of the formerly extensive tributary alluvial fan deposits have been carved into a series of 

alluvial fan/terrace deposits (cut and fill terraces) along the Garang mainstem as a response to 

incision, with active alluvial fans again quite limited in spatial extent and confined within the larger 

features. Alluvial fans within the lower catchment (Zone 3 on Figure 4-1 A and 4-3C) are less 

extensive, smaller features, but their higher relative activity contributes greater amounts of 

sediment directly to the channel network (see Nicoll and Brierley, 2016).  

Mapped colluvial deposits within the Garang catchment include talus slopes, small 

colluvial fans, and large slump blocks. While these deposits are numerous, they tend to be fairly 

small storage features, with the exception of slump blocks seen in the upper slopes of the middle 

catchment that account for nearly 86% of the total mapped colluvium. Within the upper 

catchment, colluvial deposits tend to be detached (disconnected) from the channel network, and 

sediment delivery is negligible (see Nicoll and Brierley, 2016). This contrasts markedly with the 

lower catchment, where colluvial deposits are highly connected to the channel network, thereby 

providing a disproportionate amount of sediment relative to their size.  

Floodplains cover 8% of the area within the Garang catchment and are discontinuous 

along the length of the mainstem, developing where valley width permits (Figure 4-3). Alluvial 
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terraces (independent of alluvial fan deposits) are generally a minor component of sediment 

storage within the catchment, accounting for just 3% of the area. Floodplain and terrace features 

are generally found within the lower catchment. A low-relief, wide alluvial plain is located at the 

drainage divide at the head of the catchment. This is likely an inherited geomorphic feature 

derived from a prior river network, similar to that described at an elevation of 3500 m in a 

catchment draining the south of Guide basin (Fothergill and Ma, 1999). 

 

 

Figure 4-3: Average dimensions and total areas for each of the sediment storage feature types 

(A) and the proportion of total storage represented for each type (B). Patterns of 

sediment distribution within the Garang catchment superimposed on a DEM 

hillshade (C). 

 

A systematic evaluation of sediment composition within each storage feature was not 

undertaken within this study; however, general characteristics were noted in the field. The alluvial 

fan and alluvial plain deposits within the upper catchment tend to be poorly to moderately sorted, 

unconsolidated materials (Figure 4-4 A/B). Clasts are sub-angular to rounded, ranging from silts 

to cobbles with occasional boulder-sized materials. Lithologies are dominantly the granites and 

schists of the Precambrian basement rocks eroded from the nearby mountain peaks. Poor 
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drainage within the uppermost regions has led to development of clay and carbon-rich soils. 

Alluvial fan and alluvial plain deposits underneath these soils tend to be finer-grained, comprised 

of poor to moderately sorted gravels and small cobble-sized materials.  

Alluvial terrace and alluvial fan/terrace deposits within the middle catchment are 

comprised of moderately to well sorted, rounded to well-rounded clasts that range in size from 

sands to cobble, with occasional boulders (Figure 4-4 C/D). Active fan deposits incised within 

these areas are unconsolidated, while the alluvial fan/terrace deposits themselves can exhibit 

fairly high degrees of cementation. In general, deposits of the lower catchment are finer grained. 

This likely reflects the general downstream fining found within most fluvial systems, offset in the 

Garang by lateral hillslope and tributary inputs (e.g. Brierley and Hickin, 1985; Rice, 1998). In this 

instance, it is also largely a consequence of the relatively fine-grained sedimentary bedrock that 

outcrops within the area (Figure 4-2). The lower alluvial fan deposits are much finer-grained than 

equivalent features located further upstream, being comprised of silts, sands and fine gravels 

eroded from this bedrock (Figure 4-4E). Floodplain materials within the lower reaches are 

dominated by sands and gravels, particularly near the confluence with the Yellow River, although 

large cobbles and occasional boulders are still present along the channel boundaries (Figure 4-

4F). 
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Figure 4-4: Typical landforms and cross-sectional views within the Garang catchment. Upper 

catchment (A and B) showing broad alluvial fan deposits and poorly sorted materials 

overlain by carbon-rich soils in a rare exposure; Alluvial fan/terrace features within 

the middle catchment and typical fill materials (C and D); looking up a fine-grained 

alluvial fan typical of the lower catchment (E) and coarser-grained materials overlain 

by fine overbank sediments in typical floodplain exposure within lower catchment (F), 

note occasional boulder lag on channel bed (F). 

 

The general characteristics of the storage features vary greatly between the three 

geomorphic zones within the Garang catchment (Table 4-3). High accommodation space in the 

upper catchment supports the development of broad, coalesced fans. Within the middle 

catchment and lower catchment, the development of alluvial fans is constrained by the limited 

accommodation space. This has resulted in smaller, steeper features in the lower catchment, 

while tributary fans within the middle catchment filled the available accommodation space within 

the valley, but were subsequently carved into a series of terraces due to incision along the 

Garang mainstem. Floodplain deposits are limited throughout the catchment, forming where 

accommodation space exists adjacent to the contemporary channel. Colluvial deposits within the 
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upper and middle catchment zones are limited to steep bedrock slopes within the catchment 

peaks, while talus slopes and colluvial fans have formed adjacent to the mainstem on the steep 

dissected bedrock slopes of the lower catchment. The potential for reworking of the sediment 

deposits parallels accommodation space, with residence times of deposits within Zone 3 likely 

lower relative to Zone 1 and 2. Unfortunately, the limited dating available is unable to confirm this 

conjecture, with age of the dated floodplain within Zone 3 (~2280 BP) quite similar to ages at 

comparably shallow depths in the upper catchment (~1720 – 2160 BP, Table 4-2). Indeed, the 

oldest sediments dated are found within the alluvial fan/terrace features within the middle 

catchment (~11,040 – 28540 BP, Table 4-2), supporting the long-term nature of sediment storage 

within these features. General characteristics of sediment connectivity within the catchment also 

vary within the three geomorphic zones of the Garang catchment (Table 4-3; Nicoll and Brierley, 

2016). Both longitudinal and lateral linkages tend to be very weak within the upper catchment. 

These linkages improve within the middle catchment, where tributary-trunk stream connectivity is 

high, although the alluvial fan/terrace complexes effectively buffer the channel network from 

hillslope sediment inputs. Both lateral and longitudinal connectivity is high within the lower 

catchment, where the highly confined nature of the channel network allows for effective hillslope-

channel coupling and sediment conveyance through the zone (Table 4-3). 
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Table 4-3: General attributes of the three geomorphic zones within the Garang catchment. 

Key Attribute Zone 1 Zone 2 Zone 3 

Morphology/Characteristics Low-relief, highly 
disconnected landscape 

Moderate-relief, 
transitional landscape 
with strong imprint of 
past incision within 
the catchment 

Highly dissected, 
highly connected 
landscape 

Position Upper catchment Middle catchment Lower catchment 

Area (106 m2) 54.4 131.5 50.1 

Geomorphic features Large, coalesced 
palaeofans with smaller, 
active inset alluvial fans; 
minor rockfall/rockslides 
on bedrock slopes; thaw 
induced shallow 
landslides 

Large alluvial 
fan/terrace complexes 
with incised 
contemporary 
channels and smaller 
inset active alluvial 
fans; discontinuous 
floodplain pockets 

Smaller alluvial fans, 
discontinuous 
floodplain pockets 
where space allows 
for formation, 
remnant alluvial 
terraces, small 
colluvial deposits 

Relief (includes bedrock peaks 
within zone) 

3250 – 4470 m 2460 – 4520 m 2180 – 3420 m 

Drainage density (m310-6m-2) 1.09 1.11 1.45 

Formative processes Long-term sediment 
storage, localised 
reworking of deposits 

Long-term sediment 
storage in alluvial 
fan/terrace complexes 
but high potential for 
reworking of 
contemporary 
deposits 

Short-term sediment 
storage, high 
potential for 
reworking of deposits 
due to highly confined 
channels 

Geomorphic controls Relict landscape, 
represents pre-incisional 
landscapes 

Greatly impacted by 
incisional response, 
contemporary 
sediment dynamics 
constrained by 
incision legacy; 
bedrock begins to 
outcrop within 
channel 

Post-incisional 
landscape, 
represents 
contemporary 
sediment dynamics; 
bedrock at or very 
close to surface 
allows for limited 
sediment storage 

Accommodation space High Variable dependent 
on location 

Low 

Longitudinal and tributary-
trunk stream connections 

Low connectivity, many 
tributary streams fail to 
reach mainstem 
(numerous wetlands) 

High connectivity 
within channel 
network  

High connectivity, 
tributary streams 
contribute sediment 
directly to mainstem 

Hillslope-valley floor 
connections 

Hillslopes generally 
disconnected from 
channel network, 
deposits not moved 
beyond initial depositional 
area 

Variable, hillslopes 
may be directly 
connected to channel 
network, or alluvial 
fan/terrace features 
act as buffers 

Hillslopes generally 
highly connected to 
channel network 

Anomalous features Palaeoplain in 
headwaters 

 Remnant alluvial 
fan/terrace complex 
near start of zone 

 

4.4.2 Sediment volumes within the Garang catchment 

Estimated sediment storage for the entire Garang catchment is 474.0 x 106 m3. Alluvial 

fan deposits, including alluvial fan/terrace and active alluvial fan subcategories, account for 91% 

of the estimated storage volume. Of that 91%, alluvial fan terraces account for 25% of the 
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sediment volume, and active alluvial fans are just 11% of the estimated total sediment volume. 

Sediment volumes for each feature in each zone of the Garang catchment are summarised in 

Table 4-4.  

While the majority of sediment within the Garang catchment is stored within alluvial fans 

(Zone 1 and 3) and alluvial fan/terrace deposits (Zone 2), the nature and magnitude of these 

deposits vary considerably between the three geomorphic zones. Nearly twice as much sediment 

is estimated to be stored in each of Zones 1 and 2 (upper and middle catchment) as compared to 

the lower catchment (Zone 3) (Table 4-4). Examining the volume of sediment stored per unit 

channel length reveals that the greatest storage per unit length is found within Zone 1 (15.3 x 106 

m3 km-1 of stored sediment), with the lower two zones having quite similar values (around 8 x 106 

m3 km-1 of stored sediment). Although this similarity is somewhat surprising, given the narrow 

valley widths of the lower catchment, much of this apparent discrepancy is explained by the 

anomalous presence of the very large alluvial fan complex that is located near the upstream zone 

boundary (Figure 4-3C). Removing this one feature from the calculations decreases the volume of 

stored sediment per channel length to 3.03 x 106 m3 km-1. Volume of sediment stored per 

catchment area shows a similar pattern between the zones. The volume of sediment stored in the 

upper catchment (Zone 1) is the equivalence of approximately 3.5 m spread across the 

catchment area, compared to 1.4 m within the middle catchment (Zone 2) and 0.5 m within the 

lower catchment (Zone 3) (Table 4-4). These sediment storage relationships are the inverse of 

patterns shown for ‘typical’ river catchments (cf., Schumm, 1977; Church, 1992). Moving 

downstream, cumulative sediment storage along the Garang mainstem has a relatively straight 

profile through Zones 1 and 2, with proportionally little sediment being added within Zone 3 

(Figure 4-5). Large increases in sediment storage are evident downstream of a major tributary in 

the upper catchment, and a large fan complex at the upstream start of Zone 3 (Figure 4-5). 
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Table 4-4: Sediment storage volumes within the three geomorphic zones. 

Zone 1 
 6 m2) 6 m3) 6 m3)/km channel  

active alluvial fan 3.79 28.92 2.33 15.3% 
alluvial fan 13.63 146.67 11.84 77.5% 
alluvial plain 0.72 7.42 0.60 3.9% 
alluvial terrace 0.00 0.03 0.00 0.0% 
colluvium 0.28 1.42 0.11 0.7% 
floodplain 0.56 4.70 0.38 2.5% 
TOTALS 18.99 189.16 15.27 100.0%  

    

Zone 2 
 6 m2) 6 m3) 6 m3)/km channel  

active alluvial fan 2.73 17.66 0.77 9.6% 
alluvial fan 6.85 59.40 2.60 32.2% 
alluvial fan terrace 5.55 91.30 3.99 49.4% 
alluvial terrace 0.39 2.15 0.09 1.2% 
colluvium 3.21 9.35 0.41 5.1% 
floodplain 1.61 4.89 0.21 2.6% 
TOTALS 20.34 184.76 8.07 100.0% 

    

Zone 3 
 6 m2) 6 m3) 6 m3)/km channel Total 

active alluvial fan 0.23 0.83 0.07 0.8% 
alluvial fan 3.26 67.05 5.71 67.0% 
alluvial fan terrace 1.03 17.53 1.49 17.5% 
alluvial terrace 0.95 10.56 0.90 10.5% 
colluvium 0.22 0.59 0.05 0.6% 
floodplain 1.44 3.57 0.30 3.6% 
TOTALS 7.13 100.13 8.53 100.0% 
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Figure 4-5: Downstream change in cumulative sediment storage along the longitudinal profile of 

the Garang mainstem. Major increases in sediment storage are evident at the 

junction of a large left-bank tributary in the upper catchment, as well as the large 

sediment volume stored in the major fan complex in Zone 3 (see text). The upstream 

limit of incision is shown as a knickpoint in the longitudinal profile. 

 

4.5 Discussion 

4.5.1 Sediment distribution and storage within the Garang catchment 

Analysis of process-form linkages and connectivity relationships within- and between-

zones helps to explain the internal sediment dynamics of the Garang catchment. While 

magnitudes and types of sediment storage features may be broadly similar within the zones 

located on Figure 4-1, their behaviour is markedly different. The upper zone lies above the 

regional basin surface level of 3250 m and is typified by highly disconnected landscapes of 

relatively low relief (Nicoll and Brierley, 2016). Permafrost is close to surface (evident in ground 

exposures) and there is evidence of thaw-induced shallow landsliding on hillslopes. Although 

deposits of occasional rockfall and rockslides are evident at the base of exposed bedrock slopes 

of the upper peaks, deposits from these activities rarely travel beyond their initial depositional 

area. The high accommodation space and low relief of this zone has allowed for significant 

sediment storage. Overwhelmingly, sediment storage consists of broad, shallow angle, coalesced 

palaeofan surfaces. Active fan activity is spatially limited within these larger deposits. Poor 

surface drainage in this zone has supported wetland development over much of the valley 

bottom. Somewhat unusually for high-relief catchments, the headwater region is demarcated by a 
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broad alluvial plain, its appearance and elevation suggesting it represents the upper drainage 

level for the relict basin surface (cf., Fothergill and Ma, 1999). 

The second zone extends 15.5 km along the Garang mainstem, ranging in elevation from 

around 3250 m to 2460 m. This zone marks the transition between the low-relief landscapes of 

the upper catchment and the highly dissected bedrock of the lower catchment. While the 

magnitude and spatial extent of sediment storage within the zone is quite high, the nature of 

these deposits is quite different from the upper catchment. Large tributary alluvial fan deposits 

within this zone have been greatly impacted by incision of the Garang mainstem, carving and 

reworking the original basin fill deposits into a series of distinct alluvial fan/terrace complexes. 

These features are up to 2 km wide (measured along the mainstem) with sediment thicknesses 

approaching 50 m. Although contemporary alluvial fans are confined within the paleodeposits, 

their activity level is high, and they contribute significant sediment directly to the channel network 

(Nicoll and Brierley, 2016). In general, sediment generation in the contemporary landscape is 

relatively high within this zone, and recent aggradation along the mainstem is evident between km 

13.5 and 19, the mainstem becoming much more confined between the alluvial fan/terrace 

deposits after this point (i.e. this constriction induces base level control and associated 

downstream change in accommodation space along the valley floor). Rockfalls and rockslides are 

evident within the surrounding peaks of the zone. Given the incised and extensive (highly 

dissected) channel network, these deposits are more likely to contribute directly to downstream 

sediment delivery compared to activity off the hillslopes draining to Zone 1. Sediment contribution 

from the alluvial fan/terrace deposits themselves is minimal, limited to localised reworking of lower 

fan/terrace levels.  

The third zone, which extends from 2460 m down to the Yellow River confluence at 2200 

m, is the most intensely dissected part of this catchment. Landscapes within this area are similar 

to the badlands or Danxia landscapes described elsewhere (see Peng, 2001; Brierley et al., 

2011). The channel network is generally highly confined and incised within bedrock valleys, with 

very little accommodation space available for sediment storage. Although catchment area for this 

zone (51.5 x 106 m3) is similar to Zone 1 (54.2 x 106 m3), estimated stored sediment volumes are 

56% of those found in the upper catchment (after adjusting for differences in area). Due to the 

confined nature of the system, the potential for reworking is relatively high within the valley floor 
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deposits. The exception is the major alluvial fan/terrace complex near the upper end of this zone, 

which behaves in a similar manner to those described within the middle catchment. This particular 

feature represents significant long-term sediment storage. Relatively small alluvial fans and 

colluvial deposits within this zone tend to be highly connected to the channel network, contributing 

sediment eroded from clastic sedimentary bedrock. Most of the materials contributed to the 

network are relatively fine-grained, owing to the composition of the erodible bedrock. Small 

mudflows occur after significant rains.  

The connectivity of sediment transfer processes between sediment storage units is a 

primary control upon catchment-scale sediment flux, as any impediment may limit delivery 

(output) of material from the system (Brierley et al., 2006; Fryirs, 2013; Bracken et al., 2015). 

Alluvial fans dominate sediment storage in the Garang catchment. Four times the amount of 

sediment is stored in alluvial fan deposits within the upper catchment relative to the lower 

catchment; however, the high volumes that are stored have minimal impact upon contemporary 

sediment dynamics due to the absence of efficient linkages. Sediment input to the channel 

network within the upper catchment is limited to localised reworking of the toe of the alluvial fan 

deposits by the mainstem Garang channel, and minor reworking within the active portions of the 

larger fan deposit. Nearly 80% of the total sediment within this area can be considered to be 

within a sediment sink, wherein it is essentially unavailable to be mobilized by the present system 

(cf., Fryirs and Brierley, 2001). This situation is contrasted within highly dissected landscapes of 

the lower catchment, where materials eroded from hillslopes are generally directly connected to 

the channel network. Although sediment stored per unit catchment area is much lower than in 

upstream areas due to lack of accommodation space, the fine-grained nature of materials and the 

relative efficiency of transfer processes along the tributary channels and mainstem result in 

flushed (bedrock) landscapes.  

Tributary-trunk stream interactions play an important role in determining sediment 

conveyance along the channel network (Benda et al., 2004; Ferguson et al., 2006). The poor 

connectivity within the upper catchment is seen in the extensive wetland development in the area. 

Numerous small tributaries end prior to reaching the mainstem Garang, preventing onward 

sediment transport. This contrasts starkly with the middle catchment, where tributaries are highly 

connected to the mainstem and high sediment input has resulted in localized aggradation of 



 

 99 

gravel, cobble, and boulder-sized materials on the channel bed at present. The coarse nature of 

these materials suggests that downstream conveyance is intermittent, and deposition at tributary 

junctions may trigger changes in channel and floodplain morphologies. The high degree of 

tributary-trunk stream connectivity is maintained within the lower catchment; however the finer-

grained materials are more readily flushed through the system and aggradation is not apparent. 

As noted by Bracken et al. (2015), accommodation space, relief and grain size characteristics are 

primary (first order) controls upon landscape connectivity. 

The distribution of sediment storage within the Garang catchment is largely dictated by 

available accommodation space, with constrictions and topographic breaks playing a large role in 

the pattern of sedimentation and the development of the zone boundaries within the catchment 

(Figure 4-5). This is apparent at the Zone 1/2 boundary in the upper catchment, where valley 

narrowing due to bedrock outcrops limits the downstream extent of the broad alluvial fan deposits. 

The alluvial fan/terrace deposits within the middle catchment, while extensive in length, are limited 

in width by the bedrock valley walls, although they fill much of the narrow valley. These deposits 

form a secondary confining feature, limiting accommodation space for sediment deposition along 

the contemporary channel that is incised and confined within them. An additional bedrock 

constriction demarcates the Zone 2/3 boundary, marked by a change in slope along the mainstem 

longitudinal profile, and separating the valley fill of the alluvial fan/terraces upstream from the 

excavated valley downstream (Figure 4-3 and 4-5). An additional knickpoint is evident in the field 

around km 19 within the middle catchment (Figure 4-2). Downstream of this point the channel 

narrows and begins to incise through bedrock, leading to aggradation upstream of this point. This 

process relationship is similar to impacts of landslide dams which induce an abrupt change in 

channel slope and may result in a change in local base level the channel must then adjust to 

(Ouimet et al., 2007; Korup, 2013; Kuo and Brierley, 2014). Accommodation space is very limited 

within the lower catchment due to bedrock confinement. As a result, sediment deposition is 

generally constrained to alternating pockets of deposits on either side of the mainstem. This zone 

is characterized by high sediment connectivity, with high potential for reworking (Nicoll and 

Brierley, 2016). Some small-scale exceptions to this trend include local areas where 

accommodation space allows for development of more extensive floodplains and alluvial fan 

deposits.  
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Overall, sediment generated and reworked within the upper catchment has largely 

remained within this zone, resulting in a storage per area ratio that is much higher relative to the 

middle and lower catchment zones. Limited dates derived from alluvial fan and floodplain 

sediments at shallow depths (1 - 2 m) in this zone range from ~1720 – 4800 BP. Deeper 

exposures, 3 - 4 m depth, representing an alluvial fan at the Zone 1/2 boundary are dated to 

approximately 13,000 BP. OSL and radiocarbon dates within a similar exposure of an alluvial fan 

2.5 km downstream within Zone 2 were significantly younger at greater depths within the deposit 

(~3210 – 4660 BP, 5.5 – 9.5 m depth). This lends tenuous support to the longer term nature of 

the upper catchment deposits. Further chronological control is necessary to derive more robust 

conclusions.  

The middle catchment (Zone 2) has the capacity for high sediment generation and 

conveyance, as shown through evidence of high activity within alluvial fans and along tributaries 

within the zone, such as a lack of vegetation on fan surfaces, evidence of recent channel avulsion 

and floodplain deposits, and aggradation within the channel. However, much of the sediment that 

was stored within this area has already been excavated from the basin, or it has been converted 

into long-term sediment sinks due to incision within the area. OSL dates within the alluvial 

fan/terrace complexes support the long-term nature of these deposits (~11,040 – 28540 BP, 

Table 4-2).  

The lower catchment contains the least amount of stored sediment. The finer-grained 

nature of materials eroded within the zone results in rapid downstream conveyance. With the 

exception of a major alluvial fan complex near the upstream zone boundary, most sediment 

generated due to incisional response has already been excavated from this area. As such, the 

memory of the long-term incisional basin history in this zone has been erased (Brierley, 2010), 

and its influence upon contemporary sediment stores is now minimal. However, in general terms, 

the mainstem channel in Zone 3 efficiently flushes material derived from upstream zones. 

Careful mapping of sediment stores and quantification of their extent/volume is required 

to support meaningful endeavours to model rates and patterns of sediment flux. Findings from 

this study indicate that field-based insights into the composition of sediment fills are an integral 

part of reconstruction of these patterns (and associated rates of reworking), as perspectives upon 
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accommodation space derived from aerial photographs and remotely sensed imagery may be 

deceptive. The highly variable nature of the landscapes within the Garang catchment, and the 

importance of local-scale variability in development of landscape geomorphic function, highlights 

the need for caution when applying general principles in modelling of sediment flux and 

landscape evolution.  

4.5.2 Insights and inferences into long-term tributary responses to incision 
of the upper Yellow River 

Although the age domain of sediment features in the Garang catchment is not well 

established at this stage, findings from this study support an initial overview of phases of 

sediment reworking in response to incision of the upper Yellow River (Craddock et al., 2010; 

Perrineau et al., 2011). The past incision of the upper Yellow River and subsequent tributary 

response continues to have a substantial impact on internal sediment dynamics within the Garang 

catchment. The surfaces within the alluvial fan/terrace complexes represent changes in the 

dominant regime of the Garang catchment (i.e. net aggradation to net degradation; Leopold and 

Bull, 1979). Deciphering the underlying mechanisms behind the terrace development (and 

subsequent abandonment) is beyond the scope of this study, although recent studies on 

downstream terrace sequences have pinpointed climatic variations informed by differential rock 

uplift (Pan et al., 2009), which may be the case here.  

The upper catchment provides a glimpse into past landscape dynamics, with the wide 

valley (high accommodation space for sediment storage) likely reflecting the pre-incisional 

landscapes that were characterised by a lower-relief, infilled basin. The regional basin level 

around 3250 m described elsewhere (see Fothergill and Ma, 1999; Fang et al., 2005; Perrineau et 

al., 2011) is evident within the Garang catchment as surface remnants within the upper reaches 

of Zone 2. Indeed, this surface defines the boundary between Zones 1 and 2 (see Figure 4-7A). 

While this elevation represents the upper limit of basin fill, incision has progressed past this point 

upstream to 3550 m, as the Garang mainstem has adjusted to these downstream controls. This is 

now evident as a knickpoint on the contemporary longitudinal profile (Figure 4-2 and 4-5). It is not 

known how this knickpoint propagated upstream, whether as a single transient wave of incision 

(Harkins et al. 2007), or as a series of knickpoints that progressively moved through the system 
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(cf., Crosby and Whipple, 2006). However, downcutting has led to renewed activity within 

deposits stored on the valley floor in this area, locally reworking some materials within fans. 

Upstream of 3550 m, the catchment continues to operate under pre-incisional conditions, the 

knickpoint operating as a moving boundary that separates pre-disturbance landscapes from those 

that have already undergone adjustment (Crosby and Whipple, 2006).  

Incisional response is most apparent throughout Zone 2 and into Zone 3, with the 

development of the tributary alluvial fan deposits and fan/terrace deposits. Four major surfaces 

identified along the mainstem valley (Figure 4-6B) provide evidence that incision did not progress 

uniformly over time. Surface slopes of terrace features are relatively constant until the Zone 2/3 

boundary at 25 km from the headwaters, where the gradient lessens, possibly indicating a 

changing base level to which the deposits have been graded (Figure 4-6A). The zone boundary 

also marks a bedrock pinch-point, preventing development of the terrace sequences. Such local 

scale variability, which induces differences in the erodibility of basin fill materials, would have 

influenced the rate of incision response within the catchment, outside of any external control 

(Crosby and Whipple, 2006). Surface 1, 30-50 m above the mainstem, represents the highest 

level of the alluvial fan/terrace sequences. Elevations of this surface at the Zone 2/3 boundary are 

similar to the top level of the major alluvial fan complex in Zone 3, although gradients along the 

feature are nearly flat. This indicates that this elevation (2520 – 2540 m) represents a local base 

level for the catchment that remained for a significant period, with upstream sediments grading to 

this level (Figure 4-7 B/C). Surface 2, 15 - 25 m above the mainstem, is located within the lower 

middle catchment (Figure 4-6B). Surface 3 has a similar elevation above the mainstem as that 

shown by Surface 2, but it has been labelled separately due to the change in gradient along the 

remnant features. The final surface, Surface 4, has limited spatial extent. It lies 10 - 15 m above 

the contemporary river channel. 
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Figure 4-6: Slope of terrace treads parallel to the longitudinal profile of the Garang mainstem (A) and the distribution of four distinct

terrace surface levels within the middle and lower Garang catchment (B).
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There are two plausible scenarios for the original formation of the alluvial fan/terrace 

deposits. In the first scenario, a tributary fan deposit filled the entire mainstem valley, as lowering 

of the base level greatly increased sediment availability and led to aggradation and development 

of the deposit. Subsequent incision resulted in a series of cut and fill terraces that form the final 

alluvial fan/terrace complex, each separate surface indicating that incision was not a steady 

process, with oldest sediments in the deposit found at the bottom. In the second scenario, the 

initial development of the tributary alluvial fan occurred in stages. Initial incision followed by a 

period of aggradation allowed for fan progradation. Subsequent periods of incision and 

aggradation resulted in the development of a series of inset depositional terraces that are 

progressively younger descending towards the contemporary channel. Available dating control 

within the alluvial fan/terrace complexes does not allow for resolution of their formation, as the 

three OSL samples taken in these deposits are within different alluvial fan/terrace complexes and 

multiple samples within each complex would be required (Figure 4-1A; Table 4-2). Samples for 

OSL12 (28,540±3800) and OSL06 (11,040±1100) were taken in similar environments (at the base 

of loess layer overlying the coarser fan fill) and are located at similar heights above the 

contemporary river channel. The younger age of the upstream sample (OSL06) aligns with an 

expected decrease in age of these surfaces in the upstream direction, as fan development would 

have been initiated during the increased sediment generation and development of 

accommodation space that resulted from upstream progressing incision. This supposition breaks 

down further upstream as the age range of the sample (OSL07, 18340±1600) is between the two 

downstream samples (Table 4-2); however, this sample was taken in a minor fine-grained layer 

within the coarser fan fill sediments, and is not a directly comparable environment. Overall, the 

inconclusive nature of the samples highlights the need for improved chronological control within 

the catchment. 



 

 105 

 

Figure 4-7: Incisional response within the Garang catchment. Remnant top of basin fill surface 

visible in background within the upper catchment (Photo A). Looking upstream at 

Zone 2/3 boundary (Photo B) showing valley filled with alluvial fan/terrace deposits 

and sharp drop at the zone boundary to sediments within Zone 3 (houses are on 

Surface 3 terrace). Looking across from right valley wall at the major fan complex 

within Zone 3 (Photo C). 

 

Fang et al. (2005) describe a series of six terrace levels (T2 to T7) developed during 

incision within a nearby catchment in the Guide basin (located 19 km upstream). Comparing 

these levels with terrace development in the Garang catchment allows for a preliminary analysis 

of regional trends in incisional response within tributaries of the Yellow River basin. In conducting 

this comparison, terrace elevations in the Garang catchment have been adjusted downwards by 

20 m to account for the elevation drop on the Yellow River between the two areas, with the 

exception of the uppermost level (T7), which at 3200 m represents the regional basin fill level in 
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the former study. Three of the upstream terrace levels correspond at least in part to those 

observed within the Garang catchment, and suggest synchronous response to incision between 

the neighbouring watersheds. Discrepancies between the remaining levels likely represent 

localized response to incision within the Garang catchment, potentially influenced by varying 

channel slopes and lithologies within the catchment, or localized faulting. At 2660 m, T4 

corresponds to the upper terrace level in the large alluvial fan/terrace complex halfway along 

Zone 2 (part of Surface 1). This elevation also traces the current extent of a low-relief erosional 

surface in the southwest of the lower catchment, where thin layers of valley fill overlie bedrock 

(see Nicoll and Brierley, 2016). T3, at 2440 m, is located at the bedrock constriction that marks 

the Zone 2/3 boundary within the Garang catchment, and would be roughly similar to the 

expected elevation that Surface 2 would grade to within the area. The remainder of the terrace 

levels described in the upstream catchment (T2, T5 and T6; see Fang et al., 2005) do not 

correlate to surfaces within the Garang. The base level hypothesized earlier that corresponds to 

Surface 1 in the Garang catchment is not matched within the upstream catchment.  

A rough estimation of the excavated volumes of basin fill corresponding to each of the 

major surfaces discussed within the Garang catchment is shown in Table 4-5. Even for the lowest 

surface, that corresponding to Surface 2 and T3, volumes of sediment that have been excavated 

below this elevation are nearly three times the total sediment stored within the catchment today. 

Below the regional basin fill level of 3250 m, excavated sediment volume dwarfs that remaining in 

the catchment by two orders of magnitude (Table 4-5). Sediment stores remaining within the 

Garang catchment represent a fraction of the materials that were mobilized at the height of 

incision. Although most sediments have already been excavated, the long-term evolution of the 

Garang catchment still exerts a major influence on contemporary sediment dynamics. 
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Table 4-5: Estimations of sediment excavated from Garang catchment corresponding to various 

surface levels during incision (see text for surface description). 

 Elevation Area  
6 m2) 

Volume  
6 m3) 

Ratio relative to 
current sediment 
stores 

Surface 2/T3 2440 13.5 1285.1 2.7 

Surface 1 2520 19.5 2609.1 5.5 

T4 2660 33.1 6282.6 13.3 

Regional basin fill level 3250 132.0 54544.8 115.1 

Contemporary sediment 
storage (Entire basin) 46.5 474.0 1 

 

The long-term record of sediment accumulation within the basin-fill and subsequent 

incisional responses provides a dramatic example of changes to sediment dynamics and 

connectivity relationships in the source zone of the Yellow River (cf., Li et al., 2015). In saying 

this, it must be remembered that the Garang catchment is one of the smaller tributary catchments 

within the upper Yellow River basin. Under closed basin conditions, the landscapes were likely 

adjusted to spatial variations in erosion rate, and behaved much like the highly disconnected 

landscapes of the contemporary upper catchment zone. Incision induced dramatic changes to 

connectivity, with high rates of sediment reworking and increased sediment availability due to the 

drop in base level that allowed for reactivation of alluvial fans and reworking of former deposits. In 

a sense, parallels can be made with instabilities found in paraglacial landscapes (Ballantyne, 

2002) and their impacts upon sediment flux over differing timescales (Church and Slaymaker, 

1989). Incision instigated strong longitudinal connectivity within the middle and lower zones of the 

Garang catchment. At the same time, this limited lateral connectivity, as incised deposits became 

buffers to hillslope processes (cf., Fryirs et al., 2007a). The final stage in the evolution of 

connectivity relations has been reached in the lower reaches of the contemporary catchment. 

Here, incision has progressed to the extent that nearly all available sediment has already been 

excavated from the basin, removing the buffering effect of the incision-induced deposits, allowing 

for strong lateral connectivity. In some ways, the contemporary Garang catchment may be viewed 

as a space-for-time argument to assess landscape responses to incision, albeit without the 

implication that there is to be one final form expected. Sediments within the upper catchment lie 

above the regional basin fill level, and the highly disconnected landscapes provide a glimpse of 

pre-incisional conditions. The middle catchment is still actively adjusting to incision, with the large 
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alluvial fan terraces providing highly visible evidence of the incisional past, and acting as a strong 

control on contemporary sediment dynamics and promoting strong longitudinal connectivity. 

Finally, nearly all available sediment has been excavated from the basin within the lower 

catchment, where the highly connected landscapes effectively operate under post-incisional 

conditions.  

4.6 Conclusions 
This study presents an overview of sediment distribution and volume within the diverse 

landscapes of the highly incised Garang catchment. A combination of field and GIS-based 

methods allows for a detailed quantification of sediment storage, highlighting the patchy and 

discontinuous nature of sediment stores in the catchment. The magnitude and pattern of 

sediment storage is shown to be highly disparate between three distinct geomorphic zones. The 

subdued relief of the upper zone has highly disconnected sediment pathways, in which extensive 

shallow angle fans present considerable sediment sinks. Stepped incisional response following 

incision of the Yellow River mainstem lead to the development of numerous alluvial fan/terrace 

features within the middle catchment. These deposits constrain contemporary sediment dynamics 

while increasing longitudinal connectivity within the area. While select terrace level elevations 

correlate to those reported in neighbouring tributary catchments upstream of the Garang, 

indicating base level adjustment at a broader (regional) scale, this correlation is absent for other 

surfaces and indicates a more localized response to mainstem incision. Finally, the highly 

connected landscapes in the lower catchment, where most basin fills have been extensively 

reworked and excavated from the catchment, provide a sharp contrast to the landscapes further 

upstream. Basin-scale history has exerted a critical control upon contemporary sediment 

dynamics in the Garang catchment, and the need to contextualize catchment-scale studies in 

terms of landscape history is emphasized. Overall, the findings of this study point to a somewhat 

unconventional downstream pattern of sediment storage and add to the range of landscapes 

where catchment-scale patterns of sediment storage have been assessed. 
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5: DISCUSSION 

Landscape connectivity plays a defining role in determining sediment dynamics within a 

given area, influencing the availability of sediment, the frequency with which it can be moved, and 

the nature and pattern of sediment storage. Findings from the three papers presented within this 

thesis further our understanding of the relationships between landscape connectivity and 

sediment flux within the upper Yellow River. The first paper (Chapter 2) provides the context for 

the entire upper Yellow River basin, with the classification of landscapes presented here providing 

an effective organizational framework to describe the remarkable diversity of landscapes 

observed within the region. Dramatic contrasts in landform assemblages and associated process 

relationships are evident across three very different terrains, reflecting the complex interplay 

between tectonic and climatic settings, and the importance of past landscape history on 

determining contemporary dynamics (cf Brierley, 2010; Li et al., 2015). The importance of the 

influence of landscape history is further expanded upon in the final two papers, with focus on the 

Garang tributary catchment of the upper Yellow River. Chapter 3 explores the nature of 

connectivity within the Garang catchment, highlighting the need for topographically-informed 

measures of connectivity that can meaningfully incorporate geomorphic process, supporting 

analyses of underlying controls that determine zone boundaries. The findings emphasize the 

need for field-based observations that are capable of differentiating between landforms and 

activity levels of sediment stores, as well as providing inference on geomorphic process, that may 

not be evident with the use of cell-based morphometrics. The third paper (Chapter 4) delves 

further into the sediment dynamics of the Garang catchment, providing a quantitative assessment 

of sediment storage, and the nature of connectivity and sediment flux within the highly disparate 

landscapes of the catchment. Findings of the study reveal a somewhat unconventional pattern of 

sediment storage, and add to the range of landscape settings in which catchment-scale patterns 

of sediment storage have been assessed. The study also provides insight into the influence of 

long-term landscape evolution within the area, and how this has impacted upon landscape 

connectivity and associated patterns of sediment storage and reworking within the catchment. 

This final chapter incorporates the major findings of the preceding three chapters, 

demonstrating the contribution of the overall thesis and placing the findings in the context of 
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geomorphic literature. To do this, I first take a step back from the Garang tributary catchment, 

returning to the upper Yellow River basin in order to contextualize the findings of the Garang 

studies within the larger catchment, and expand upon the findings of Chapter 2. This is followed 

by a discussion on the limitations and methodological implications of the thesis, including 

comment on how emerging technologies (both field and remotely-sensed) and analytical 

techniques (including modelling developments) offer prospects to fundamentally reform 

connectivity analyses into the future. 

5.1 Landscape connectivity and sediment storage at the 
regional scale 

5.1.1 Landscape diversity in the upper Yellow River basin 

Based on geomorphometrics and assessment of relative topographic positions, the upper 

Yellow River basin can be divided into basic landscape categories, each typified by distinct 

landscape configurations and dominant geomorphic processes (Chapter 2). The degree of 

landscape connectivity and the generation, transport, and ultimate fate of sediment (storage or 

throughput) varies greatly across the basin. The area discussed here extends from the 

headwaters of the Yellow River to the west of Eling and Zhaling Lakes, and ends approximately 

1450 km downstream at the edge of the Qinghai-Tibetan Plateau, 60 km downstream of the 

Garang study catchment (Figure 5-1A). A longitudinal profile showing the topography along the 

upper Yellow River (offset 5 km parallel to the left bank of the channel) clearly shows the main 

topographic breaks within the region (Figure 5-1B). The broad, low-relief expanse of the upper 

plateau area in the headwaters is evident, continuing until the river enters the Anyemaqen Shan 

at approximately 450 km downstream of the headwaters. This area of high relief along the river 

course is subsequently interrupted by the appearance of the low-relief Zoige (Ruoergai) basin, 

then continued until km 1150 where the Yellow River emerges into the Tongde basin, with 

elevations dropping relatively rapidly from this point to the end of the study area downstream 

(Figure 5-1B). In broad terms, three contrasting landscape regions can be identified – the low-

relief upper plateau of the headwaters, the high-relief landscapes within the Anyemaqen Shan, 

and the incisional landscapes of the sedimentary basins (Tongde, Gonghe, Guide) at the 

downstream end of the study area.  
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(A) 

 

(B) 

 

Figure 5-1: Elevations across the upper Yellow River basin and location of the Garang study 

catchment (A). Location of the Garang study catchment is shown in red near the 

downstream end of the basin. The longitudinal profile showing the topography 

parallel to the upper Yellow River valley (B). The boxes depict the locations and 

extents of Figure 5-2(A-C). 

 

Figure 5-2 presents typical elevation profiles and DEM landscapes for each of the three 

contrasting regions. The plateau area at the headwaters of the UYR represents a relict peneplain 

that may have formed prior to regional uplift (Clark et al., 2006), with elevations centered at 
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approximately 4200 – 4300 m. This area is characterized by broad plains and gently-sloping 

landscapes (<4°). River valleys are generally wide, with overall relief within the upper plateau 

region generally less than 400 m (Figure 5-2A). At present, these landscapes are largely inactive, 

with little apparent geomorphic activity outside of shallow landsliding and minor fluvial reworking 

(Nicoll et al., 2013). The subdued landscapes reflect a long period of alluvial infilling, with 

underlying variation in lithology and structure seemingly playing little influence on the 

development of the flat slopes (Lehmkuhl and Spönemann, 1994; Stroeven et al., 2009).  

The high-relief (up to 2 km) landscapes within the mountains of the Anyemaqen Shan 

present a sharp contrast, and are characterized by confined fluvial valleys and active hillslope 

processes (Figure 5-2B). Orientation of the ranges is from NW-SE, along the axis of the major 

Kunlun fault axis which bisects the mountain range. Geologic (structural and lithologic) control is 

strong within this area, with impacts on drainage patterns due to ongoing tectonic deformation. 

Rectilinear drainage patterns within the area provide evidence of strong structural control and 

rates of left lateral movement along the strike-slip Kunlun fault complex are estimated at 10 

mm/yr, resulting in offsets up to 90 km on channels within the area (Lehmkuhl and Spönemann, 

1994; Fu and Awata, 2007). Elevation profiles through the area clearly show both the steeply 

sloping (22° average), high-relief nature of the landscape, and the control of the Kunlun fault 

complex on the development of a major valley along the fault trace (Figure 5-2B). 

Elevation profiles and a DEM surface within an area of the Tongde sedimentary basin are 

shown in Figure 5-2C and are typical of the incisional landscapes found within the Tongde and 

Gonghe basins. Excavation of basin fill sediments within the Guide basin has been more 

extensive, with only very limited preservation of the regional basin fill surface (Craddock et al., 

2010). The top of the preserved basin fill is a gently-sloped, broad plain, similar in physiography 

to the upper plateau region. Incised river and tributary valleys are inset within this surface, with 

the basin fill providing the contemporary bounds for the river valleys and effectively isolating the 

channels from the basin surface. Numerous alluvial fans and terrace sequences found within 

these valleys are major sediment sources in these systems. Depths of incision within the Tongde 

basin are close to 500 m, increasing to nearly 2000 m downstream within the Guide basin 

(Craddock et al., 2010; Perrineau et al., 2011). These dramatically incised landscapes are highly 

contrasted with landscapes of the most upstream sedimentary basin, the Zoige (Ruoergai) basin. 
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Although this basin is also an infilled sedimentary basin, incision through the basin fill is limited to 

the downstream edges, and it is still unclear whether this incision is related to the changing base 

levels due to upward progression of the Yellow River incision, or is due to local tectonic 

deformation (Harkins et al., 2007; Li et al., 2015). This localized incision is leading to degradation 

of the Ruoergai Swamp, a world-renowned wetland area that covers much of the basin surface, 

as the drainage network extends through headward erosion brought on by incision and allows for 

effective drainage of the wetlands (Li et al., 2015). With the exception of localized incision, the 

contemporary Zoige Basin still operates as a depositional system, with a high degree of 

disconnectivity as evidenced by the preponderance of wetlands and disconnected tributaries 

within the area. Consequently, current sediment dynamics within the Zoige Basin may provide an 

example for past basin conditions within the downstream sedimentary basins prior to onset of 

Yellow River incision.  
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Figure 5-2: Typical landscapes and associated elevation profiles of the upper Yellow River basin 

from a DEM perspective: (A) relict surfaces of the upper plateau, (B) high-relief 

fluvial landscapes of the Anyemaqen Shan, and (C) incisional landscapes within the 

Tongde sedimentary basin. Selected areas are shown in Figure 5-1. 

 

5.1.2 Regional-scale sediment connectivity and storage 

Chapters 3 and 4 provide a detailed examination of the variable sediment connectivity 

and spatial distribution of sediment storage within the Garang catchment. Although the Garang 



 

 116 

catchment is a minor tributary of the upper Yellow River, the findings of the two studies provide 

valuable understandings on the nature of sediment dynamics within that particular region of the 

upper Yellow River, many of which can be applied beyond its borders. This section analyses 

connectivity and potential for sediment storage within the entire upper Yellow River basin using 

similar tools to those applied within the Garang catchment, providing the background for the 

comparison between the two scales of analysis and contextualization of the Garang catchment 

findings that are discussed within the next section.  

The calculation of the connectivity index (IC) for the upper Yellow River basin used the 

Cavalli et al. (2013) model approach on the 1 arc second resolution SRTM elevation data. The 

methodology is identical to that used for calculation of the IC index within the Garang catchment, 

and as it is described in detail in Chapter 3 it is not re-iterated here. The large area of the upper 

Yellow River basin that was examined (148,000 km2) necessitated a remote methodology to 

assessing sediment distribution within the area. Various algorithms have been developed to 

regions where sediments are likely to be stored based on geomorphometrics (see Straumann and 

Korup, 2009; Alber and Piégay, 2011; Bowles and Cowgill, 2012). The Surface Classification 

Model (SCM) developed by Bowles and Cowgill (2012) was found to produce the best results 

based on agreement with observed boundaries within the Garang catchment and at various spot 

locations within the upper Yellow River basin. The SCM method is a semi-automated, GIS-based 

analysis that identifies regions having both low slope and low surface roughness, features that 

generally correlate with characteristics of large sediment stores. The method combines equally-

weighted, normalized slope and surface roughness grids generated from the 1 arc second SRTM 

data. Slope thresholds for defining storage features are user-determined. A threshold value of 11° 

was used for the upper Yellow River basin, based on the thresholds identified within the 

landscape classification (Chapter 2), and corroborated by the average slope of 10° and less found 

for all mapped sediment storage features in the Garang catchment (Chapter 4). A slope threshold 

grid is then created that contains all the slope values that are less than the threshold value. This 

is normalized and combined with a normalized surface roughness grid: 

 =  (    0.5)  +  (     0.5) 
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The resulting SCM values range from 0 to 1. A threshold SCM value is then determined manually 

based on analysis of known sediment distributions within the study area. A threshold of 0.5 

provided the best fit to the known sediment distributions of the upper Yellow River basin and 

areas below this threshold are used to produce the final SCM map showing probable distribution 

of sediment within the basin (Figure 5-6). A dissection index following the methods described in 

Selvan et al. (2011) was calculated for the study area to aid in interpretation of the various 

regional analyses. This index describes the ratio between maximum relative (local) relief and 

absolute relief, and is an important indicator of the nature and magnitude of landscape dissection. 

Its value ranges from 0 (perfectly flat plain) to 1 (vertical cliff). A circular neighbourhood of 15 grid 

cells (~430 m) was applied to the 1 arc second SRTM data to calculate the local relief used in the 

dissection index. Figure 5-5 presents the results of this calculation for the basin. 

Overall landscape connectivity within the upper Yellow River basin (as calculated by the 

connectivity index) is presented in Figure 5-3. The broad patterns of connectivity identified using 

the index agree in large part with the boundaries of the landscape categories identified earlier 

(Figure 5-4). Low connectivity values are associated with the low-relief landscapes of the upper 

plateau and broad plains that describe the tops of basin fill within the downstream sedimentary 

basin. High connectivity values are found within the moderate and steep slopes of the 

Anyemaqen Shan. The highest IC values are found in the incisional landscapes downstream of 

the Longyangxia Dam, within the highly dissected Guide sedimentary basin. These broad 

patterns of connectivity are supported with field observations during site visits in the summers of 

2011 and 2012. Drainage is generally poor within the upper plateau region and wetlands are a 

dominant feature of the area. Hillslopes are gentle, and while shallow landsliding is common in 

these landscapes (exacerbated by the presence of near surface permafrost at higher elevations), 

deposits are generally disconnected from any channel network that may be formed within the 

region, and remain on the hillslopes and adjacent valley floor. The surfaces of the basin fills in the 

lower catchment are similarly disconnected from their incised channel networks, although the arid 

to semi-arid conditions prevent the maintenance of the wetlands observed at higher altitudes. The 

steeper slopes along the incised tributaries within this region allow for stronger longitudinal 

connectivity, which is noted in the index along the channel zones within these areas. The high 

connectivity values of the mountainous regions are unsurprising, and strong lateral and 
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longitudinal connectivity is evident in the field. Fluvial valleys narrow, and steeper channel slopes 

would enhance transport through the area. Hillslope-channel connectivity is strong, and 

sediments generated through active uplift of the area and mass movements would generally be 

expected to reach the channel network readily (cf Korup et al., 2006). Local-scale factors will 

influence the broad generalizations outlined here. One example clearly identified in the index is 

the low connectivity values seen along the trace of the Kunlun fault complex, as the increase in 

accommodation space (valley width ~2 km) within the area lowers the degree of landscape 

connection (Figure 5-3). The highest IC values calculated at the regional scale within the Guide 

basin agree with the highly dissected nature of the landscape at this scale of observation, 

although the relative values of the index are influenced by the proximity to the basin outlet that is 

used as the target area within the methodology.  

 

Figure 5-3: Index of connectivity (IC) for the upper Yellow River basin using a GIS approach (see 

Cavalli et al., 2013) on 1 arc second resolution SRTM data. IC values are estimating 

connectivity with respect to the basin outlet, and have been normalized to aid in 

comparison. 
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Figure 5-4: Landscape classification of the upper Yellow River basin following methods described 

in Chapter 2. Location of the Garang study catchment is shown in red. 

 

The patterns within the dissection index clearly show the overarching influence of 

landscape history within the region (Figure 5-5). The relict peneplain within the headwater region 

shows a very low degree of dissection, with similar values within the preserved basin fills of the 

Zoige, Tongde, and Gonghe sedimentary basins. What is most striking on the image is the clear 

delineation of the extent of upward-progressing incision along the Yellow River. High dissection 

index values within nearly the entirety of the Guide basin highlight the extensive excavation of 

basin sediments from the area, with lowered index values possibly indicating areas with minor 

remnant basin surface preservation along the northern and southern boundaries. The extensive 

preservation of basin fill sediments within the Gonghe basin is evident in the low index values 

within the surface, with localized higher dissection values outlining the major flight of terraces that 

are preserved within the basin (directly to the west of the Longyangxia Reservoir, see Perrineau 

et al., 2011). The extent of tributary incision radiating from the Yellow River is particularly visible 

within the Tongde basin, with the upstream limit of high dissection values along the Yellow River 
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(and smaller tributaries) generally agreeing with the limit of incision described by Harkins et al. 

(2007) as occurring approximately 100 km downstream of the Zoige basin.  

 

 

Figure 5-5: Dissection Index calculated for the upper Yellow River basin using 1 arc second 

resolution SRTM data following methods described in Selvan et al. (2011). 

 

Areas of sediment storage delineated with the SCM method are based on low slopes and 

surface roughness, and therefore predictably align with the regional patterns of low connectivity 

and low relative dissection values that are based on many of the same underlying variables. Total 

area of sediment storage estimated for the region is 60,940 x 106 m2, or approximately 41% of the 

total basin area, compared to the 20% coverage mapped within the Garang catchment. The 

alluvial infilling within the upper plateau region is highly apparent, as is the outline of the 

preserved surface of basin fill deposits (Figure 5-6). Sediment storage within the Anyemaqen 

Shan is limited to valley floor deposits, with larger deposits visible within linear fault controlled 

valleys such as along the Kunlun fault complex and near the upstream start of the ranges. The 

overall distribution of sediment storage shown here is thus largely dictated by accommodation 



 

 121 

space, with valley bottom (and landscape) constrictions playing a large role in the pattern of 

sedimentation (e.g. Brown, 1987; Fryirs, 2013).  

 

 

Figure 5-6: Probable areas of sediment storage within the upper Yellow River basin. Sediment 

stores were extracted from 1 arc second resolution SRTM data following semi-

automated methods outlined by Bowles and Cowgill (2012). 

 

To provide some measure of connectivity within these sediment stores, a subset of the 

sediment area was extracted. Sediment stores that could be connected directly to a channel (i.e. 

physical proximity) or connected indirectly through a neighbouring sediment storage feature were 

extracted from the overall data, using a channel network created with a channel initiation 

threshold of 1 km2. These data are then presented in Figure 5-7 as the proportion of sub-

catchment area that is covered by the derived sediment storage. The resulting map emphasizes 

the patterns of sediment storage observed within Figure 5-6. Results from these methods indicate 

the extremely limited space for sediment storage within the highest relief of the Anyemaqen Shan, 

with the smaller stores of sediment in the southern ranges remaining in the dataset due to their 
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proximity to the channel network. Catchments within the headwaters of the Yellow River, as well 

as on the tops of the basin fill have a very high percentage of sediment storage, although the 

limitations of selecting a single channel initiation value are evident within the data. Channel 

networks on the tops of basin fill and within the upper plateau are shown to be more extensive 

than in reality and the single initiation value used here cannot accurately reflect the variation in 

hydrologic and geomorphic processes controlling channel initiation (see Montgomery and 

Dietrich, 1992).  

 

 

Figure 5-7: Percentage of tributary catchment area that is covered by SCM-derived sediment 

storage within the upper Yellow River basin. Location of the Garang study catchment 

is shown in red. 

 

5.1.3 Cross-scalar analyses of connectivity and sediment storage 

Numerous parallels can be drawn between the patterns of connectivity and sediment 

storage found within the Garang catchment and those present within the upper Yellow River basin 

as a whole. In many ways, the Garang catchment serves as a microcosm for connectivity 
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relationships and sediment dynamics within the basin. The highly-disconnected, low-relief areas 

of the upper Garang catchment reflect a landscape operating under past conditions, prior to 

incision within the basin, similar to the upper plateau regions within the Yellow River headwaters. 

The strong influence of past incisional processes in determining contemporary connectivity 

relationships and sediment storage within the alluvial fan/terrace complexes of the middle Garang 

catchment is analogous at a broader scale in the downstream progressions through suites of 

major terrace features and progressively more incised sedimentary basins of the Yellow River 

itself within the Tongde and Gonghe basins. Alluvial fans within the major tributaries of the 

Tongde basin provide similar confining features, with comparable importance in sediment storage 

and reworking to the alluvial fan/complexes within the Garang catchment (Figure 5-2C). Finally, 

the highly dissected nature of the lower Garang catchment, with associated high lateral and 

longitudinal connectivity and limited sediment storage, could be considered an apt description at 

the larger scale for a synopsis of landscape dynamics within the lower reaches of the study area 

through the Guide basin, where most basin fill sediments have already been excavated 

(Craddock et al., 2010). 

The findings of the detailed Garang studies presented in this thesis highlight the diversity 

of landscapes within this small tributary catchment, with highly disparate landscape configurations 

and dominant geomorphic processes within the three identified geomorphic zones. The 

importance of catchment-scale factors in controlling landscape dynamics, and the need for site-

specific knowledge and contextualizing process in terms of landscape evolution are key findings 

within the work. These aspects highlight the importance of scale (spatial and temporal) in 

connectivity and sediment analyses, underscoring the potential for overlooking critical information 

when inappropriate scales are chosen, and drawing attention to the benefits of consideration of 

multiple scales of analysis. These notions call on work such as that extrapolated in Church (1996) 

that advocates the need to match scales of observation to the velocity of the material in question. 

Caution is urged against limiting analysis to that which is directly observable, as this would 

discount significant knowledge to be obtained through inference of process at the longer 

timescales of landscape evolution (Church, 1996). Given the strong influence of past evolutionary 

processes on contemporary landscape dynamics within the upper Yellow River, such conjecture 
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on the nature of connectivity relationships and sediment flux under past environmental conditions 

is necessary. 

The question of appropriate scale is found throughout geomorphic literature, with 

numerous calls for and examples of cross-scalar analysis (cf Houben, 2008; Grohmann et al., 

2011; Bracken et al., 2015). Carbonneau et al. (2012) provide an example of where presentation 

and analysis of such cross-scalar data may go in the future, with the use of hyperscale graphing 

to display and analyze a hierarchical scaling of geomorphic features and connectivity of ‘patches’ 

(areas with similar physical/biological attributes). Limited data availability within the upper Yellow 

River places constraints on the types of analyses that may be conducted; however, the 

importance of multiple scales of analysis is clear from the varied insights acquired within the 

Garang catchment that can aid in understandings at the regional scale.  

Regional scale observations may overlook local-scale variations that may play an 

important role in controlling basin dynamics. Conversely, regional scale analyses can provide 

valuable information on broad scale patterns, guiding further (more targeted) investigations. 

There is the danger that use of a single scale within landscape analyses will overlook crucial 

pieces of information. Examples of this are provided through comparison of the regional scale 

overview of the Yellow River basin to the detailed work within the Garang catchment. Figure 5-8A 

presents the original landscape classification conducted at the regional scale within the Garang 

catchment area. The landscape classification shown in Figure 5-8B uses identical thresholds and 

categories to the first, but was run at a smaller scale (focal neighbourhood of 430 m versus 

10,000 m). The 10,000 m neighbourhood extent is shown earlier to be effective in masking small-

scale variation in relief to focus on the desired regional-scale changes (Section 2.3.1), while a 

neighbourhood of 430 m (approximately 15 grid cells) was chosen as it allows for resolution of the 

larger landscape features within the Garang, though masks confounding relief variations at very 

localized scales. While neither classification portends to be entirely accurate in defining the 

landscape categories within the catchment, and indeed, that implies that such rigid boundaries 

exist, the smaller scale clearly identifies many of the local-scale nuances that were found to be 

defining controls on landscape dynamics within the Garang catchment. The full extent of the 

remnant basin surface is shown within Figure 5-8B, including the coalesced alluvial fans of the 

upper catchment and flat lying surfaces above the incised mainstem in the upper reaches, and 
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the remnant erosional surface within the southwest corner of the catchment (Figure 5-8B). The 

amalgamation of the flat topped alluvial fan/terrace complexes in the catchment within this same 

category also demonstrates the limitations of merely changing the scale of analysis without 

modifying the method to be appropriate for that scale, an issue that may be camouflaged without 

prior knowledge. Similar arguments can be drawn by scaling down the regional dissection index 

calculated in the previous section to the sub-catchment scale. A neighbourhood radius of ~140 m 

was used to calculate a dissection index for the Garang catchment (Figure 5-9B), with the search 

radius chosen to enable resolution of the smaller mapped features within the catchment. This 

result is compared to a dissection index calculated using the regional scale neighbourhood radius 

of ~430 m (Figure 5-9A). While broad changes within relative dissection magnitude are evident at 

the regional scale (higher dissection within the lower catchment), once the analysis is repeated at 

a scale more appropriate to the catchment size, fine changes such as the outline of the remnant 

basin spurs within the upper catchment near the upper limit of incision, as well as the 

preservation of the lower erosional surface in the southwest corner of the catchment are now 

discernable (Figure 5-9B).  

 

 

Figure 5-8:Landscape classification for the Garang catchment at the regional scale (A) and sub-

catchment scale (B). 
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Figure 5-9: Dissection Index for the Garang catchment at the regional scale (~430 m focal 

neighbourhood) (A) and sub-catchment scale (~140 m focal neighbourhood) (B). 

 
Examples of the types of geomorphic features that can be overlooked, or regional 

patterns that cannot be discerned (a missing the forest for the trees problem) when analysis 

focuses on a single scale are plentiful within the upper Yellow River. This potential gap in 

understanding becomes critically important in assessments of connectivity and sediment 

dynamics, where local-scale impacts can have a disproportionate impact at larger scales, as 

shown clearly through the detailed studies within the Garang catchment. The development of the 

three geomorphic zones within the area was largely dependent on how localized variation in 

underlying structural and lithologic control (and associated development of accommodation 

space) led to disparities in response to incision within the catchment which continue to largely 

inform contemporary landscape dynamics. 

5.2 Implications and limitations of study 
The classification presented in Chapter 2 is intended to be used as a broad-scale 

organizational framework to facilitate discussion of the upper Yellow River. Its aim was to reduce 

the complexity of the environments within the region and support understandings of process that 

are indirectly incorporated into the categorization (Rowe and Sheard, 1981). To that end, the 
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development of the classification relied on just a few key morphometric parameters. Inclusion of 

added criteria, which may be as simple as geology or vegetative cover, would likely have added 

nuance to the developed categories and may have allowed for improved differentiation. However, 

the added complexity would not necessarily further its use in the context of this study. In addition, 

limitations inherent in the subjective determination of boundaries within the classification, issues 

of amalgamation of spatial and temporal scale of processes underlying boundary demarcation, 

and the potential for contingency in geomorphic landscapes to belie attempts to meaningfully 

group landscapes would remain no matter the complexity of the underlying criteria (Bridge and 

Johnson, 2000; Phillips, 2007). 

The lack of direct consideration of the magnitude-frequency distribution of formative 

hillslope and valley floor processes is a major limitation within this thesis, constrained through 

unavailability of datasets and resources, as these processes greatly influence the changing 

landscape connectivity relationships over time (see Bracken et al., 2015). The ability to add such 

analysis to the body of work presented here would add more substantive insights into the internal 

workings of sediment dynamics within the Garang catchment and at the broader regional scale. 

The strong influence of landscape history on contemporary sediment dynamics within the Garang 

catchment highlights the need to extend these analyses to longer term scales of landscape 

evolution, and better track the changing nature of connectivity relationships through time. Detailed 

chronologies would greatly further interpretations of incisional response within the Garang 

catchment, and improved dating within sediment features of the three geomorphic zones would 

better constrain residence times associated within the storage types and allow for improved 

understandings of the timescale of impedance of features that determine the (dis)connectivity 

relationships within the catchment. Using such data to add to the understandings of connectivity 

and sediment flux within the upper Yellow River would allow the work to move beyond the 

somewhat static and qualitative view of landscape connectivity presented here. 

Working in more remote regions of the world comes with its own sets of limitations, most 

notably in the availability of quality datasets. While the availability of high-resolution datasets are 

providing new opportunities for understanding of geomorphic process (see Tarolli, 2014), many 

regions of the world remain greatly underserved by such datasets. Although attempts are made 

within the thesis to understand the interactions between process at regional and sub-catchment 
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scales, outside of field observations and measurement, input to the GIS-based analysis was 

limited to use of an identical base elevation layer. The availability of the 1 arc second resolution 

SRTM data in the latter stages of this study provided clear advantages in the ability to remotely 

discern changing relationships in connectivity over the original 3 arc second resolution SRTM 

data (see Chapter 3), yet it was clear from field investigations that the ~30 m DEM data was still 

unable to resolve pertinent variation in topographic surfaces that impacted upon connectivity 

relations in the catchment. However, this is not to say that increasing the resolution of the 

datasets will allow for complete understandings of catchment process. Indeed, care must be 

taken in introducing higher resolution datasets as local-scale variation can often obscure larger 

patterns within the data. There is a real concern for increased complexity taking precedence over 

interpretational accuracy, and inferences of systems-based understandings must be based on 

sound conceptual models. The need for choosing appropriate scales of analysis and 

contextualizing observations in terms of basin history and site-specific factors is obvious. 

Although the issues identified within this section constrain the understandings of connectivity and 

sediment flux within the upper Yellow River region, valuable inferences have still been made 

using the available data, highlighting the possibilities for such analyses in comparably remote 

locations.  

Improvements in data availability, developments of new methods of data acquisition, and 

advancements in geomorphic network and landscape evolution modelling provide for first-rate 

prospects for future development of approaches of connectivity analysis and methods that allow 

for meaningful measurement. Remotely-sensed measurements of sediment storage and transport 

are becoming increasingly more refined and of greater resolution, allowing for increased accuracy 

in detection and quantification of sediment flux. Techniques such as terrestrial laser scanning and 

the increasing availability of airborne LiDAR have greatly enhanced the accuracy of reach-scale 

assessments of sediment storage and transport (e.g. Milan et al., 2011; Schaffrath et al., 2015). 

The advent of 3D point cloud generation has pushed such analyses into “hyperscale” territory that 

can capture movement of sediment through a reach at grain-scale levels of detail (e.g. Brasington 

et al., 2012; Williams et al., 2014). The promise presented by recent developments in Structure-

from-Motion photogrammetry is particularly relevant for work in remote locations such as the 

upper Yellow River. This is a low-cost and rapid technique that uses consumer grade cameras 
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(including smartphones) to provide 3D modelling and generation of DEMs at resolutions 

comparable with LiDAR and terrestrial laser scanning (e.g. Westoby et al., 2012; Fonstad et al., 

2013; Micheletti et al., 2015). This is particularly appealing for work in locations such as the upper 

Yellow River where inaccessibility and difficulty of transporting specialized equipment to the area 

are real concerns.  

The use of numerical modelling can provide an effective framework to further geomorphic 

understanding of landscape connectivity and sediment flux. Many of the technical methods 

described above tend to focus at the reach-scale due to intensive data requirements, but may 

provide for invaluable input into models of connectivity at the catchment scale. Recent work by 

Baartman et al. (2013), Czuba and Foufoula-Georgiou (2014, 2015), and Hoffmann (2015) 

provide examples of modelling techniques that explore nonlinear relationships in connectivity. 

While the link shown between increasing morphological complexity and sediment connectivity 

discussed by Baartman et al. (2013) is valuable, there is limited testing of these assumptions in 

real-world landscapes. Locations such as the upper Yellow River basin, with its highly diverse 

landscapes, could prove to be a valuable testing ground to guide further model development. 

Hoffmann (2015) uses reservoir theory to model residence time of long-term sediment stores to 

estimate effective timescales of disconnectivity in the system, providing a valuable approach to 

estimate velocity of sediment through a basin and the nature of connectivity between the storage 

compartments. The uncertainties within the findings highlight the need to extend such studies 

towards cross-scalar examinations of how cumulative effects of small-scale variability impact 

sediment flux at larger spatial scales (Hoffmann, 2015), an appeal echoed by Hinderer (2012) and 

Romans et al. (2016) in recent work on long-term sediment flux, and is a strong theme within this 

thesis. Czuba and Foufoula-Georgiou (2014, 2015) developed a network model that evaluates 

sediment delivery through a channel network, identifying locations prone to geomorphic change. 

Their model provides for a window into how reach scale impacts can affect change at the 

catchment scale. The explicit consideration of connectivity within these models provides an 

indication of future directions in approaches to measuring connectivity at the catchment scale, 

one that would allow for incorporation of knowledge gained through the high-resolution 

methodologies discussed earlier, yet offer inferences at the catchment scale. There remains a 

strong need for field-informed studies such as that presented in this thesis to test many of the 
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assumptions of these models, and inform their ongoing development. The spatial and temporal 

complexities of landscape connectivity and sediment flux evident within the upper Yellow River in 

this thesis also emphasize the need for cross-scalar analysis and consideration of landscape 

history and long-term sediment storage in model development. 

5.3 Concluding statement 

The highly diverse landscapes of the upper Yellow River and its dramatic incisional 

history provide an intriguing exemplar of the changing nature of landscape connectivity and 

sediment flux. The disparate landscapes found along the Yellow River, from a relict peneplain 

within the headwaters, through high-relief mountainous regions, down through the dramatically 

incised nature of the sedimentary basins within the lower study reaches, provide stark contrasts in 

geomorphic process and associated connectivity relationships. The complexity brought about 

through landscape diversity is further emphasized in detailed investigations at the sub-catchment 

scale within the Garang catchment.  

Application of geomorphometric measures of connectivity within the Garang catchment 

stresses the need to supplement such morphometric and remotely-sensed data with detailed 

process-based analyses of landform assemblages and their role as agents of sediment storage. 

The study highlights the usefulness of rapidly calculated morphometric indices such as the IC, 

while at the same time underscoring the need to ground such metrics in site-specific knowledge. 

The information provided through geomorphic mapping and field investigations of the Garang 

catchment, albeit qualitative and subjective, proved invaluable in interpreting and providing 

context for analyses of landscape dynamics in the catchment. Detailed mapping of sediment 

stores and quantification of their extents and volumes within the Garang catchment provides an 

exemplar of catchment-scale appraisal of (dis)connectivity relations in a unique environment, 

supporting development of meaningful attempts to model rates and patterns of sediment flux 

globally. The strong imprint of past incisional processes on contemporary sediment dynamics 

within the sub-catchment, as well as within the larger upper Yellow River basin, underscore the 

importance of landscape history in determining present states and likely future trajectories of 

connectivity relations. Understandings of the timeframes of sediment reworking are essential, 

requiring dating control of sediment sources and stores. Issues associated with scales of analysis 
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and the importance of localized influences are a key theme within the thesis, and are shown to 

impact interpretations within the Garang catchment and at the broader regional scale. Analysis of 

geomorphic process must take place at the appropriate observational scale, and the variable 

nature of processes informing landscape connectivity relationships and sediment flux accentuates 

the need to understand these factors across multiple scales. Overall, the importance of site-

specific knowledge, geomorphic contingency, and basin history in the development of landscape 

connectivity relations and sediment flux within an area is emphasized throughout the body of 

work. Ultimately, this study adds to the global exemplars of landscape connectivity and its impact 

on sediment dynamics, focusing on a largely understudied region of the world. The work 

presented within the thesis provides a detailed picture of large regional adjustments while 

unraveling basin reworking of sediment stores at the smaller scale within the Garang catchment, 

providing a good example of tributary response to the larger scale incision on the upper Yellow 

River. This thesis provides a solid foundation for future work within the area, and can be used to 

guide future study on sediment delivery relationships within the upper Yellow River.  
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