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Connectivity  

o An overarching framework for 
understanding runoff and runon 

o The development of hydrological 
connections is a function of: 

 water volume (supplied by rainfall 
and runon, depleted by infiltration, 
evaporation, transpiration and 
transmission losses) and;  

 rate of transfer (a function of 
pathway, hillslope length and flow 
resistance). 

o An Increasingly used term. 
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Issues 

– Not well defined (cf ecology  e.g. 
Taylor et al. 1993; Pringle 2001) 

– No working measures (possibly 
volume to breakthrough Croke et al. 
2005; Bracken and Croke 2007) 

– static vs dynamic vs process based  
(Bracken and Croke 2007, Bracken et 
al 2013) 

– Is the concept of connectivity as 
relevant for sediment transport? 

– What does connectivity mean for 
the SDR and sediment budgets? 

– Hence need to evaluate definitions, 
uses and future research directions 

 

 



(a) Hydrological connectivity: definitions from 
Ali and Roy (2009) 

Water cycle – Watershed scale 
1. An ecological context to refer to water-mediated transfer of matter, energy and/or organisms within or between 

elements of the hydrologic cycle (Pringle 2003) 

Landscape Features – Watershed scale 
2. All the former and subsequent positions, and times, associated with the movement of water or sediment passing 

through a point in the landscape (Bracken and Croke 2007) 
3. Flows of matter and energy (water, nutrients, sediments, heat, etc.) between different landscape components 

(Tetzlaff et al., 2007) 
4. The extent to which water and matter that move across the catchments can be stored within or exported out of 

the catchment (Lane et al., 2004) 

Landscape Features – Hillslope scale 
5. Physical linkage of sediment through the channel system, which is the transfer of sediment from one zone or 

location to another and the potential for a specific particle to move through the system (Hooke 2003) 
6. The physical coupling between discrete units of the landscape, notably, upland and riparian zones, and its 

implication for runoff generation and chemical transport (Stieglitz et al., 2003) 
7. The internal linkages between runoff and sediment generation in upper parts of catchments and the receiving 

waters [ . . . ] two types of connectivity: direct connectivity via new channels or gullies, and diffuse connectivity as 
surface runoff reaches the stream network via overland flow pathways (Croke et al.,2005) 

Spatial Patterns – Watershed and hillslope scale 
8. Hydrologically relevant spatial patterns of properties (e.g. high permeability) or state variables (e.g. soil moisture) 

that facilitate flow and transport in a hydrologic system (e.g. an aquifer or watershed) (Western et al., 2001) 
9. Spatially connected features which concentrate flow and reduce travel times (Knudby and Carrera 2005) 

Flow Processes – hillslope scale 
10. The condition by which disparate regions on a hillslope are linked via lateral subsurface water flow (Hornberger 

et al., 1994; Creed and Band 1998) 
11. Connection, via the subsurface flow system, between the riparian (near stream) zone and the upland zone (also 

known as the hillslope) occurs when the water table at the upland-riparian zone interface is above the confining 
layer (Vidon and Hill 2004; Ocampo et al., 2006) 

 



Grouping Catchment Methods 

Melbourne/Canberra/ CSIRO Upper Tyers, Cuttagee Creek Runoff plots, Volume to breakthrough  

Melbourne Tarrawarra soil moisture 

Brisbane/Western Australia Upper Kent River, Western 

Australia 

Topographic data and modelling. 

Western Australia/Illinnois Susannah Brook  wells 

Louvain Carcavo, Murcia, Spain  Dem and GPS mapping 

Louvain Virtual Modelling, quantitative  

Montreal Hermine soil moisture analysis, tracers. 

St-Hilaire soil moisture analysis, tracers.  

Tokyo Mie  Saturated areas, runoff plots 

Amsterdam SE Spain - Torealvilla Field measurement 

Wagininen Carcavo, Spain Terrain analysis, modelling 

Wagininen Virtual Modelling  

Durham/Leeds/ Aberystwyth Guadelentin Overland flow, modelling. 

Durham/Lancaster Upper Rye, Temperate Modelling, biological data 

Sheffield New Mexico and River Don soil moisture, overland flow measurements, 

modelling. 

Aberdeen Scottish Highlands:  GIS modelling, tracers, saturated areas. 

Auburn University  Sand Mountains  surface and sub surface runoff  

Montana Tenderfoot Creek soil water wells  

Oregon/ Simon Fraser (Canada) Panola 

Virginia/Oregon Andrews 

Hubbard Brook 

Groundwater wells oil moisture 

Montana/Oregon/Stockholm Maimai Hydrometric and tracer data 



Analysis of the research published by these groups can be 
categorised into five different approaches to investigating 
hydrological connectivity:  
i) evaluating soil-moisture patterns 

ii) understanding runoff patterns and processes on hillslopes 

iii) investigating topographic controls (including the impact of road 
networks)  

iv) developing models to explore and predict hydrological connectivity; and 

v) developing indices of hydrological connectivity.   

 

 

Bracken et al 2013 Earth Science Reviews, 119, 17-34. 

 



Soil-moisture connectivity 
• The soil-moisture patterns that emerge reflect how water is moving, in particular linking 

stores produce hydrological connections 
• Quantify the spatial patterns responsible for runoff  

 
 
 
 
 
 
 
 
 
 
 
 

 

 
• Provide a focus for connectivity metrics  
• Debate: 

– shallow soil moisture can be used as an indication of saturated excess processes  
– soil depth and bedrock topography control the pattern of active flow generated during 

storm events  
• Assumptions not true for all catchments 
• Definitions related to methodology 

Williams 2010 



Flow-process connectivity 

• Explores the interaction been rainfall and runoff to see how hydrological 
connections develop 
 
 
 
 
 
 
 
 
 
 

• Not explicitly related to methodology 
• Range of definitions and approaches at different scales 

 
 

Smith et al 2010 



Terrain Connectivity 

• Investigates topographic controls on 
runoff and flood production 
– Macro (roads) and micro (roughness) 

 

 

 

 

 

 

 

 

• Direct link between approach and 
definition 

• Landscape features, hillslope scale 
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Models of hydrological connectivity 

• Develop from SCS curve numbers and solving for fluxes 

• Now an overarching framework to explore factors affecting the development 
of flow connections 
 

 

 

 

 

 

 

 

 

 

• Landscape features 

• Direct relationship perspective and definition 
 

Lane et al 2004 

Lane et al 2009 



Indices of hydrological connectivity 

• Topic of debate 
– Topographic, infiltration .... 

 

 

 

 

 

 

 

 

 

 

 

 

• Map on to the full range of definitions 

• Has not converged on a preferred foundation for an index 
 

Borselli et al 2008 

Ali and Roy 2010 



• Structural connectivity: spatial patterns in the landscape, such as the spatial 
distribution of landscape units which influence water transfer patterns and flow paths.   

• Functional connectivity: how these spatial patterns interact with catchment 
processes to produce runoff, connected flow and hence water transfer in catchments 

• Bracken et al (2013) propose the term ‘process-based’ hydrological connectivity as a 
more readily understandable phrase to convey how spatial patterns of catchment 

characteristics interact with processes to produce connected flow and hence water 
transfer. 
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(b) Sediment Connectivity 

• ‘the connected transfer of sediment from a source to a sink in a system via 
sediment detachment and sediment transport, controlled by how the sediment 
moves between all geomorphic zones in a landscape’ Bracken et al (in press) 

• Need to explore using a complex-systems approach to conceptualize the 
continuum of sediment transfer.  

• Approach needs to resolve both the flaws of the sediment delivery approach that 
monitors one point in a catchment (usually the outlet), and scale dependence of 
erosional processes.  

• Any new approach must also be able to explain how small-scale measurements of 
erosion result in broad-scale geomorphic patterns and processes. 



Existing definitions of sediment connectivity 

• Harvey (2012) used the terms coupling and connectivity interchangeably, viewing 
coupling within fluvial systems as the fundamental property that affects the down-
system transmission of sediment.  

• Hooke (2003:79) “the physical linkage of sediment through the channel system, 
which is the transfer of sediment from one zone or location to another and the 
potential for a specific particle to move through the system”.  

• Faulkner (2008): ‘links between specific sources and sink areas and thus focuses on 
understanding the connected transfer of sediment within a narrow range of 
environmental conditions and geomorphic systems noting process-domain 
interactions at the relatively small scale’.  

• Understanding behaviour at specific points in the landscape: not providing an 
overall framework for linking behaviour at multiple scales in the landscape.  

• Coupling (based on the morphologic system at certain locations) and sediment 
connectivity (founded on the continuum of the cascading system) are different. 

 



 

Existing conceptual frameworks of sediment 
connectivity  

 
 

 

Lexartza-Artza and Wainwright (2009; 2011).  



• Fryirs et al. (2007) produced a 
conceptual model that could be used to 
assess the disconnectivity of catchment 
sediment cascades.  
 

• Catchment disconnectivity - the degree 
to which any limiting factor constrains 
the efficiency of sediment-transfer 
relationships (Fryirs et al., 2007).  
 

• Houben’s (2008) framework centred on 
the role of the hillslope in controlling 
the net delivery of sediment.  

 



Applying an index of hydrological connectivity 

Borselli et al 2008 

Cavalli et al (2013) apply the 
index to two adjacent 
catchments located in the 
upper Venosta valley, Eastern 
Alps, Italy 

 
 Index of sediment connectivity computed with reference to 
the outlet of the studied catchments. 



A new sediment-connectivity framework 

This framework emphasizes the co-dependency (relationships and feedbacks) of each element  



 
1. Frequency-magnitude distributions of 

sediment detachment and transport processes 

 

(A) significant sediment connectivity because of the extensive sediment accumulation before 
its occurrence.  

(B) Connectivity limited by the sediment supply.   
(C) Sediment connectivity is subsequently stronger when accumulation has again reached a 

suitable level. 



• A major, infrequent event followed by low magnitude, high frequency events, 
which tend to decrease in magnitude over time as vegetation stabilizes hillslopes 
and river banks, as well as removing water from sediment transport via 
transpiration.   

• Pattern continues until another high magnitude event occurs, leading to some 
form of resetting of the system.   



(1) An decrease in sediment 
connectivity as system 
disconnects. E.g. as channels 
become dammed by coarse 
debris from tributaries 
disconnecting downstream 
reaches [e.g. Woolley, 1946]);   

(2) a pulse in sediment connectivity 
as sediment is mobilized and 
transported during high-energy 
events; and  

(3) the system experiences much 
stronger subsequent connectivity 
for example as a result of the 
removal of a floodplain that 
previously disrupted hillslope-
channel coupling.   

Affect of infrequent high magnitude events 



e.g. positive feedbacks producing sediment connectivity in débris 
flows over a relatively short (event) timescales. 

(2) Feedbacks between distributions of 
sediment detachment and transport processes 



(3) Mechanisms 

Bracken et al (in press) propose four end-members of a phase space which correspond 
to the following detachment and transport conditions: 

• Sediment detachment and sediment transport are hydrologically controlled e.g. 
rainsplash, overland flow;  

• Sediment detachment is hydrologically controlled; sediment transport is not 
hydrologically controlled e.g.  Pore water pressure controlled landslides, bank 
erosion; 

• Sediment detachment is not hydrologically controlled; sediment transport is 
hydrologically controlled e.g. bedrock landslides, uplift ; 

• Neither sediment detachment nor sediment transport is hydrologically controlled 
e.g aeolian, anthropic. 

• These end-members control sediment detachment and transport processes and 
thus control a phase space which defines the overall sediment flux 



• The degree of hydrological control on sediment detachment and transport processes can be 
combined into an integrated model for the scaling of sediment transport.   

• The numbers in the grey circles refer to the four end-members, and the grey dotted lines are 
isolines of sediment flux, defined as a function of detachment (D) and transport distance (l).   

• This phase space in D and l describes the behaviour of individual particles, and by extension the 
behaviour of different landscape elements.  

• Trajectories through this phase space will be controlled by the frequency and magnitude of 
different events as well as the form of the landscape and the presence of boundaries within it. 



So…. 

• Subcultures of research can be identified around researchers and approaches 
used. 

• There is some interlinkage between these subcultures. 

• There is often an explicit relationships between the definition used, perspective of 
the researcher and measurement techniques employed. 

• Confusion remains about the terms used to classify hydrological connectivity such 
as structural and functional. 

• Coupling and sediment connectivity are different. 

• Existing frameworks for sediment connectivity focus on disconnectivity, dominated 
by the movement of sediment by water,  hence not compelte. 

 
 



Suggestions….. 

• We need to be precise in out use of terminology. 

• Processes-based possibly the way forward? 

• We need to develop comparative research using multiple methods and definitions. 

• We need to undertake comparative research across different environments, scales 
and shapes of basins. 

• Changing dynamics of travel distance under a range of process domains, 
environmental conditions and over various timescales is likely to be the most 
fruitful route to develop connectivity. 

• We need novel field and modelling investigations to develop these ideas further. 

 

 


