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Abstract
Major advances continue to be made in development and application of the connectivity concept as a framework for analysis of runoff and sediment fluxes in catchments and landscapes and it is becoming a major paradigm in geomorphology and hydrology. It involves the identification of the locations and patterns of pathways of water and sediment movement and extent of their linkage. However, significant issues and challenges remain. Various approaches to identification and quantification of connectivity in a landscape are taken, involving mapping and modelling of various types.  It is important in applying techniques that the purpose and basis is clear.  A differentiation is made here between direct mapping of known situations, which elucidates patterns and can then be the basis for quantification, and that of modelling, which is predictive and often explanatory but requires validation. Thus, there is a synergy between the two. Various aspects of the spatial arrangements may be of interest, such as sources of sediment to a point in a catchment, pathway position, hotspots of erosion and deposition, controls on the connectivity, positions of disconnectors, influence of human activities, and natural variability with rainfall, seasons and other factors.  The approach and styles of mapping usually entail recording all links at a particular time, possibly with differentiation of type of link, and commonly based on field surveys, but developments are taking place to test the effectiveness of drones for this purpose.  Much modelling has used Connectivity Indices to generate patterns, with varying weighting of factors, and additional factors are now being introduced to indices to add functionality to the modelling.  The other major approach to modelling is that of graph theory, based on network analysis, which is particularly applied to larger river systems.  Both types of modelling have benefitted from availability of open-access software.   Deficiencies and problems in use of modelling and indices persist, including: need for validation; ability to recognise disconnections; variability of connectivity over time; distinguishing sediment from flow connectivity; and clarity of representation.  Challenges remain of spatial scale, particularly in validation/ field surveys but also base data for modelling; in identifying link status and functioning or dynamics at various timescales, and incorporation of feedback arising from those dynamics; in incorporating processes as a step to this functionality, and in testing indices. Methods and approaches to addressing these challenges are discussed and evaluated here.  
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1. INTRODUCTION
[bookmark: _Hlk81300862]Connectivity has become a major paradigm for analysis of aspects of hydrological and sediment flux in catchments in recent years (Wohl, 2017). Some confusion still surrounds the concept and various definitions are available. Much development of techniques for identifying, analysing and quantifying connectivity has taken place but challenges, particularly in implementation and in assessing modes of application to particular environments or research and management problems, remain. This paper seeks to examine how these challenges are and can be addressed. In particular, it discusses issues associated with validation, identification of disconnectivity, and approaches to analysing dynamic/functional connectivity and the actual functioning. In application of the concept, it is very important that differences from, and advantages over preceding approaches are recognised, otherwise it becomes simply another term applied to long-standing types of analyses. It is also important to recognise the purposes and stages of analysis to which the techniques are applied; this paper seeks to clarify these distinctions.

Connectivity analysis emphasises the extent to which parts of a system are linked together. It entails identifying pathways or routes and whether material can move through all these, ie are they spatially continuous and potentially functionally continuous. Connectivity, a long-existing concept in ecology, has been applied in geomorphology explicitly over the past 20 years and to fluxes of both water and sediments. This paper focuses on sediment connectivity in catchments. Hooke (2003, p79) defined this as ‘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’. Connectivity thus differs from prior approaches to understanding, quantifying and modelling sediment fluxes in that it does not assume that all parts of the catchment are supplying sediment and lump characteristics of the areas together, rather it highlights the sources and the pathways of transfer, the sinks or stores of water and /or sediment, and the presence of distinct barriers or discontinuities. The Sediment Delivery Ratio (SDR) (Roehl, 1962) has long recognised that not all eroded sediment is delivered to any specific point downstream but connectivity focuses on the spatial patterns and the links between each part of the pathways, and whether sediment can or is getting through each part. Connectivity can simply involve mapping or assessing whether a pathway exists and has the potential, or appears, to function to transmit the sediment from the link above. If it supplies water or sediment to the next part of the pathway downstream/downslope then it is connected. Connectivity indices (IC) of various types have been developed to quantify the degree of connection and modelling, using various indices is the focus of much of the current research. 

The difference that application of the connectivity concept and framework can make to analysis is demonstrated by the following example. If research is aiming to assess sediment flux to a lake, then conventional or standard hydrological and geomorphological analysis would tend to examine the catchment characteristics and relate flux to these, notably area, slope, cover and land use. In connectivity analysis, the pathways of supply and conveyance of water and sediment are examined and the sequential processes downstream calculated or documented. Such an analysis might, for example, show that much of the sediment being delivered to a lake is from the reach of channel just upstream rather than being from catchment sources. 

 A primary distinction is between structural and functional connectivity (Turnbull et al., 2008), which was inherited from landscape ecology. Structural connectivity was understood as the physical link between habitat patches and the functional connectivity as the flow of organisms. Nowadays, these are termed structural/static/potential connectivity and functional/dynamic/actual connectivity (Hooke 2003; Antoine et al., 2009; Lexartza-Artza and Wainwright, 2009; Sandercock and Hooke, 2011; Bracken et al., 2013) in geomorphology. The structural/static/potential connectivity is an assessment of the features and structures present likely to affect connectivity, which can be done at any time (Sandercock and Hooke, 2006, 2011). It is essentially a mapping and documentation of the state at a particular time but not in relation to temporary flow features; it emphasises the structural components and features present in the system. The functional/dynamic/actual connectivity is the connectivity's operation, usually, after a specific event, or a summary of activity over time. It can be identified by the signs of flow paths recorded after an event  (Sandercock and Hooke, 2006, 2011). However, Bracken et al. (2013) later advocate use of the term 'process-based' instead of functional connectivity and distinguish functional as being the processes involved whereas the actual operation of the system is the functioning. Najafi et al. (2021) have discussed the use of this term more fully. Turnbull et al. (2008) consider that structural and functional are not synonymous with static and dynamic and that dynamic connectivity is produced by the interaction. Wainwright et al. (2011) emphasise the feedback effects between functional and structural connectivity but arguably feedback is still not well incorporated in models or approaches.    Most of the published maps combine structural and functional elements, though Turnbull et al. (2008) pointed out that structural elements are much better identified than functional and Najafi et al. (2021) have found that most modelling and indices involve structural elements rather than functional.

[bookmark: _Hlk65485415][bookmark: _Hlk59107719][bookmark: _Hlk59107758][bookmark: _Hlk59107776][bookmark: _Hlk59107824]Various approaches to the quantification of connectivity have been taken. Heckmann et al. (2018) produced a comprehensive review of available indices and some of their characteristics and limitations.  More recently, Najafi et al. (2021) have undertaken a comprehensive analysis of the literature on sediment connectivity. Indices for runoff connectivity were developed relatively early (e.g. Western et al., 2001). The first IC for sediment was developed by Borselli et al. (2008). Cavalli et al. (2013) then modified this and their index has been widely applied, especially since the development of free software for calculation (Crema & Cavalli, 2018). Pathways can also be analysed as networks with use of network parameters such as length, e.g. Mayor (2008), Puttock et al. (2013) and Marchamalo et al. (2016). A network-scale model developed by Schmitt et al. (2016) is the basis for an online tool, the CASCADE model, produced by Tangi et al. (2019).  Graph theory has been applied, notably by Heckmann and Schwanghart (2013), and further developed and applied by Cossart and Fressard (2017) and Fressard and Cossart (2019).  Several indices have been related to stream power (e.g., D'Haen et al., 2013: Kuo and Brierley, 2014). It is now apparent that different indices and various applications are serving different purposes, with different interpretations, and the index number produced may not be quantifying connectivity as intended. Various challenges in quantification of connectivity have become apparent and these are reviewed here, together with some of the rapid advances being made to overcome the challenges. However, in terms of identifying connectivity and patterns, and for some management applications, then the use of classification and qualitative analysis of sequences may be what is required, or is an important first step, and such approaches are also illustrated and evaluated here.  

[bookmark: _Hlk81304010]The purpose of this paper is to reflect on the various approaches to description, modelling, quantification, and analysis of connectivity within fluvial systems evident in published research, and to seek to clarify and differentiate the purposes and types of methodological application. It evaluates the outcome of applications of various methods and brings together deficiencies identified. It reviews the challenges in developing and applying meaningful indices and how these are being and may be met. It focuses on the implementation of techniques and making the use of connectivity approaches operational, and discusses how some of the deficiencies of present methods identified in published research and in the experience of using techniques may be overcome, with recommendations on methodological strategies. The major challenges surround the issues of validation, identification of disconnectivity, and approaches to analysing dynamic/functional connectivity and the actual functioning. These issues of approaches to directly addressing these challenges and operationalising methods have not been the focus and are somewhat neglected in previous reviews of connectivity. 

2. PURPOSE OF CONNECTIVITY INDICES

2.1 Connectivity characteristics
Connectivity is essentially a spatial concept and analysis framework. Various characteristics of connectivity in a system can be identified and it will depend much on the aim and purpose of the study as to which are described and quantified. These include: 
· Pattern, distribution and locations - mapping
· position of pathways;  
· areas contributing to a certain point
· hotspots, sources and sinks; 
· sequences of types of link
· Degree and length of connectivity – quantification and indices
· degree of connectivity to any point; 
· changes in degree over time;
· Factors influencing
· types of factors
· controls and locations
· disconnectors  
· Functioning
· functioning in different events, dynamics
· connectivity thresholds, prediction

For example, if the purpose is to calculate sediment flux and sediment yield from a catchment and identify parts of the catchment likely to be producing more sediment then the development of the indices for the whole catchment is suitable. If the purpose is to identify specific sources, position of eroding pathways, zones of sedimentation or effects of structures then the mapping at particular locations is the main focus. Of course, to assess connectivity, then the whole area upstream/ upslope of the point of interest has to be assessed. In the case of sediment connectivity then whether sediment is being transmitted from one link / pathway section/ reach to another may be the critical issue. In some cases, simply a qualitative identification of where pathways exist and whether they are connected is appropriate, but in many cases, quantification is needed to understand the whole pattern. Therefore, much of the focus here is on this quantification and the use of indices. 

2.2 Types of approach
The connectivity quantification applications diverge in focus depending on whether they generate descriptive or predictive results and analyse structural or functioning connectivity. These foci are not exclusive so that the same analysis can show structural and functional information and results, or descriptive and predictive results. Initially, there is a difference between descriptive spatial indices, that unify what is observed, and the modelled indices that predict the pathway or different scenarios, though, both lines converge to produce the pattern of connectivity and provide the basis to quantify the degree of connectedness. 

It is suggested here that two distinctive types of application of connectivity quantification are apparent in the research and applications of indices: 1. As quantitative descriptors of connectivity from acquired evidence; 2. As models and predictors of connectivity. These two types of application serve different purposes and are used at different stages and with different bases in analyses. The first essentially takes evidence of a pathway, derived either from direct mapping or from the modelled patterns, and quantifies this. An initial main step is to identify a pathway and if it is connected. Direct mapping may be of the potential for connectivity, ie using the characteristics and structures present and signs of pathways, or may be functional, ie made after a hydrological event and using evidence of actual processes that have taken place.  The direct mapping provides the spatial pattern information as above but requires some quantification to accumulate or symbolise as fluxes move downstream and to show the relative fluxes. The second type takes some key factors that influence transfer of sediment and calculates the ability of the cell or pixel or link to transfer the material and cumulates that.  To a large extent it predicts the pathways, though it will be influenced by the pre-existing topography and channels input to the model. IC models use factors or conditions for calculation, and these can be changed in any particular area to test scenarios. The types and scales of factors have been shown to make a significant difference and are the focus of much research (see Modelling below). Fig. 1 shows how these two types of index differ in their stage of use and basis for quantification. These two approaches can be combined since the direct mapping is necessary for validation of any modelling.
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Fig. 1: Types of approaches and their interrelations in use of connectivity analyses and quantification

 These two types or stages of quantification vary in how they are applied and in what they tend to produce; dichotomies in approaches are apparent. The mapping and descriptors tend not to provide explanation, they use known or modelled or assumed pathways whereas the models generate the pathways (though conditioned by the DEM and existing channels) and thus can be predictive. They can provide an explanation in that factors can be tested.  The mapping  can be dynamic and can incorporate the effects of structures present.  Some descriptors tend simply to indicate the existence of a connected link, not necessarily quantify the pathway itself and  may focus on the location of pathways and pattern of connectivity rather than the degree of connectivity (Fig. 2), though these may be very important in management and identifying hotspots of erosion or sedimentation.  The patterns and extent of connectivity can be quantified by various indices and methods. In contrast, the modelling tends to produce a quantified pattern. Both types of approach vary in the extent of areas to which they are applied, though both types are more often applied to hillslopes and very small catchments than larger channel systems, except for the network approaches which are often applied to large systems.  However, the application and testing of connectivity analyses and indices is expanding, for example, to large channel systems (e.g. Schmitt et al., 2018a),  large lowland flood-prone watersheds (Gay et al., 2016), large wetlands (Singh & Sinha, 2019), mega fans  (Kumar et al., 2014)  and volcanic landscapes  (Ortiz-Rodriguez et al., 2017).).  

2.3 Mapping approaches 
[bookmark: _Hlk81335328]Most mapping shows the relation of pathways to structural features (Fig. 2). Repeated mapping can show changes and varying dynamics associated with conditions and events, including rainstorms (e.g. Meerkerk et al., 2009, Fig. 2a; Wainwright et al., 2011, Fig.  2d)  land use changes, channel changes, and structural changes to terraces, check dams and  roads (e.g., Foerster et al., 2014; Marchamalo et al., 2016; Lopez-Vicente et al., 2017a; Lizaga et al., 2018; Llena et al., 2019;  Marchi,  et al. 2019).
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Fig. 2 Examples of direct field mapping and various styles of depiction, without quantification, that indicate position of pathways and patterns of connections and their relations to structure: a) Meerkerk et al. (2009); b) van Dijk et al. (2005); c) Marchamalo et al. (2016); d) Wainwright et al., 2011 (a) extreme storm rainfall, (b) prolonged rainfall; e) Fressard and Cossart (2019).

 In terms of direct mapping of evidence, two major approaches to how connectivity is recognised, classified and then quantified are apparent:  1. Involves making a prior classification of connectivity with guidelines to identify categories  that are then applied  to field mapping; this entails categorising the connectivity in the field; 2. Entails mapping signs of features and processes and  then applying analysis and classification of the connectivity after completion of the mapping; this involves creation of some kind of mapping system and legend to map the features. 

An example of the first type  which produced guidelines on a rapid field method was that of van Dijk et al. (2005) (Fig. 2b)  (Table 1) who identified four steps: 1. Definition of and identification of four erosion intensity classes; 2. Measurement of incision on sample fields; 3. Erosion mapping – against criteria – field layout, soil surface conditions, erosion and deposition in field, field limits and headlands; 4. Entry of data related to field polygons in GIS.  Sediment deposition is classified on the basis of quantity indicators and abundance. For all fields in the catchment, a form has to be filled in which classifies topographic factors, soil surface conditions and erosion and deposition features. Moreover, the form allows for a simplified sketch of the observed incisions and runoff pathways and the location of eventual deposits.

Table 1 Simplified classification scheme as applied to each arable field in the catchment (after van Dijk et al., 2005)
	Classification

	Theme
	Feature
	1
	2
	3
	4

	Field layout
	slope (%)
slope shape
tillage direction relative to slope
	<2
rectilinear
parallel
	2-5
convex
perpendicular
	5-10
concave
oblique
	>10
convex-concave

	Soil surface conditions
	crop cover (%)
crop residue cover (%)
surface roughness (cm)
structural crusts (%)
sedimentary crusts (%)

	0-1
0-1
R0 (0-1)
0
0
	1-5
1-5
R1 (1-2)
100
0
	5-20
5-20
R2 (2-5)
>50
<50
	>20
>20
R3 (5-10)
<50
>50

	Erosion and deposition in the field
	incision abundance
incision dimensions (cm)
erosion intensity class

deposition abundance

deposition dimensions (m)
	low
<5
zero

wheel tracks

<1 (small)
	moderate
5-15
weak (2)

seedbed

1-5 (average)
	high
>15
moderate (3,4)
tracks & seedbed
>5 (big)
	

strong (5,6)

	Field limits and headlands
	incision dimensions (cm)
deposition dimensions (m)
deposition at field border

	<5
<1 (small)

no
	5-15
1-5 (average)

yes
	>15
>5 (big)
	


*Erosion intensity class is determined from the sum of the rank numbers of the incision abundance and dimensions.

[bookmark: _Hlk59114972][bookmark: _Hlk59115103]Other classifications are based on the signs of flow and the physical features created, which produce a categorisation or scoring.  For example, Croke et al (2005) consider that a range of types of connectivity exists and determine whether a pathway is fully or partially linked to the stream. Linkage pathways are broadly classified as (a) gully or channelised and (b) dispersive. Several authors have combined observations into grades or categories of erosion or effects; for example,  Bracken and Kirkby (2005) suggested categories of morphological runoff zones, also used by Smith et al. (2010)).  Some guidance on methods, or at least checklists of features to be recorded, are provided by Lexartza-Artza and Wainwright (2009)  who list all the factors to be noted but the details of how the characteristics or process signs are to be recognised are largely taken for granted. In other cases, the mapping entails following each pathway and compiling the pattern of connectivity, with, in some cases some differentiation of pathways or features, e.g., Marchamalo et al. (2016) (Fig. 2c), or indication of intensity,  e.g., Fressard and Cossart (2019) (Fig. 2e).

Few specific guidelines of how to carry out observation-based connectivity assessments to map or verify modelled maps have been produced but exceptions include   van Dijk et al. (2005) and Cammeraat et al. (2005) on hillslopes, and Hooke (2003) for channels.  Whether the approach involves a pre- or post-mapping connectivity classification, features and signs of activity have to be identified in the field (or from photographs/imagery showing features). Almost all the approaches to connectivity mapping entail some identification and interpretation of signs of water flow, erosion and deposition in the field to classify the features and pathways and thus allow interpretation of the connectivity status. Geomorphologists learn this through field training, but explicit guidelines are rare.  Cammeraat’s protocol was developed for the EU RECONDES project (http://www.port.ac.uk/research/recondes ) and used also by Borselli et al. (2008), Lesschen et al. (2009),  Meerkerk et al 2009 (Fig. 2a), Sandercock and Hooke (2011), Hooke and Sandercock (2012)  and Marchamalo et al. (2016) (Fig. 2c). Observed traces include splash pedestals, flow lines delineated by alignment of dead leaves, bent grass, rills and sediment deposits on fields and dirt roads, erosion and sedimentation in existing gullies, new gullies, pipes, mud drapes after ponding of water on terraces and in depressions.   These erosion signs are the basis for a scoring method applied to the upslope and downslope components in Borselli et al.'s (2008) method of connectivity assessment. Sandercock and Hooke (2011), and Marchamalo et al. (2016) in hillslope mapping have distinguished between flow-only pathways where signs of water flow are visible and sediment pathways where signs of erosion and deposition are visible. 

Some approaches involve simply mapping the presence of a pathway or its characteristics then working out connectivity afterwards when the whole network and area has been surveyed, including application of techniques of classification. The mapping need not necessarily be quantified at that stage (Fig. 2), especially if it is presence and position of pathways or existence of disconnectors or influence of structures that matter. Post-map classification of the connectivity includes that of Hooke (2003, 2004), and Sandercock and Hooke (2006), applied to channels, in which lateral sediment sources (tributaries, bank erosion) and state of channel bed are mapped, functioning in terms of erosional, stable or depositional are assessed, and then status in terms of sediment transfer is classified to produce a downstream sequence in which sources, transfer and storage zones and boundaries of reaches with different connectivity are identified (Fig. 3). Poeppl et al. (2012) ) also mapped valley floors, with particular attention to lateral transfers and the influence of riparian vegetation. Sediment source areas were delineated by land use mapping from air photographs. Sediment transport pathways were modelled in GIS to produce detailed maps then validated by field ground truthing using a check list.  
[image: ]
Fig. 3 Channel mapping of connectivity, a) ephemeral stream in SE Spain (Sandercock and Hooke, 2011), b) River Dane, UK (Hooke, 2003)

2.4 Modelling approaches
2.4.1 Connectivity indices

[bookmark: _Hlk59109353][bookmark: _Hlk59109366]Obviously, runoff connectivity is the driver of sediment connectivity (SC) for most of the environments so far considered, and thus modelling of the hydrological component is an integral part of assessing sediment connectivity. Several researchers have produced algorithms for calculating likely pathways of flow from characteristics of pixels. Western et al. (2001) developed a connectivity index, which was used by Meerkerk et al. (2009), to overcome the problem that geostatistics describe patterns but do not distinguish connectivity. Lane et al. (2009) and Bracken et al. (2013) assessed the extent to which a topographically defined description of the spatial arrangement of catchment wetness can be used to represent the hydrological connectivity in temperate catchments. They found that a static descriptor based on topography can be successfully used to generalise spatial variability in hydrological connectivity. 

[bookmark: _Hlk59109385][bookmark: _Hlk59109413][bookmark: _Hlk59109431][bookmark: _Hlk59111449][bookmark: _Hlk59109456][bookmark: _Hlk59109487]Ludwig et al. (2006) developed a Leakiness index which was derived from analysis of pixels using remote sensing. This leakiness index is a monitoring tool, rather than modelling tool. Although leakiness indices relate in a general way to soil loss as a landscape process, they are not intended to mimic or model all the complex processes required to predict actual amounts of soil loss from a landscape; they are indicators. Modification of the directional leakiness index (DLI) of Ludwig et al. (2002) was used to produce the Landscape Function Analysis (Tongway and Hindley, 2004). Several of these approaches have in common the recognition that, at least in dryland environments, it is bare areas that generate the runoff, but the water may then infiltrate in vegetation patches. (e.g. Cammeraat and Imeson, 1999; Ludwig and Tongway, 1996; Puigdefabregas, 2005).  At the plot and vegetation patchiness scale, Mayor et al. (2008) use flow length of pathways as measure of connectivity in runoff source areas. 

[bookmark: _Hlk65837277]A major step forward in terms of quantifying and predicting connectivity took place with the development of the Connectivity Index (IC) by Borselli et al. (2008) (Fig. 4a) (referred to from here on as the Borselli Index). This Index calculates the continuous potential connectivity between different points on the surface.  It uses a GIS model approach to define the potential connectivity on a pixel/cell scale and combines downslope and upslope components. The downslope component is related to the distance and impediments between a point and the nearest sink. These downslope impediments are defined by the cell slope angle and the cell surface roughness, characterised by vegetation and land use properties, classified as the Weight factor (W). The upslope component is based on potential runoff/discharge, calculated by discharge area, and on sediment yield potential, controlled by upslope average slope angle and upslope average surface roughness (W). This index was then used as the basis for modifications and extension in a version of the Index by Cavalli et al. (2013) (Fig. 4b), (referred to from here on as the Cavalli Index), specifically to make it more suited to the mountain environment in which they were working. Cavalli et al. (2013), made changes to the flow direction, slope parameters and the weighting factors of roughness. The development of a free open-source tool – SedInConnect (Crema & Cavalli, 2018) allowed this index to become widely used (e.g., Messenzehl, et al., 2014; Nicoll & Brierley, 2017; Calsamiglia, et al., 2018; Marchi, et al., 2019; Schopper, et al., 2019).   Other modifications have since been made, incorporating different weightings (e.g., Ortiz-Rodriguez et al. 2017) and a wider range of factors (e.g., Persichillo et al., 2018; Cislaghi and Bischetti, 2019; López-Vicente and Salem, 2019; Bombino et al., 2020). 

Borselli et al. (2008) quantified the Weight factor (W) as vegetation and land use characteristics, related to the C-factor used in USLE/MUSLE models (Renard et al., 1997).  The original Cavalli index (Cavalli et al., 2013) used roughness index and only topography data, not vegetation explicitly. Cavalli et al. (2013), made three relevant changes to Borselli et al.’s (2008) IC (CI-RI model): from a single direction to a D-infinity flow direction algorithm; created a slope angle limit; and changed the C-factor to a topographic roughness index (RI), derived from the HR-DTM, using a 2.5 m DTM. Subsequently, vegetation and land cover data were re-introduced as W, based on Manning’s n roughness coefficient, following the idea to use RI for unvegetated areas and Manning's n roughness coefficient for vegetated areas (Surian, et al., 2016; Persichillo, et al., 2018; Llena, et al., 2019; Zanandrea, et al., 2019). The effects of the different weightings used in the indices and their suitability for different environments began to emerge from subsequent assessments (e.g., López-Vicente, et al., 2017a; Ortiz-Rodriguez et al. 2017). Several variants or new indices have now been developed based on the original Borselli and Cavalli indices, many of them incorporating a wider range of factors (e.g., Persichillo et al., 2018; Cislaghi and Bischatti, 2019; López-Vicente and Ben-Salem, 2019;  Zingaro et al., 2019; Bombino et al., 2020).  The original indices and many of the applications were by structural assessment but recent developments are incorporating factors that allow some functionality, for example soil moisture, soil permeability and stability, and rainfall characteristics (Chartin et al., 2017 Kalantari et al., 2019; López-Vicente & Ben-Salem, 2019).

[image: ]
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Fig. 4 a) Original modelling of preliminary connectivity index by Borselli in Recondes (2007b), reprinted in Hooke and Sandercock (2017); b) Modellling using a revised version of the Connecivity Index and two different target sinks, outlet and channels (Cavalli et al., 2013).

[bookmark: _Hlk72496848]Running of models with different baselines of DEM, sink patterns, cover and topography can be used to test effects of conditions and sensitivity of models to factors; for example, Cantreul et al. (2018), Graf, et al. (2018), López-Vicente & Álvarez (2018), and Zanandrea et al., (2019)  analyse the IC sensitivity to different DEM spatial resolution, trying to identify the optimal pixel size for each analysis.  Much testing of the effects of vegetation has taken place in recent years; for example, Foerster et al. (2014) tested the effects of seasonal variations in vegetation cover by altering the weighting in the Borselli index.  Also, the effectiveness of data sources for vegetation cover has been assessed, e.g., use of NDVI from remote sensing imagery (Foerster et al., 2014; Mishra et al., 2019). Asadi et al. (2019) found that use of NDVI and IC to model rainfall-runoff greatly improves performance. Lizaga et al. (2018) use a novel total aerial biomass equation. A few papers report comparison of Cavalli roughness IC and Borselli vegetation weighted IC, for example, Lizaga et al. (2018), Cislaghi & Bischetti (2019),  Hooke  et al. (submitted). Gay et al. (2016) applied sediment IC in a lowland area and added infiltration rate. They found that topography alone is not adequate in lowlands.  Ortiz-Rodriguez et al. (2017) calculated connectivity in volcanic areas and used the Borselli index with C for vegetated areas, and Cavalli roughness for bare areas to produce a new joint index.   Apart from the weighting factor and flow direction algorithm, the presence (Cavalli et al., 2013) or absence of slope limit (Borselli et al, 2008) is variable in the IC model applications. Hooke et al. (submitted) showed that slope limit (1 m/m - 45º degree) could conceal steep slope effects on connectivity and ignore erosion hotspots in non-alpine/mountainous environments.   

[bookmark: _Hlk58856846]Present commonly used methods for calculating IC Index are influenced by type of outlet/sink/target selected so it is important to be clear what is wanted in an application, whether it is simply a single quantification at on outlet, ie where sediment is coming from, or whether the user wishes to know what each part is doing and where it ends and what the resultant cumulative value is. The widely used Cavalli version of the IC has two types of outcome, IC Channel and IC outlet (Fig. 4b). Persichillo et al. (2018) have used different stream networks as sinks and different catchment area thresholds to start a channel, and Mishra et al. (2019) have shown in the Himalayas that choice of outlet can make a significant difference to the pattern generated.  The Cavalli IC channel calculates the probability of sediment eroded from hillslopes reaching the nearest sediment sink (streams) and primarily reflects hillslope-channel connectivity. IC outlet calculates the optimal path - controlled by catchment shape, size and channel gradient and rainfall intensity.  The downstream distance to the nearest outlet/sink/target affects the IC values inversely, the IC values are higher closer to the target. This effect, combined with the downstream accumulation area increase, generates a continuous rise in IC value on downstream paths, without representation of possible upstream impediments/sinks. We suggest that the modelling needs to decrease the influence of downstream element because it is whether the flux is able to exit the pixel that has control on the connectivity. Thus, arguably, the neighbouring pixel has an influence but not distant characteristics.  Arguably, the present indices give undue influence to the downstream component and it is recommended that indices should simply cumulate to a point and not be influenced by downstream. If they are able to enter the next pixel/ zone/ reach then they go on cumulating. Ideally, this sequencing becomes combined with a crude budgeting of gains and losses through each link/reach since sections may not be completely connected or disconnected but partially (Hooke, 2003).

Another characteristic apparent in style of output of the connectivity models is the detail and density of pathways produced. The field mapping or high-resolution remote sensing imagery tends to identify distinct paths that have functioned (Fig 2), whereas in much of the connectivity index modelling numerous pathways are indicated, even near the top of slopes (e.g. Fig 4b). Obviously, the water over all areas has to go somewhere but it is suggested that the upslope zones where flow is not in distinct pathways should be mapped in wider systems as areas of diffuse flow as Croke et al. (2005) distinguished. In very high rainfall events in some environments, flow may be over much of the surface. It is suggested that applications of connectivity analysis are much more useful where distinct pathways are developed, which may, in many instances, be only a short distance downslope.  It is also useful to combine connectivity classes to map low connectivity as areas and not pathways as Tiranti et al. (2016) and Persichillo et al. (2018) have done. 

2.4.2 Network approaches
Connectivity pathways can also be treated as a drainage network and therefore standard methods of network analysis can be applied.  For example, Mayor et al. (2008) used flow length of pathways and Puttock (2013) calculated average pathway lengths of runoff from a raster map based on topography and vegetation. Graph and network theory appear to offer a very promising way forward for analysing connectivity patterns. Graph theory involves representing the channel network as a series of nodes, edges and pathways. Heckmann and Schwanghart (2013), in one of the earliest applications to sediment connectivity, used raster cells of a DEM as nodes and used sediment trajectories simulated from process relations to produce edges. Graph theory explicitly deals with sources and sinks, and use of variable process relations can incorporate a functional element. Two indices were developed by Fressard and Cossart (2018) from graph theory to assess structural sediment connectivity and applied to a vineyard.  They demonstrated how such indices can be used to identify hotspots of erosion and sedimentation, and can be used in targeting management actions. Cossart et al. (2018) also point out that connectivity analysed by graph theory may be an effective framework for analysis of transmission of perturbations in sediment systems.

Use of network-scale sediment connectivity modelling also enabled Czuba and Foufoula- Georgiou, (2015) to identify hotspots in a large channel system as zones of sediment accumulation modelled by spatial relations of sediment flux (Fig. 5).  Multiple sediment source-sink transfers were modelled in the research by Schmitt et al. (2016) in which each source is denoted as a sediment input and transported through the system according to channel capacity, derived from standard sediment transport equations (Fig. 6). Disconnection can occur if local transport capacity becomes insufficient.  It has been applied to large river systems in SE Asia (Schmitt et al., 2018a, b). This research became the basis for the development of the CASCADE model as a toolbox, available as open-source software (Tangi et al., 2019); it can use available global data sets for inputs, which increases its applicability to data-scarce regions.  It involves defining a network then combining that with sediment input data and calculations of sediment connectivity based on empirical sediment transport formulae (Fig. 6).
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Figure 5. Dynamic connectivity of sand transport on the Greater Blue Earth River Network, Minnesota River Basin. Organization of sand transported on the network into clusters at time (a) 0.4, (b) 4, and (c) 40 years (Czuba et al., 2015)  
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Fig. 6 Key concepts and steps behind the CASCADE modelling framework: (a and b) Original river network and graph representation; (c) Identifying source locations and grain sizes; (d) Graph expansion; (e) Transport capacity scaling, line width indicates transport capacity; (f) Competition reduces the original transport capacity (compare linewidth in Figures 1e and 1f); (g) Cascade specific, edge-to-edge sediment routing discriminates cascade sediment fluxes; (h) Edges receive fluxes from multiple cascades, defining sediment flux, provenance, and sorting; and thereby connectivity of an edge (Schmitt et al., 2016).


3. [bookmark: _Hlk47440955]CHALLENGES 
Implementation of identification, modelling and quantification of connectivity, especially sediment connectivity, poses various challenges using present methods, though developments are taking place rapidly. Much research is ongoing to fulfil the deficiencies in present methods, but considerable challenges remain. 

[bookmark: _Hlk58856715]3.1 Validation
[bookmark: _Hlk59116064][bookmark: _Hlk59116222]Connectivity modelling, like any model, is dependent on assumptions and input conditions. The model output needs validation so a combined approach of mapping and modelling is recommended. Without testing, the model outcomes remain as hypotheses.  Many authors have remarked on the need for field mapping or actual observations for validation or ground truthing, even when the main focus has been on the modelling. Borselli et al. (2008) pointed it out and proposed the Field Connectivity Index. Hooke (2003, 2004), Brierley and Fryirs (2005), Lesschen et al. (2009), and Lexartza-Artza and Wainwright, (2009, 2011), all state that field-based approaches  are crucial to understanding connectivity and Messenzehl et al. (2014, p226), after a comparison of automated and field mapping, concluded that 'Traditional geomorphic field maps remain indispensable for validation and improvement of modelling results'.   Other more recent examples of field mapping or recognition of the need include Cossart et al. (2018), Mahoney et al. (2018), Fressard and Cossart (2019) and Skarpich et al. (2019). Several of the comparisons or validations have exposed deficiencies in modelling approaches, e.g., Messenzehl et al. (2014) in the Alps, and Nicoll and Brierley (2017) in the Upper Yellow River, China. Even after these efforts, there is not a clear framework to validate the indexes, mainly due to the different research approaches and goals. It shows the necessity of guidance to validate the ICs, that can be adapted to each necessity/goal and refinement of approaches to mapping. 

3.1.1 Approaches to validation and scale issues
[bookmark: _Hlk59118628]One of the major challenges in assessing and quantifying connectivity is that every part of the system needs to be assessed, otherwise you do not know if it is connected; it may only take one small area or a structure to make the disconnection in a pathway or alter the path.  Every pathway needs to be followed in order to assess whether it links. Of course, space has to be divided up in some way and this is commonly into pixels but it can also be by classification of homogeneous areas on hillslopes such as hydrological units (e.g. Smith et al., 2010) or homogenous reaches in channel systems (e.g. Hooke, 2003; Czuba and Foufoula-Georgiou, 2015).  Connectivity requires that every link is quantified and this is cumulative as far as disconnectors. If the interest is in sediment delivery and knowing where an area is supplying sediment to a particular point then one strategy is to follow all visible pathways upstream until a definite disconnector is reached (either a structure/ impediment or, if after an event, then functional sink). The part of the catchment above is then irrelevant, disconnected.  This was done in field mapping/ checking in the Carcavo system, where, after an event, signs of flow and sediment delivery along a main channel (and also direct sediment inputs from channel/valley sides via slides and falls) were checked (Fig. 3a) (Sandercock and Hooke, 2011). Several tributaries were found to have made no connection (Fig. 7a), with flow and sediment being deposited on a fan on the floodplain or tributary exit (Fig.7b, c).  If the aspect of interest is where the sediment is coming from to that disconnection point then the location and nature of that sink and the sources and pathways above it can be examined. This is the coupling concept discussed and exemplified by Harvey (2001, 2002) and Brunsden (2001). The basic mapping and identification of connection pattern along the main channel can provide the framework for more detailed investigation.  The differing nature of the connectivity in the uppermost part of slopes, where pathways are not visible or ‘permanent’ may mean different approaches for this zone of diffusive supply are appropriate. In this zone, the use of predictive models may be the only way to establish supply but this requires very high resolution topographic and surface inputs as well as runoff modelling. The models appear best suited to those hillslope zones where pathways are created but are ephemeral and changeable.
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Fig. 7 a) Connection status of tributaries in Cárcavo catchment, SE Spain, after a rainstorm (mapped by Sandercock and Hooke  (Recondes, 2007b)); the yellow boxes indicate the tributary catchment area; b) Disconnected tributary and  c) Connected tributary at time of photography.

[bookmark: _Hlk59118726]Another challenge in quantifying and modelling or predicting connectivity pathways is that small scale features can have a large effect, even in otherwise large pathways. Examples include small dips at the side of tracks where water flowing down a track then flows off down a slope (Fig. 8). Another example is in urban areas where the height of kerbs can make a difference, as shown by Sampson et al. (2012) who mapped patterns of inundation using TLS (Terrestrial Laser Scanning) and 10 cm DEMs as well as 1 m DEMs and found that modelled flood flow responded to small-scale topographic features such as kerbs and road camber.  Calculation of amounts and therefore whether exceedance of a threshold or barrier occurs requires incorporation of capacities and application of a routing model. 

[image: ]
Fig. 8 Photograph of a small dip in a track and lack of vegetation influencing the connectivity pathway (photo: Hooke)

[bookmark: _Hlk59118767]The challenge is how to solve this dilemma that large areas need to be covered and yet in very great detail. Problems of spatial scale are particularly challenging if mapping or validation are by ground survey. Availability of remote sensing and capabilities of UAV surveys and software are now diminishing this problem but the challenge is then the resolution required of the imagery. Several recent papers discuss the effect of DEM resolution. Lopez-Vicente and Alvarez (2018) found that 0.2m resolution was optimal in an area of Spain but Cantreul et al. (2018) and Graf et al. (2018) found the best IC results came from a 1m resolution DEM.  Obviously, much depends on the topography and size of area, and it can affect the processing capacity. Questions also remain on the extent to which UAV Surveys can detect functioning but Cantreul et al., 2018 and Estrany et al. (2019) use drone photography for validation. Much research is going into production of high-resolution DEMs from various sources now. In general, in terms of the factors or characteristics influencing connectivity, the scale of their influence varies, with a suggested general hierarchy from large to small-scale from overall topography, (including valley confinement), through structures, roughness and vegetation, infiltration rate, to micro-topography.
[bookmark: _Hlk72499636]
[bookmark: _Hlk59118813]One of the difficulties with the modelling and use of high resolution DEMs may be that they incorporate features which are the ones to be modelled. For example, pre-existing rills or orientation of plough lines influence and predetermine the pattern of connectivity. It does so in reality but the modelling may be required for conditions without these features, but still including other small-scale features.  So, the challenge may be to identify those features which are ephemeral and created by the processes themselves, such as rills, and those that are more permanent and imposed, though at a range of scales from hillslope topography to track unevenness, and also those that are variable but more systematic such as seasonal vegetation (Souza and Hooke, submitted).  Lisenby et al. (2017b) found that DEM resolution has a significant effect on a simple model of bed load sediment connectivity in the Lockyer Valley, Queensland. They advocate that coarse resolution DEMs should not be thrown out and that resolution must fit the scale of investigation. 

[bookmark: _Hlk72500102][bookmark: _Hlk59118850]In order to make mapping practical and to upscale results then a hierarchy of scales of assessment is recommended by Brierley and Fryirs (2005), Hooke and Sandercock (2012, 2017) and  Lexartza-Artza and Wainwright (2009). Hooke and Sandercock (2017) give examples of mapping connectivity at different scales from plot to catchment. Cammeraat (2002) addressed the issue of scale, examining processes and connectivity across a range of scales and their hierarchical relationships.  He also signalled the challenge of thresholds in upscaling and identified these for processes in SE Spain (Cammeraat, 2004). Some of the typologies and techniques are much more applicable to one scale than another. López-Vicente et al. (2017a), Schneider et al. (2013) and Sougnez et al. (2011) compare IC results with plot scale monitoring data. Even for mapping at catchment scale, observations need to be localised and continuous. The modelling tends to be applied at hillslope or large catchment scale, though it is possible to focus on small areas. Overall, it is essential to examine connectivity at a range of scales since it can be an emergent property (Wohl et al., 2019) and is only meaningfully identified at scales of connections of homogenous sections of pathways. 

3.1.2 Tests of connectivity indices
Various methods have been investigated to try to monitor water flows and sediment flux to provide evidence of pathways of flow. For example, Barberá in the Recondes project (Hooke and Sandercock, 2017, p19) put out a series of stakes over a hillslope but few flows actually touched the markers. With small, shallow flows on unrilled hillslopes or ephemeral rills this is especially challenging.  Of course, the standard methods of stream gauging with sediment instrumentation or sediment flux can be used in defined pathways but, even with decrease in the price of sensors, it is challenging to deploy enough instruments except in small numbers of channel reaches. This is the same kind of challenge as was met by sediment budgeting early on and ideally connectivity frameworks need to be combined with such approaches. Rapid technological progress in developments of cheap sensors may be decreasing this problem; likewise, real -time remote sensing monitoring may provide information on fluxes. Research by Rodrigo-Comino et al. (2020) and Wolstenholme et al. (2020) illustrate new approaches to the direct measurement of fluxes and connectivity. 

[bookmark: _Hlk59120222]The overall output from the catchment can be measured and this has been done in various studies. For example, Jamshidi et al. (2014) compared modelled IC and SDR in an Australian subtropical catchment. Testing simply of SDR at the outlet does not necessarily say more about internal operation of the catchment system but Heckmann and Vericat (2018) have found that incorporation of connectivity or use of ICs improves predictions or models of SDR. Vigiak et al. (2012) compared IC with different sediment transport capacity methods and found it to be the most promising of four approaches and Nicoll and Brierley (2017), working in the upper Yellow River region, found that effective catchment area is better than the Cavalli IC for assessing connectivity in that environment. Schopper et al. (2019) tested Effective Catchment Area (ECA) and IC for the Fella River, NE Italy, and found agreement except where human structures are present. Correlation of debris flow and IC was low for intensity of flows but high for debris flows reaching the channel due to the IC focus on river connection. 

[bookmark: _Hlk58856740]3.2 Disconnectivity and sediment sinks
[bookmark: _Hlk59116429][bookmark: _Hlk59116469][bookmark: _Hlk59116500]Connectivity arguably only matters to the point where disconnection, if any, takes place. What happens downstream of that point is then not affected if it is a complete disconnection, or is less affected by upstream if partial. Thus, identifying and quantifying the connectivity in a system vitally requires identification of these disconnections. This was recognised by Fryirs et al. (2007a) with the different types of disconnector and in the idea of Effective Catchment area.    It was the whole premise of the EU Recondes project that vegetation could be used as disconnectors, to reduce sediment connectivity downstream (Sandercock and Hooke, 2006, 2011). Messenzehl et al. (2014), examining slope-valley coupling found that 29% of the basin was disconnected and Lisenby et al. (2017a) have shown how important are the disconnectors and variations between catchments in influencing tributary -trunk relationships and sediment connectivity. Mahoney et al.’s (2018) modelling, using a probability approach and simply mapping connected and disconnected areas, indicated very little of a rolling topography area to be connected. 

Various types of disconnector have been identified (Fryirs et al., 2007a) and various types of sediment store, reducing the sediment delivery downstream. The forgoing discussion implies that the disconnectors are simple on /off switches which is often not the case. The functioning of most disconnectors will vary with magnitude of an event and state of the disconnector (e.g., vegetation density, amount of storage space still available).  However, the pattern and quantity of connection needs to be established for particular conditions. For sediment connectivity, rather than water flow, then the switches are more often on and off. A crucial point of connection and control is the hillslope/ main channel or tributary/ main channel connection or what has been called coupling in earlier research (Harvey 2001, 2002; Brunsden, 2001). Any modelling or calculation needs to calculate when stores are full, and this is mostly lacking.  However, the degree of disconnectivity can vary, for example with porosity of the barrier, state of the stores, integrity of the structure, and also vary in their differential degree of disconnection of water, fine sediment and coarse sediment. Embankments can also be breached, immediately altering a pathway. This is very difficult to model and predict and mostly requires monitoring over time.  Some assessment can be made by calculations of force and relative vulnerability, which is related to amount of flow, for which the connectivity to that point can be a proxy combined with area, and the resistance at the point is partially represented by gradient and vegetation as present in Borselli’s index.  

Much of the IC modelling or other automated and GIS approaches to mapping do not identify these disconnections or decreases in fluxes in pathways (partial disconnection) very adequately, if at all. A pixel with very low IC value probably will be a sink isolating, partially or totally, the upstream processes from downstream. Nevertheless, it barely affects the IC values to downstream pixels, as if there is not any impediment upstream. Nicoll and Brierley (2017) in the Upper Yellow River, using GIS, satellite imagery and field mapping found that the methods did not distinguish disconnectivity adequately.   

[bookmark: _Hlk59116694]The various IC modelling methods differ in their incorporation and weighting of factors which have indirect effects through vegetation and roughness but a mechanism for modelling ponding and storage is needed.  A recent test of the main versions of the connectivity index modelling against field mapping over several years in a small agricultural-terraced catchment in SE Spain indicated that ponding and sedimentation associated with the terraces tends not to be modelled, even with very detailed DEMs (Hooke et al., submitted). Some softwares are now allowing input of sinks into the initial DEM and assumptions but these are pre-determined/mapped sinks and not predicted.  It requires prior knowledge, presumably from mapping or field observations or use of remote sensing imagery, to detect structures.   In order to model ponding and transmission loss, ideally infiltration rates as well as gradient are needed.  Data on the state and capacity of potential store areas are also needed. This therefore implies a requirement for surface / soil data and for a combination with hydrological modelling.   These deficiencies are particularly notable in lowland and agricultural areas where topography alone is not adequate.  Even if a structural/ potential disconnector is identified, it is often not known the extent or conditions under which it operates. Some progress is being made in incorporation of deposition zones in modelling and calculation of connectivity, though it is still not adequate within most indices and in application to certain kinds of environment. Gay et al. (2016) applied the Borselli et al. (2008) method to the Loire catchment, incorporating an infiltration parameter, and particularly focussing on the applicability to lowland areas and gentle slopes. López-Vicente and Ben-Salem (2019) include rainfall erosivity, and soil permeability and Kalantari et al. (2017) include a runoff index to model very flat areas. 

Different types of sink thresholds could be combined with the classical IC models, a slope limit or a IC value limit that below this limit creates sinks in an initial modelling phase. These sinks could be used to separate totally or partially the upstream area in a similar way to the Effective Catchment Area approach. Slope limit can be useful for complex relief areas but is limited for flat regions. IC value limit is difficult to set, probably needing field information to compare an IC pre-model to known sinks. Weighting factor threshold value could be used in environments with well-known vegetation control on erosion, such as in dryland vegetation with patch and bare land patterns. 

[bookmark: _Hlk58856792]3.3 Degree of connectivity and link status 
[bookmark: _Hlk59119151][bookmark: _Hlk59119346]A major challenge in assessing and quantifying connectivity is the degree of functioning or disconnection. This may differ in various magnitude rainstorms as shown by Meerkerk et al (2009) and Marchamalo et al. (2016) and may vary with antecedent moisture conditions, vegetation state (Souza and Hooke, submitted) or other conditions. In early research, Lane et al. (2004) coupled high resolution DEM, initial soil moisture conditions, and event characteristics to classify and predict runoff connectivity. More recently, López-Vicente and Ben-Salem (2019) include rainfall erosivity, and soil permeability and Kalantari et al. (2019), in Sweden, include soil moisture state. Again, a difficulty is in areas of non-channelled flow, but a solution is simply to map these as diffusive or contributing areas. A difficulty in sediment connectivity assessment is if there is direct input from other processes such as landslides, debris flows, rockfall or riparian slip, though research is tackling those challenges (e.g., Bordoni et al., 2018;  Persichillo et al., 2018; Scorpio et al., 2018; Schopper et al., 2019). These can usually be detected in field or aerial surveys. Most modelling and mapping do not yet address variations and differences between fine and coarse sediment components. Ideally, assessment of functionality will incorporate calculation of cumulative amounts of runoff and sediment, and developments are now taking place as shown above. The Cascade model (Tangi et al., 2019) does allow for different sediment sizes and degrees of transmission downstream in river channels and Heckmann and Vericat (2018) and Calle et al. (2020) have inferred sediment transfers and functional connectivity of rivers from repeat topographic surveys or DEMs of difference (DoDs).

[bookmark: _Hlk59117055]It may be that a classification of connectivity, as used by Bray et al. (1995) in analysis of sediment connectivity and cells in coastal systems, and the types identified by Hooke (2003) (Table 2) for channels, is a way of classifying degree and representing different scenarios, especially as detailed quantification throughout the whole system is rarely possible and entails full-scale hydrological and hydraulic routing models, or multiple observations over large areas.  However, evidence is needed to apply the classification. Souza et al. (2016) working with channel connectivity, separated (dis) connectivity into partially and totally disconnected based on the known impediment impacts on flow and sediment dynamics. Bracken et al. (2015) suggested a framework for sediment connectivity analysed based on process components. 

Table 2 Classification of channel reach connectivity for coarse sediment (Hooke, 2003). 
	Unconnected   
	Local sources and stores/sinks.  
Incompetent reaches between

	Partially connected   
	Transfer only in extreme flood events

	Connected    
	Coarse sediment transfer during ‘normal’ flood events

	Potentially connected   
	Competence to transport but lack of supply

	Disconnected   
	Formerly connected but transfer is now obstructed (e.g. by dams)




3.4 [bookmark: _Hlk58856826]Incorporating functionality, dynamics and feedbacks 
[bookmark: _Hlk59117202][bookmark: _Hlk59117232][bookmark: _Hlk59117295][bookmark: _Hlk59117319][bookmark: _Hlk59117410][bookmark: _Hlk59117380]Indices do not clearly distinguish sediment connectivity from runoff, even where purporting to be of sediment connectivity. Water / runoff has much higher connectivity than sediment due to transport conditions. It could be said that the models are indicating the potential for runoff and flow pathways and that sediment erosion and movement will be related to this.  However, the models also need to represent sources and supply of sediment, which are not solely due to runoff generation.  Therefore, applications in areas vulnerable to soil erosion require an element of erodibility of surface or an assumption of threshold power for removal of sediment.  Again, the connectivity modelling ideally needs to be combined with sediment routing and budgeting to cumulate.  It requires components on hydraulics and sediment processes and on resistance of surfaces. This quickly turns into more conventional modelling. However, from the other direction, some researchers have found that including an element of connectivity in sediment yield/ erosion models improves the validity of the outcomes; for example, De Walque et al.  (2017) improved the prediction of muddy flood hazards in Wallonia, Belgium, by inclusion of artificial surfaces and sediment connectivity. Soil erosion models are notorious in using factors of soil and cover as areas and excluding presence of gullies, which may be the main location of erosion and sediment supply. This is likewise a major deficiency of plot studies. Gullies are the connectivity pathways and the sources and means of the delivery of the sediment downslope. Conoscenti et al. (2018) found that incorporation of hydrological connectivity improves gully prediction and Zegeye et al. (2018) emphasise the importance of gullies in sediment connectivity. Similarly, until relatively recently, the proportion of sediment, even fine material, coming from channel sources in mainstream systems has tended to be underestimated (e.g. Kronvang et al., 2013; Neal and Anders, 2015). Poeppl et al. (2019)  have combined soil erosion modelling with connectivity analyses to assess lateral fine sediment input into agricultural streams and  other research is using hydraulics and sediment modelling in channels to quantify inputs, transfers and sinks (e.g., Vigiak et al, 2012; Skarpich et al., 2019;  Tangi et al, 2019).  Cislaghi and Bischetti (2019) developed a modular approach to assess the sediment source areas and the probability of mobilisation from hillslope, and to estimate the probability of sediment input to the streams, proposing a new connectivity index. Assessment of the extent to which sediments travel in more disconnected ways than the flows that transport them was also the objective of Fressard and Cossart’s (2019) research, which developed new indices in graph theory and applied them to a vineyard area.  

[bookmark: _Hlk79651862][bookmark: _Hlk65584834]As outlined above, much of the modelling and mapping of connectivity concerns or portrays structural and static connectivity, or what Sandercock and Hooke (2006) have called potential connectivity, a point recently highlighted by Najafi et al.  (2021) in a comprehensive classification of publications on sediment connectivity.    As indicated above, the models may be calculating the maximum possible connectivity and may therefore be used in assessment of the potential for a pathway to develop, with the likelihood directly related to the connectivity value. What is actually needed for many purposes is functioning connectivity, i.e. the presence of actual flow of water and sediment or the connectivity difference between different rainfall events. Challenges arise in identifying that functioning.  Again, the main solution to this is to map or record connectivity under different conditions, as for example demonstrated by Marchamalo et al. (2016).  Methods of functioning path recognition were outlined above and the mapping can be supplemented by measurements of dimensions of rills and channels, wetted areas, and sediment deposits. The network of pattern of connectivity can then be quantified using other measures such as network parameters, length, and graph theory techniques once the mapping is complete for an area, as discussed above. A combination of connectivity modelling with other hydrological models may allow some variations in modelling outcome, though this still needs validation.  Developments are rapidly taking place to produce methods that model functionality or combine structural and functional (e.g. López-Vicente and Ben-Salem, 2019; Zingaro et al., 2019).  Several researchers are using flow accumulation for functionality and other soil and rainfall characteristics as input for either structural or functional components and these have been applied at a range of scales, (e.g., Heckmann and Vericat, 2018; Zingaro et al., 2019; Moreno-de-las-Heras et al., 2020). Baartman et al. (2020) have tested a range of scenarios and using various soil erosion models and spatial distributions in landscapes. They found that functional aspects of connectivity were more important than structural connectivity, with rainfall being the most influential factor on runoff and sediment export. Chartin el. (2017) used a revised IC incorporating rainfall erosivity of specific extreme events (typhoons), as a secondary weighting factor, to identify the momentous functional connectivity during these events.

[bookmark: _Hlk59119429][bookmark: _Hlk59119464][bookmark: _Hlk65591914][bookmark: _Hlk59119525][bookmark: _Hlk65592036] To achieve a fully functioning connectivity model that can apply over a series of events, feedbacks need to be incorporated such that the processes change the morphology and structural conditions and these then affect the connectivity. Various channel flooding and hydraulic and landscape change models already do this and these need to be coupled with the connectivity framework. The importance of connectivity feedbacks has been demonstrated by Saco et al. (2020) in semi-arid environments. Connectivity can vary and change over various timescales, depending on the controlling factors, and structures and the system state. Changes can take place within an event and this requires relating process to hydrographs. At event scale, surface condition, infiltration rate, and soil moisture can vary. At seasonal scale the density and properties of vegetation cover can vary (Singh et al 2017; Souza and Hooke, submitted) and state of crops varies in agricultural land (López-Vicente et al., 2013).  Lopes and Pinheiro (2013) did recognise dynamics in processes, with connectivity in dryland showing a cyclic pattern where the same location is a deposition site in one moment and an erosion/transmission site in another, and this dynamic could be related to vegetation. Over time, there can also be trends in these characteristics, e.g. growth of trees (Hooke 2015).  Sandercock and Hooke (2011) showed that the presence of vegetation itself can induce sedimentation and thus alter morphology and hydraulics. For connectivity itself, then it is the state of the pathway that matters with its influence on roughness, and therefore velocity, and erodibility, rather than influence on hydrological balance and runoff generation. In the longer term, morphological change and adjustment take place, affecting water and sediment transmission. The overall long-term dynamics of the larger system depends on the availability of storage zones, or accommodation space (Brierley et al., 2006) and the filling of those zones.  Alteration of major structural controls can take place, e.g. breaching of embankments, sedimentation of lakes, reservoirs and check dams. In the even longer-term of 1000s of years then the presence and destruction and backfilling of rocksteps can affect the connectivity (Oldknow & Hooke, 2017).

If changes take place as a result of flows, e.g. breaching of embankments or structures, then the structural base map needs to be altered for the next mapping, if the structures are not repaired. Lexartza-Artza and Wainwright (2009) emphasise the need for updating of the structural status of systems and exemplify feedbacks between functional and structural connectivity, both within and between events, including the role of sediment delivery. Likewise, Marchamalo et al. (2016) and  Meerkerk et al. (2009) demonstrate the effects of breaching and incision of pathways on connectivity in different storms. 

[bookmark: _Hlk59119663]A fully functioning connectivity model requires modelling of processes. This could entail hydraulic modelling of all pathways, as used by Czuba and Foufoula-Georgiou (2015)  in modelling of the dynamics of sediment connectivity in a channel to identify hotspots of sediment flux, which are locations of channel change. The particular challenge in connectivity modelling and index calculations is still the depositional and sedimentation processes in sinks, whether small fans on hillslopes or sedimentation on agriculture terraces or deposition behind weirs and steps and in major structures. These are the kinds of locations and features that form buffers, barriers and blankets (Fryirs et al., 2007a) or disconnectors. At present, even with detailed DEMs, topography alone seems insufficient to simulate depositional processes so some sediment transport function or threshold needs to be incorporated. 

[bookmark: _Hlk59119769]In larger perennial rivers it may be difficult to assess processes and status without detailed measurements and bathymetric surveys. Sediment sampling can be an important part of assessment at all scales. Hooke (2003) used evidence of processes to classify each reach then work out connectivity given those characteristics. She combined that with calculations of sediment competence and evidence of sediment size on bars, as did Skarpich et al. (2019) much more recently.  Modelling of these processes and of sediment input ideally needs a factor of erodibility of surfaces and boundaries.  Cislaghi and Bischetti (2019) criticise the IC for not including materials of source areas. Likewise, elements of rainfall erosivity as well as amount ideally need to be included (Chartin et al., 2017).   Vegetation effects within pathways still need greater quantification and incorporation in connectivity models. Mahoney et al. (2020b) have demonstrated how sediment transport formulae need to be combined with connectivity modelling to predict sediment flux at event scale. 


5. MANAGEMENT APPLICATIONS OF CONNECTIVITY ANALYSES AND INDICES
[bookmark: _Hlk59120632][bookmark: _Hlk59120783][bookmark: _Hlk65829694][bookmark: _Hlk59120862][bookmark: _Hlk59090444][bookmark: _Hlk59120908][bookmark: _Hlk59120885]The purpose of many of the developments and applications of connectivity analysis is to inform management of fluvial systems and land areas. Many of these applications have demonstrated the advantages of using or incorporating connectivity approaches but some have also demonstrated the challenges and weaknesses, represented in the challenges above, often helping to stimulate further developments. Assessments of sediment yield, contributing areas and sediment delivery ratios have been improved by use of connectivity and indices (Jamshadi et al., 2014) and thus can provide a stronger basis for sediment management in catchments.  Application of connectivity concepts or more specific indices  has included much analysis of the effects of change in land cover, land use and topography, (e.g. López-Vicente et al. 2013; López-Vicente et al. 2017a; Calsamiglia et al., 2018; Lizaga et al., 2018; van der Waal and Rowntree, 2018; Llena et al. 2019).  This obviously helps with management of problems created by sediment delivery and load and with the identification of source areas. It has also been applied to many cases of analysis of effects of wildfire and regrowth/ rehabilitation (e.g., Calsamiglia, et al., 2017; Ortíz-Rodríguez et al., 2019). López-Vicente et al. (2020) tested four indices, IC-Borselli, IC-Cavalli, IC-Persichillo and aggregated index of connectivity (AIC). They found different conditions of indices are needed to assess various aspects of fire effects. Martini et al. (2020) found that occurrence of two wildfires in central Chile severely affected connectivity and use of the weighting factor in IC was able to model the effects of the changes in vegetation, potentially providing a tool for land management and risk mitigation. Incorporation of sediment connectivity in a fingerprinting approach was shown to alter the identification of which areas supplied most sediment in a catchment in Nepal (Upadhayay et al., 2020). 

[bookmark: _Hlk59174278][bookmark: _Hlk65830031]The mapping approaches of documenting and analysing evidence of pathways, sources and sinks have potential for identifying hotspots of erosion and sedimentation.  This then provides a basis for strategic action to manage problems created by these processes. This was the major premise and aim of the RECONDES project, which produced recommendations on locations for use of vegetation to reduce sediment fluxes downstream and integration into spatial strategies (Sandercock and Hooke, 2006; Recondes, 2007a,b; Hooke and Sandercock, 2017).  Connectivity patterns and erosion hotspots were identified and could then be targeted with spatial strategies using vegetation. This approach is now being tested in Ethiopia, an area undergoing devastating degradation and severe soil erosion, but a very different environment to that of the original research, especially in terms of soils and rainfall regimes. Blake et al. (2020) have also demonstrated the value of connectivity frameworks in soil erosion management in Tanzania.

[bookmark: _Hlk65830144][bookmark: _Hlk59121318][bookmark: _Hlk59121340][bookmark: _Hlk59121102]Connectivity analysis and modelling has been applied to management and prediction of other hazards, notably flooding, landslides, debris flows and muddy flows.  The modelling has the potential to identify pathways that might develop or function in extreme events and could be applied to flood prediction (Sampson et al., 2012; Zingaro et al., 2020). Applications of the connectivity principles include those in Flanders for land management where management strategies have been tested for some time (Aminal 2002, Evrard et al., 2007) and been shown to reduce muddy flooding in villages (De Walque et al., 2017). Estrany et al. (2020) used topography-based connectivity indices and geomorphic change detection as rapid post-catastrophe decision-making tools, after a devastating and fatal extreme flood in Mallorca. In channels, connectivity concepts have been used to develop methods to identify hotspots of erosion and sedimentation in channels (Czuba and Foufoula-Georgiou, 2015), and also experiments are ongoing in developing flooding prediction by Zingaro et al. (2020) who have proposed a sediment flow connectivity index (SCI) that identifies hotspot areas for monitoring of occurrence of flooding. It has been used as a framework for understanding sediment transmission, including at bar scale in river channels (Hooke, 2003; Lehotsky et al., 2019; Skarpich et al., 2019). Connectivity could offer the potential for assessing river sensitivity and future channel behaviour and Poeppl et al. (2020) have emphasised the importance of understanding disconnectivity in river conservation and recovery to predict effects of management actions.  The goals of management strategies need to be clear because in some cases the aim is to reduce connectivity, as in the case of controlling erosion, sediment flux and flooding, but in other cases, notably in ecology, the aim is to enhance connectivity and species mobility. Hooke (2003) and Cossart et al. (2018) note that use of connectivity has the potential to assess propagation of perturbations in the sediment system.

[bookmark: _Hlk59174872][bookmark: _Hlk59174895][bookmark: _Hlk59174919][bookmark: _Hlk59175008]Connectivity modelling has been applied in assessment of effects of structures, such as reservoirs (Zhao et al 2020), and check dams Martinez‐Murillo et al. (2018)  and possible management strategies of removing structures such as dams, check dams, weirs, and levees. Cucchiaro et al. (2019) use DoD maps of check dams to assess change in IC. They show the alteration of sediment pathways and strong link between structural and functional connectivity. The effects of agricultural terraces have also received attention, where Calsamiglia et al. (2018) used IC to identify vulnerable locations. Tracks and roads had previously been shown in much research to play a significant role in sediment delivery but understanding has been enhanced by use of connectivity frameworks and techniques in various environments (Hooke and Sanderock, 2012; López-Vicente et al. 2017b; Marchi et al., 2019; Kroese et al., 2020). Bombino et al. (2020), highlight the importance of developing tools for land management and discuss how their index (mCCI) can be used as an analytical tool to evaluate the influence of past or future changes in natural and human-induced changes in land use and climate actions by comparing scenarios of torrent connectivity.

These examples of applications illustrate the kinds of purposes of connectivity analysis and the kinds of characteristics that need to be identified. Overcoming some of the challenges discussed in this paper will enhance the applicability and utility of connectivity analysis to an even greater extent, to the benefit of all in sustainably managing systems and in reducing detrimental effects of extreme events and of human activities. 

6. CONCLUSIONS
[bookmark: _Hlk58855905]
Various challenges in the use and operationalisation of application of approaches and techniques to analysis of connectivity have been identified here and some recommendations on overcoming deficiencies have been made. The key element of connectivity analysis is the identification of flow and sediment pathways, their position in the landscape and their status in terms of transferring water and/or sediment.  Various characteristics of the patterns and connections may be of interest, but the goals of the analysis need to be clear and different types of approach are appropriate for these different purposes. Two main approaches are distinguished here, mapping and modelling. Both produce maps of connectivity patterns but tend to differ in their origins. Mapping of connectivity patterns tends to be used to document what is actually present or the potential for fluxes and can be subject to various degrees of quantification. Various approaches to the field mapping are apparent, with a major division between a priori classification of link connectivity and post-mapping identification of link connectivity status.  Methods of field identification vary and only a few explicit methodological guidelines are available.  Modelling tends to be used for predictive purposes of sources, pathways and connections and to test scenarios but requires validation, which is commonly by field mapping. Indices have been developed to generate and quantify relations and patterns. The connectivity Indices (ICs) developed by Borselli et al. (2008) and Cavalli et al. (2013) are most widely used but also applications of graph theory and network analysis have been developed and applied, in particular to main river channels, rather than hillslopes. The connectivity index models mostly use weightings related to topography and surface cover and the effects of various weightings have been tested. The two main indices have been found to be most suitable in differing environments, the Borselli index for vegetated environments and pathways and the Cavalli index for bare and rocky surfaces, particularly in mountain environments. 

[bookmark: _Hlk67066091]Various deficiencies in the efficacy of the index modelling to identify some characteristics of connectivity patterns have been exposed, most notably the occurrence of disconnectors and sediment stores or sinks. Models have been found to need field validation but challenges in field mapping include the requirements of extensive spatial coverage and yet high resolution. In order to understand and quantify the connectivity pattern and pathways then the whole area must be covered and every pathway checked potentially. On the other hand, if disconnectors are identified then arguably only the zones downstream need to be analysed in terms of sediment flux. A hierarchical approach, working from downstream to upstream could therefore be used. If the interest is the fate of the sediments removed on the hillslopes or upstream reaches of channels, then those only need to be followed until a disconnector is found. That assumes an absolute state of connection or disconnection but establishment of its status presents challenges. Most analyses of connectivity patterns are structural and therefore show the potential for connectivity and fluxes and their disconnection. However, much more needs to be known about characteristics of disconnectors and thresholds for disconnection need to be identified. This would help in the move towards functional connectivity analysis, which is actually what is needed in many cases. Many refinements are taking place at present that try to incorporate other factors that influence the degree and type of connectivity.  Many of the indices and models purport to quantify the sediment connectivity whereas many of the maps produced by those techniques are arguably much more closely related to runoff connectivity. Factors of erodibility of the surface as well as quantities and power of the flows are needed.  Graph theory approaches do tend to incorporate sediment transport process functions. Validation of the functioning of pathways is also challenging in spite of advances in technology of ground and remote sensors. 

The indices also vary in the degree of influence of downstream sinks and outlets but it is usually the local characteristics and immediate downstream link which are the important controls and that relates back to identification of disconnectors.   Catchment sediment yield and sediment delivery are not a validation in themselves that the connectivity patterns have been modelled or identified correctly but it has been found that incorporation of connectivity frameworks in analysis can improve predictions of downstream sediment flux.  Various scenarios of change in land surface factors and conditions have been modelled and some tested by changes arising from land uses or fire.  The fluxes of water and sediment can themselves change the connectivity and pathway characteristics and such feedbacks are rarely incorporated yet in models. However, connectivity is proving valuable as a conceptual and methodological framework in management application related to water and sediment flux and occurrence of hazards.  Further refinements of both the modelling and the mapping and validation approaches should further enhance its capabilities. 
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