
 

This article has been accepted for publication and undergone full peer review but has not been 
through the copyediting, typesetting, pagination and proofreading process which may lead to 
differences between this version and the Version of Record. Please cite this article as doi: 
10.1002/esp.5264 

 
This article is protected by copyright. All rights reserved. 

Fryirs Kirstie (Orcid ID: 0000-0003-0541-3384) 

 

Assemblages of geomorphic units: A building block approach to analysis 

and interpretation of river character, behaviour, condition and recovery 

 

Kirstie Fryirs1* and Gary Brierley2 

 

1 Department of Earth and Environmental Sciences, Macquarie University, NSW, 

Australia.  

2 School of Environment, University of Auckland, Auckland, New Zealand 

* Corresponding author: kirstie.fryirs@mq.edu.au 

 

Acknowledgements 

We thank the Editors of this Special Issue for the invitation to write this paper in 

memory of Prof. Ken Gregory. We thank the Editor-in-Chief, Associate Editor and two 

other reviewers who provided insightful comments on this paper. The authors have no 

conflicts of interest to declare. 

 

Data availability statement 

Data sharing not applicable – no new data generated. 

 

Author contributions 

Kirstie Fryirs - conceptualisation; methodology, investigation, resources, writing – initial 

draft; writing – reviewing and editing.  

Gary Brierley - conceptualisation; investigation, writing – initial draft; writing – reviewing 

and editing.   

mailto:kirstie.fryirs@mq.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fesp.5264&domain=pdf&date_stamp=2021-10-13


 

This article is protected by copyright. All rights reserved. 

Assemblages of geomorphic units: A building block approach to analysis 

and interpretation of river character, behaviour, condition and recovery 

 

ABSTRACT 

A geomorphic unit is a landform that has been created and reworked by a particular set 

of earth surface processes. Each geomorphic unit has a particular morphology and 

sediment properties. Characteristic assemblages and patterns of geomorphic units reflect 

the use of available energy at any particular location in the landscape. In river systems 

the mix and balance of erosional and depositional processes creates characteristic, and 

sometimes distinctive, patterns of geomorphic units at the reach scale. As geomorphic 

units make up all parts of every valley bottom, the analysis of geomorphic units provides 

a universal resource with which to undertake systematic geomorphic analysis of river 

systems. In the first instance, this tool helps to interpret river morphodynamics. 

Particular process-form associations determine what type of geomorphic unit is found 

where, how it is formed and/or reworked, and if/how that unit is related to adjacent 

units in the channel and/or floodplain. From this, particular assemblages of geomorphic 

units can be used to identify and map reach boundaries along a river course. Each reach 

has a particular set of process-form relationships that determine (and/or reflect) the 

range of behaviour and the capacity for adjustment of that section of river. Framed in a 

catchment context and in relation to evolutionary trajectory, interpretation of 

geomorphic unit assemblages, and how they change over time, informs analysis of river 

condition and the potential for geomorphic recovery of each reach. A scaffolding 

framework to conduct such analyses and interpretations provides an important bridge 

between expert manual analysis and machine learning analysis using Big Data, allowing 

for the identification and interpretation of the distinctive traits of each and every river 

system. 

 

Keywords: landform, hydromorphology, morphodynamics, stream process, river 

management  
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1. INTRODUCTION 

 

“Thinking about landforms as natural kinds underlies the need for the description and 

classification of landforms to be more detailed, rigorous and genetically based” (Gregory 

and Lewin, 2014; p42). 

 

1.1 Overview and structure of this paper 

The conduct and outcomes of geomorphic analysis of river systems have profound 

implications in scientific and management terms. Recognising the inherent diversity of 

river systems (Phillips, 2007), innate limitations are faced in application of unduly 

prescriptive approaches to analysis (e.g. Lave, 2009; Simon et al., 2007). Rather than 

over-simplistic cookbook approaches or check-lists, generic and open-ended frameworks 

are required to identify the distinctive attributes and traits of each and every river 

(MacMillan et al., 2000; Brierley et al., 2013; Fryirs and Brierley, 2021).  

 

Landscape characterisation entails key decisions regarding the scale of analysis (i.e. the 

topographic grain; Church and Mark, 1980; Church, 1996; Evans, 2003; Smith and 

Mark, 2003; Mark and Smith, 2004; Schmidt and Andrew, 2005, Tarolli and Sofia, 

2016). This determination has implications for the accuracy, reliability and meaning of 

outputs derived from both expert-manual and automated approaches to identification 

and mapping of geomorphic features (e.g. Macmillan et al., 2000; Drăguţ and Blaschke, 

2006; Jasiewicz and Stepinski, 2013; Tarolli, 2014; Kennelly et al., 2021; Braun, 2021). 

In geomorphic analyses of river systems, an appropriate approach must be well-suited to 

analysis of all sections of river course, from source to sink, including both erosional and 

depositional forms. Such efforts provide insights into the heterogeneity and 

distinctiveness of a given riverscape while retaining the capacity to recognise, map and 

interpret patterns of attributes at broader scales. This paper shows how geomorphic 

units – instream and floodplain landforms that make up river courses – provide a 

universal resource to conduct such analyses. 
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While the foundation principles of geomorphic unit analysis are well established (Brierley, 

1996; Brierley and Fryirs, 2005; Fryirs and Brierley, 2013, 2018; Wheaton et al., 2015; 

Gurnell et al., 2016a; Belletti et al., 2017), to date no systematic synthesis outlines and 

demonstrates the flexibility and practicality of this universal resource. This paper shows 

how a scaffolding approach, in which a range of techniques and steps are used to 

progressively build sophisticated understanding and knowledge, provides a logical basis 

to conduct geomorphic analyses and interpretation of all river systems (Brierley et al., 

2021). The approach starts with geomorphic unit identification to characterise river 

forms. Building on this, analysis of reach-scale assemblages of geomorphic units is used 

to define and interpret river behaviour. The continuum of instream and floodplain 

geomorphic units reflects the catchment-scale balance of erosional and depositional 

processes from source to sink. This approach provides a coherent platform to analyse 

geomorphic river type (style) and interpret geomorphic condition and recovery potential. 

The discussion section outlines prospects for place-based analyses and interpretations of 

river systems in an era of big data and machine-learning applications. Unless conceptual 

framings that underpin such exercises are ‘right’, such that foundation knowledge is 

meaningful and accurate, semi-automated approaches to geomorphic analysis of river 

systems are unlikely to achieve their intended aims, goals and potential (cf. Bangen et 

al., 2014; Brown and Pasternack, 2019; Williams et al., 2020). It is contended that while 

automated geomorphic analyses using remote sensing imagery are increasingly used to 

undertake morphometric analyses of surface topography, fieldwork is still required to see 

below the surface to determine the sedimentary makeup of landforms and to fully reveal 

their erosional-depositional morphodynamics and evolution (e.g., Roering et al., 2013). 

The scaffolding framework that is developed and applied in this paper provides an 

important bridge between expert manual analysis and machine learning analysis using 

big data. 
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1.2 What are geomorphic units and assemblages of geomorphic units? 

 

Geomorphic units are the building blocks of river systems (Brierley and Fryirs, 2005; 

Fryirs and Brierley, 2013; Wheaton et al., 2015). They are the landforms that make up 

the channel (instream geomorphic units) and the floodplain. Each geomorphic unit has 

fundamental morphometric properties (Minar and Evans, 2008) that include a characteristic 

shape (geometry), sedimentary composition, and position on the valley bottom. A mix of 

these attributes can be used to map and identify geomorphic units, and classify them 

(Evans, 2012; Wheaton et al., 2015; Belletti et al., 2017; Phillips, 2017). In hierarchical 

approaches to geomorphic analysis of rivers, geomorphic units sit between hydraulic 

units and reaches (Gurnell et al., 1994; Brierley and Fryirs, 2005; Gurnell et al., 2016a; 

Fryirs et al., 2018a). In landscape ecology, equivalent features are referred to as 

tesserae or patches (Malanson, 1997; Wiens, 2002). In sedimentology, they are 

architectural elements, elements, morphostratigraphic units or morphogenetic units 

(Miall, 1985; Brierley, 1996).  

 

Identification of types and patterns of geomorphic units is the key that helps to ‘read the 

landscape’ (Brierley et al., 2013; Fryirs and Brierley, 2013), unlocking and unravelling 

the range of process relationships that shape river morphodynamics (Gregory 1979; 

Brierley, 1996). As such, they underpin interpretations of river character, capacity for 

adjustment and evolution (e.g. Williams et al., 2020). Assessment of the types of 

geomorphic unit, the processes by which they were formed and/or reworked, and 

interactions between units at differing flow stages provides insight into the range of 

variability of a river reach - its behavioural regime. In turn, the ease of adjustment of 

different geomorphic units provides a measure of the sensitivity of a reach to different 

types of disturbance event (Downs and Gregory, 1995; Gregory 2004, 2006). In 

evolutionary terms, the preservation of different geomorphic units, either in the 

sedimentology or at different positions on the valley bottom, provides insight into how 
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that river has adjusted over time (Kellerhals et al., 1996). Some reaches may reflect 

contemporary conditions, while others comprise units that have been inherited from 

conditions in the past (Brierley, 2010).  

 

Individual geomorphic units can be unit or compound (Smith, 1974; Brierley, 1991a). 

Unit features are often products of single depositional or erosional events, whereas 

compound features reflect a range of flow conditions and a mix of deposition and erosion 

events. Unit features tend to have a relatively homogenous morphology and sedimentary 

composition, whereas compound features are comprised of smaller geomorphic units, 

and have a heterogeneous morphology and sedimentary composition. Unit features 

contain a limited variety of elementary forms or geomorphons (Minar and Evans, 2008; 

Jasiewicz and Stepinski, 2013) whereas compound units contain a greater variety of 

these shapes. Some geomorphic units, whether unit or compound, are fully alluvial. Flow 

with a particular range of energy interacts with available sediments to produce particular 

patterns of units (Hawkins et al., 1993). Some geomorphic units are predominantly 

erosional (e.g. pool formed by scour or chute channel caused by excavation). Others are 

primarily depositional (e.g. bedload bars in mid-channel or bank-attached locations, or 

suspended load deposits on instream islands or vertically accreted floodplains). In many 

instances, extraneous factors influence local flow hydraulics. For example, riparian 

vegetation (Corenblit et al., 2007a, b) and ecosystem engineers (e.g. beavers; Gurnell, 

2014), log jams (whether natural or engineered) and obstructions such as bridge piers 

and revetments may act as structural elements (Wheaton et al., 2015). Elsewhere, 

channel boundaries are fixed, whether by bedrock, cemented terrace sediments or 

anthropogenic channel margins (e.g. artificial levees; stopbanks) or forced by 

obstructions such as wood (Gurnell et al., 2002; Wohl et al., 2019). In these situations, 

the prefix ‘forced’ is used to distinguish the important control that other elements of 

rivers may play upon the type and pattern of geomorphic units found along a reach 

(Brierley and Fryirs, 2005). As an example, a forced pool often has a different 

morphology and morphdynamics to an alluvial pool. 
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Although individual geomorphic units may be observed in a range of river types (e.g. 

pools are common along many variants), characteristic reach-scale patterns or 

assemblages of geomorphic units tend to occur along different types of rivers. When 

pieced together using a constructivist approach, the mix of units determines the 

structural character or mosaic of a river (Pringle et al., 1988; Brierley, 1996). 

Collectively, the assemblage of geomorphic units that make up a section of river 

describe, and reflect, reach scale morphodynamics. 

 

1.3 Process-form associations of geomorphic units and interpretation of river 

behaviour 

 

Each geomorphic unit has a process-form association (Lane and Richards, 1997). 

Gregory (1978) expresses the way that Processes (P) operate on Materials (M) over time 

(t) to produce landforms (F) as: 

 

F = f (P, M) dt.  

 

Each geomorphic unit is created and/or reworked by a mix of erosional and depositional 

processes at different flow stages. Processes that form and rework geomorphic units are 

dependent upon position and elevation on the valley bottom (e.g. instream or floodplain) 

and how this affects the distribution and use of flow energy along a reach. Energy use 

varies with slope and confinement (and associated total/unit stream power), sediment 

availability and calibre, and the form/extent of resistance elements along a reach 

(Gurnell, 2014; Gurnell et al., 2016b; Wheaton et al., 2015; Sholtes et al., 2018). 

Inverting this lens, correct identification of a geomorphic unit, using morphology, 

position, and sedimentary composition and calibre, provides the basis to interpret the 

mechanisms by which each unit was formed and/or reworked (Lane and Richards, 1997). 
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Many geomorphic units are genetically linked to adjacent units (Wyrick and Pasternack, 

2014), wherein the processes that form and/or rework one unit are genetically linked to 

processes that form and/or rework the adjacent unit. For example, steps and pools are 

genetically linked along steep, bedrock-controlled rivers, and pools and riffles co-adjust 

along active meandering rivers. In channels with a high wood load, lateral or mid-

channel bars may be forced where flow circulation around wood creates zones of 

deposition, or in partly confined settings pools may scour where bedrock forcing realigns 

the thalweg.  

 

While the interpretation of the process-form association of each geomorphic unit 

provides an important understanding of the mechanisms by which each individual 

geomorphic unit is formed and/or reworked, it is the analysis of the full set of processes 

responsible for the assemblage of geomorphic units that produces interpretations of river 

behaviour at different flow stages (see below). This incorporates analysis of a river’s 

capacity for adjustment in lateral, vertical or wholesale dimensions (Brierley and Fryirs, 

2005). Different geomorphic units adjust in different ways and in different dimensions, 

and when assessed as an assemblage the geomorphic sensitivity of a reach can be 

interpreted (see Fryirs, 2017). Changes to the assemblage of geomorphic units along a 

particular reach over time indicate alteration to the behaviour and sensitivity of the river. 

Such analyses reveal phases of river evolution over geomorphic time (Hickin, 1983).  

 

The analysis and characterisation of geomorphic units and their process-form 

associations, and interpretations of behaviour using assemblages for different river 

types, have been fully documented in other works such as Brierley and Fryirs (2005), 

Fryirs and Brierley (2013), Wheaton et al. (2015) and Belletti et al. (2017) and are not 

repeated here. Collectively, insights from these works summarise and record the 

continuum of geomorphic units along river courses. 

 

1.4 The continuum of geomorphic units 
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At any given position along a longitudinal profile a mix of erosional and depositional 

processes, controlled by catchment-scale patterns of impelling and resisting forces, 

results in textural segregation and trends in the dominance of bedload, mixed load 

and/or suspended load conditions (Schumm, 1977; Church, 2002). Alongside 

downstream patterns and transitions in valley confinement, this determines the 

sequence of confined, partly-confined and laterally-unconfined (alluvial) conditions and 

associated river types and diversity, as well as the types of geomorphic units that occur 

(Schumm, 1985; Fryirs et al., 2016; O’Brien et al., 2019; Khan et al., 2021a). For 

example, differing types of geomorphic units occur where channels begin to form and 

when bedrock channels become disrupted by clusters of coarse sediments that create a 

gradient of features along steep, confined streams (Hawkins et al., 1993; Montgomery et 

al., 1996; Montgomery and Buffington, 1997). Similarly, the longitudinal pattern of 

geomorphic units changes when there is sufficient accommodation space on the valley 

bottom for out-of-channel processes to occur, such that floodplain pockets form in partly 

confined valleys (Jain et al., 2008). Beyond this, a transition can occur from 

degradational to aggradational settings. Degrading channels that are incised or 

entrenched (Rosgen, 1996; Montgomery and Macdonald, 2002) with limited space to 

adjust tend to concentrate their energy on the channel bed, so erosional geomorphic 

units are dominant. Aggrading channels have the maximum degrees of freedom to 

adjust. They are able to deform their own boundaries, create their own slope, sinuosity 

and number of channels (Eaton et al., 2010; Mueller and Pitlick, 2013, 2014). These 

channels flow within floodplain deposits along both banks in laterally unconfined (fully 

alluvial) settings.  

 

The availability of sediment and the potential for it to be deposited and/or transported in 

any given reach determines the types of geomorphic units that form and their position 

and distribution along a reach. Types of geomorphic units reflect a gradient of energy 
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(stream power) and sediment load/calibre conditions (Downs and Gregory, 2014). This 

produces a continuum of geomorphic units, in both instream and floodplain zones.  

 

Downstream changes in the assemblage of geomorphic units demarcate a shift in 

geomorphic river type and its behavioural regime. Importantly, these morphological 

transitions indicate a shift in the formation and/or reworking processes that characterise 

the geomorphic behaviour of the reach, and associated linkages between reaches. 

Differing assemblages of channel and floodplain features reflect these transitions in 

process relationships along river courses (Brierley and Fryirs, 2005; Fryirs and Brierley, 

2013; Nanson and Croke, 1992).  

 

Figure 1 illustrates the range of instream geomorphic units along a continuum of energy 

(as determined by flow and slope) and available sediment (primarily the calibre/texture 

and volume of material). The continuum of instream geomorphic units extends from 1) 

sculpted or erosional bedrock and boulder units, through 2) mid-channel depositional 

units, to 3) bank-attached depositional units, and 4) sculpted or erosional fine-grained 

units. Overlap in the environmental domains within which geomorphic units are found 

(and formed/reworked) means that the continuum is a simplification of reality and is not 

all-inclusive (Hawkins et al., 1993; Montgomery and Buffington, 1997). Indeed, some 

instream geomorphic units such as alluvial pools, islands, bank-attached benches and 

ledges, forced and compound features, sand and gravel sheets, scroll bars, chute 

channels, bedrock core bars etc. are missing from this continuum because they can form 

in a variety of different situations or as a result of local conditions (Brierley, 1991a; 

Brierley and Cunial, 1998; van Niekerk et al., 1999; Brierley and Fryirs, 2005; Fryirs and 

Brierley, 2013; Wheaton et al., 2015).  

 

Erosional bedrock and boulder instream geomorphic units typically occur in steep, high-

energy conditions where erosion dominates over deposition. These units are eroded from 

bedrock or are comprised of boulders that have been arranged and organised by flow 
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(Montgomery and Buffington, 1997). The continuum from waterfall, step-pool, cascade, 

rapid, bedrock pool and bedrock run reflects the transition from supply- to transport-

limited conditions, with some finer boulder and cobble features occurring towards the 

lower energy end of this category (Hawkins et al., 1993).  

 

In the transition to depositional instream geomorphic units, mid-channel forms are 

typically found under higher energy conditions than bank-attached variants. 

Depositional, mid channel geomorphic units occur where coarse sediments are moved 

infrequently and the channel is competence limited, or the sediment load is high and the 

channel is capacity limited (Knighton, 1998). A typical downstream continuum of mid-

channel forms occurs from boulder mounds to expansion, longitudinal, diagonal and 

transverse bars comprised of cobbles, gravel and sand (Smith, 1974). Alluvial riffles and 

runs that tend to span the full channel width also occur in this category (Lisle, 1979). 

Depositional forms found in bank-attached positions reflect a further decline in energy 

and/or sediment load (Church and Jones, 1982). Lateral bars are attached to the 

channel banks along straighter sections of channel, while point bars occur on the inside 

of meander bends (Jackson, 1976). These bars are less frequently reworked than mid-

channel forms (Church and Jones, 1982). Further down the continuum in low slope, low 

energy settings, instream geomorphic units may be sculpted or eroded from surrounding 

fine-grained, suspended load sediments (Fryirs and Brierley, 2013).  

 

While the continuum presented in Figure 1 provides a useful synthesis of the diversity 

of instream geomorphic units for their identification, it can also be used to assess how 

individual features or assemblages of features may adjust to altered energy and 

sediment load and/or calibre conditions (Church, 2002). By extension this provides 

insight into process-form associations and the behaviour of the river. For example, a 

decrease in sediment load along a low sinuosity river that is dominated by mid-channel 

longitudinal bars may result in a transformation in bar type towards bank-attached 

lateral bars. This reflects a shift in bar forms along that river, the processes occurring to 



 

This article is protected by copyright. All rights reserved. 

produce those bar forms and the behaviour of the reach. Alternatively, mid-channel 

longitudinal bars may be transformed into diagonal bars as local sediment transport 

adjusts to flow conditions during braid bar development.  

 

Figure 2 illustrates typical floodplain geomorphic units along a continuum of energy (as 

determined by flow and slope), valley confinement and sediment calibre/texture (after 

Nanson and Croke, 1992). In high energy settings, coarse grained floodplains are 

typically dominated by vertical accretion and erosional processes such as floodplain 

stripping produce geomorphic units such as floodchannels and floodplain steps (Nanson, 

1986). In medium energy settings a mix of geomorphic units and floodplain types are 

formed depending on whether the floodplain is formed by vertical or lateral accretion, 

and the type of reworking process that dominates. Levees, backswamps, cutoffs and 

palaeochannels result (Farrell, 1987; Brierley et al., 1997). In low energy settings, 

vertical accretion processes typically result in a range of backswamp, wetland, 

anabranch, valley fill and discontinuous watercourse units (Knighton and Nanson, 1993; 

Williams and Fryirs, 2020). Position on the floodplain is a key indicator of the type of 

floodplain geomorphic unit, and formation and reworking processes. For example, 

proximal floodplain geomorphic units and deposits (e.g. levees) often reflect quite 

different sets of process-form interactions relative to geomorphic units in distal 

floodplain areas (e.g. backswamps) (Fisk, 1944).  

 

2 WHAT CAN ANALYSIS OF ASSEMBLAGES OF GEOMORPHIC UNITS BE USED 

FOR? 

 

Analysis of assemblages of geomorphic units provides a powerful tool to interpret river 

type and behaviour, condition and recovery (Brierley and Fryirs, 2005). In 

conceptualising each of these components, such analyses can be unpacked to undertake 

reach-scale interpretations of landforms (individual geomorphic unit) that underpin 

assessments of patterns and sequences along longitudinal profiles, across catchments or 
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across regions (Newson and Newson, 2000; Church 2002; Brierley and Fryirs, 2005; 

Phillips, 2017). 

 

2.1 Analysing river type - Style indicators 

 

Each river type (or River Style) has a characteristic and expected assemblage of 

geomorphic units that can be used as style indicators. An assemblage contains 

diagnostic geomorphic units that are core (or essential) to the river type, common or 

overlapping geomorphic units with like-river types, and ubiquitous units that occur in a 

large number of river types (Fryirs and Brierley, 2018). Using a biology analogy, this is 

analogous to the differentiation of species, such as Homo sapiens versus Gorilla beringei. 

Homo sapiens and Gorilla beringei have 98% of their DNA in common. However, 2% of 

diagnostic indicators (DNA) differentiate between these two species. Ubiquitous DNA is 

found across all living things. This same principle can be applied to identify different river 

types, highlighting core diagnostic indicators. Common geomorphic units in an 

assemblage may overlap with river types in adjacent settings on the spectrum of river 

diversity. Alternatively, if the type sits at an opposite end of the spectrum of river 

diversity, the assemblage of geomorphic units may be completely distinct and share no 

common units. 

 

Figure 3 provides a simple, conceptual basis to differentiate assemblages of geomorphic 

units that are expected for different river types. Diagnostic geomorphic units are isolated 

within a pink circle with pink text. Common units are shown as overlapping pink circles 

with blue text. Ubiquitous geomorphic units are shown within green circles with green 

text. This schematic representation provides a useful starting point to consider 

diagnostic, common and ubiquitous geomorphic units along the spectrum of river 

diversity. However, it does not cover the full spectrum of river diversity. Also, it does not 

indicate the full set of geomorphic units that make up the assemblage of each river type. 
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For example a confined, bedrock margin controlled, gorge river type (Fryirs and Brierley, 

2018) has an assemblage of geomorphic units that comprises diagnostic units such as 

waterfalls and cascades, common units such as rapids, bedrock pools and bedrock riffles 

that overlap with other confined and partly confined river types, and ubiquitous units 

such as bedrock runs. This assemblage is completely different to that found along a 

laterally unconfined, anastomosing river type where sculpted fine grained geomorphic 

units (both instream and floodplain) are diagnostic and common. 

 

In some instances, river types have a simple character and behaviour with a small 

number and a low richness of geomorphic units in their assemblage (Phillips, 2001, 

2017; Fryirs and Brierley, 2009). For example a chain of ponds has a simple assemblage 

comprising ponds and valley fill (Figure 3). Other river types are complex with a variety 

(or high richness) of geomorphic units in their assemblage. For example a partly 

confined bedrock margin controlled river (Fryirs and Brierley, 2018) may have a mix of 

both bedrock and alluvial geomorphic units and a variety of mid-channel, bank-attached 

and floodplain geomorphic units in the assemblage (Figure 3).  

 

A morphodynamic assessment of river type uses the assemblage of geomorphic units to 

interpret the process-form associations of each geomorphic unit in the assemblage and 

uses a scaffolding approach to interpret how the river is functioning or behaving under 

different flow magnitude-frequency conditions (Brierley, 1996). In the work of Brierley 

and Fryirs (2005, pg 143) river behaviour is defined as “adjustments to river morphology 

induced by a range of erosional and depositional mechanisms by which water moulds, 

reworks and reshapes fluvial landforms, producing characteristic assemblages of 

landforms at the reach scale”. This is differentiated from river change which is defined as 

a wholesale shift in the character (i.e. assemblage of geomorphic units) of a reach such 

that a new river type occurs (Fryirs et al., 2012; Fryirs and Brierley, 2013). Associated 

with this wholesale shift in assemblage is a shift in the process-form associations 

operating and the behaviour of the reach at different flow stages.  
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Interpretation of river behaviour builds upon assessment of river character. Analysis of 

river character involves identifying shapes and boundaries between different topographic 

areas on the valley bottom (Figure 4) (c.f. MacMillan et al., 2000; Smith and Mark, 

2003; Mark and Smith, 2004). These shapes are then assigned names using a taxonomy 

or naming convention (e.g. Wheaton et al., 2015; Fryirs and Brierley, 2018; Figure 4). 

The process-form association of each geomorphic unit is then used to determine how 

each is formed and/or reworked and whether erosional or depositional processes are 

responsible (Figure 5A). River behaviour is analysed and interpreted for the assemblage 

of geomorphic units that is active at three different flow stages – low flow, bankfull and 

overbank (Brierley and Fryirs, 2005; Fryirs, 2017; Figure 5B). Analyses consider how 

flow alignment at differing stages of inundation alters flow energetics, and therefore 

erosion-deposition dynamics, over different surfaces and geomorphic units. At low flow 

stage, bed material (re)organisation and low flow channel dynamics around geomorphic 

units is interpreted (Figure 5B). At bankfull stage, the process-form associations of all 

instream geomorphic units is interpreted, including genetically-linked processes and 

forcing processes (Figure 5B). The position of units whether on the channel bed or 

along banks is used to interpret how erosion and/or deposition processes determine 

channel size and shape (putting the bed and banks together; Brierley and Fryirs, 2005). 

At overbank stage when the floodplain is activated, analysis of the assemblage of 

floodplain geomorphic units interprets processes of floodplain formation and/or 

reworking (Figure 5B). 

 

2.2 Analysing river condition - Condition indicators 

 

Modification to the geomorphic condition (or health) of a river reach of a particular type 

(or style) is demarcated by alteration to the assemblage of geomorphic units without the 

reach losing its diagnostic ‘identity’ or changing type. This typically entails assessment 

relative to a reference or ‘expected’ condition that meaningfully compares like-with-like 
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(Fryirs et al., 2008, 2021; Fryirs, 2015; Rinaldi et al., 2017; Han and Brierley, 2021). In 

this context, the assemblage of geomorphic units used to identify river type becomes the 

expected benchmark or reference against which condition is assessed (e.g. O’Brien et 

al., 2017). Therefore, condition assessment tends to focus on the identification and 

interpretation of the presence, absence and abundance of geomorphic units that make 

up the assemblage. An observed over expected (O/E) approach can be adopted. Using 

the biology analogy referred to previously, assessments of health compare like-with-like 

(i.e. within species), whereby a doctor assesses the health of Homo sapiens and a vet 

the health of Gorilla beringei. If a human falls ill there will be a deterioration in the 

physiology of the body. If a virus is responsible, this may manifest as presence of 

coughing or sneezing and the loss (or absence) of appetite. The severity of the illness 

and the impact on a person’s overall health could be dependent on the abundance of 

virus in the system.  

 

In geomorphic analysis of river systems, if the presence, absence or abundance of 

geomorphic units is unexpected, then condition is compromised and something is ‘not 

quite right’ or anomalous in the character and behaviour of the river (Montgomery and 

Macdonald, 2002). For example, in some cases the presence of a certain geomorphic 

unit is unexpected and would not occur in the characteristic assemblage used to identify 

the river type. In other cases a geomorphic unit that would be expected may be absent 

or missing from the assemblage. In some cases, the expected assemblage may be in 

place, but there is an under-abundance or an over-abundance of certain units that 

comprise the ‘balance’ of the expected assemblage, so the quantity of unit(s) is 

unexpected. This abundance indicator can be considered in one of two ways; as the 

number of different types of units that occur relative to expected (i.e. the O/E richness), 

or the number of repeats of each type of unit relative to expected (i.e. the O/E count).  

 

The O/E richness abundance indicator may be used where a reach that is expected to 

have a relatively simple assemblage of geomorphic units with a low richness becomes 
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more complex, either via disturbance or anthropogenic alteration. This shift in O/E 

richness suggests that the condition of the reach is compromised. For example, installing 

gravel or boulder bed control structures and large numbers of wood jams along a fine-

grained river that is expected to have a relatively simple structure and where such 

features do not naturally occur will compromise the integrity and condition of that reach. 

Vice versa, if a reach that is expected to have a relatively complex assemblage of 

geomorphic units with a high richness becomes more simple, then the integrity and 

condition of that reach is compromised. Channelisation and homogenisation of active 

meandering or braided gravel bed rivers provides a classic example of this form of 

disruption. 

 

The O/E count abundance indicator could be used to consider whether certain expected 

geomorphic units in the reach are over-represented in the assemblage. The reach is 

‘unbalanced’ as repeated presence of some units overwhelms the assemblage in terms of 

their count. For example, the number of repeat longitudinal bars may overwhelm the 

assemblage at the expense of the abundance of alluvial pools along a reach of braided 

river. Both units are expected to occur along the reach, but their count is ‘unbalanced’ 

relative to expected. 

 

Figure 6 presents good, moderate and poor condition variants of a confined, bedrock 

margin controlled, occasional floodplain pockets river type to show how the assemblage 

of geomorphic units for an individual river type can be used to assess geomorphic river 

condition (Fryirs, 2015; Fryirs et al., 2021). The good condition variant (green circle) 

shows the expected assemblage of geomorphic units for this river type (transferred from 

Figure 3). The yellow circle shows the assemblage of geomorphic units for a moderate 

condition variant of this river type. The diagnostic units that define the river type are still 

present, but other units are evident in the assemblage (e.g. alluvial pools and lateral 

sand bars) while others are absent (e.g. bedrock riffles and rapids). The abundance 

richness of different geomorphic units has decreased. Also, the abundance count of 
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bedrock runs and bedrock pools has decreased as sediment infills and smothers these 

features to create an abundance of alluvial pools and lateral sand bars. The diagnostic 

units are still present in the poor condition variant of this river type (red circle) but many 

units that are expected are absent from the assemblage (e.g. bedrock pools, riffles, runs 

and rapids). The reach has a lower bedrock core bar richness abundance relative to 

expected, and is overwhelmed with an abundance count of sand sheets that dominate 

the assemblage.  

 

Although assessments of river condition are often undertaken at a particular point in 

time (i.e. the condition of the river today), this does not mean that the assessment 

disregards the dynamics of the system. A dynamic assessment of river condition uses 

the form-process associations of the geomorphic units and interpretation of reach 

behaviour to determine whether the current state is expected for that river type. The 

presence, absence and abundance of geomorphic units indicates a status in time relative 

to prevailing sediment regime conditions (i.e., whether the system is in a state that is 

dominated by erosion processes or deposition processes and whether this state reflects 

the expected character and behaviour of that river type). This interpretation is aided by 

determining what the assemblage of geomorphic units ‘says’ about the process zone 

function of the reach, i.e. whether the reach is currently behaving as a source zone, a 

transfer zone or accumulation zone, and whether this is the expected functional role of 

that reach (Schumm, 1977; Fryirs, 2015). If the state is expected, the reach is classed 

as being in good condition. The further away from expected the poorer its condition, on a 

sliding scale through moderate to poor. For the example in Figure 6, Reach A is 

currently operating as a transfer zone. The presence of bedrock pools and the absence of 

sand sheets indicates that the reach is transferring any sediment made available to it 

and there is a relative balance between sediment input and output along the reach. This 

is expected for this river type, and therefore this reach is in good condition. By contrast, 

Reach C is currently behaving as an accumulation zone. The absence of bedrock pools 
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and the presence (and abundance) of sand sheet sediments indicates that the reach is in 

a dominantly depositional state and there is an imbalance between sediment input and 

output that is not expected for a reach of this river type. Therefore the condition of the 

reach is compromised and is classed as poor. The moderate condition reach has 

characteristics that are both expected and unexpected, with accompanying 

representations of erosion and deposition processes. This indicates an imbalance in the 

sediment regime that is compromising the condition of this reach. 

 

2.3 Analysing river recovery - Recovery indicators 

 

Assessing river recovery involves understanding whether the condition of a given reach 

is improving or deteriorating over a certain timeframe (typically a management 

timeframe of 50-100 years) (see Fryirs and Brierley, 2016; Fryirs et al., 2018b). Such 

assessment entails trajectory analysis and comparison of the assemblage of geomorphic 

units over a time series or between two sequential timeslices. Analysis of the 

assemblage of geomorphic units indicates what has adjusted over a given timeframe and 

the direction and pathway of adjustment that a reach has been on, is currently on, or 

has shifted onto – whether degradation, restoration or creation (see Figure 7; Brierley 

and Fryirs, 2005; Fryirs and Brierley, 2005, 2016). Detection of geomorphic units that 

return or disappear from the assemblage over time informs recovery assessment. 

Returning to the biology analogy, for Homo sapiens recovery from an illness may entail 

the return of something (e.g. appetite) or the disappearance of something else (e.g. 

nausea). For rivers, if restoration is occurring, geomorphic units are returning to the 

characteristic or expected assemblage over time, whereas if creation is occurring new 

geomorphic units are being added to the assemblage. This returning and disappearing 

may not occur equally nor at the same time or rate for reaches at different positions on 

the degradation, restoration or creation pathways. However, in all cases the diagnostic 

units that define the river type are not altered and the river maintains key attributes of 

that river type over time. However, if the time series analysis detects a completely new 
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assemblage (i.e. one assemblage replaces another assemblage), river change has 

occurred, creating a new or different river type.  

 

The potential for the river reach to recover is dependent on catchment boundary 

conditions and the (dis)connectivity of sediment flux between reaches (Brierley and 

Fryirs, 2009; Fryirs et al., 2009, 2012). Reach scale adjustments to the assemblage of 

geomorphic units may be reversible or irreversible. Figure 7 shows a worked example 

for the confined, occasional floodplain pockets river type from Figure 6. 

 

A dynamic assessment of river recovery uses the process-form associations of 

geomorphic units and interpretation of reach behaviour at each stage of the time series 

to detect changes in the erosion-deposition dynamics of a reach. From this, analyses 

assess how the return or disappearance of certain geomorphic units alters erosion-

deposition dynamics. Fryirs et al. (2009) present such work as an analysis of response 

gradients, subsequently extending this analysis as an ergodic matrix (Fryirs et al., 

2012). In many instances, certain key geomorphic units indicate or signpost that river 

recovery (or degradation) is underway, marking a turning point in the condition of the 

river (see Brierley et al., 2008; Fryirs and Brierley, 2016). Examples of recovery 

geomorphic units for different river types summarised in Fryirs et al. (2018b) include the 

emergence of bedrock or alluvial pools, formation of benches, stable bars or islands, and 

definition of low flow channels. A classic example is the detection of bank-attached, step-

shaped features (Figure 8). A ledge is an erosional feature that has been excised or 

eroded from the floodplain by an incising and/or expanding channel, whereas a bench is 

a depositional feature deposited against the channel bank as the channel contracts 

(Fryirs and Brierley, 2013). Occurrence of a ledge in the assemblage indicates that the 

reach is likely on a degradation pathway, whereas if a bench is occurring then the reach 

is on a recovery pathway (Fryirs et al., 2018b). Benches are key indicator geomorphic 

units for detecting river recovery in previously incised and/or overwidened river reaches. 

Spotting when a bench is being formed, or when a ledge becomes a bench, indicates 
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that a shift from dominance of erosional to depositional processes is underway, such that 

the reach may be at a turning point to recovery. 

 

In other cases, analysis of the full geomorphic unit assemblage can be used to detect a 

change in the erosion-deposition dynamics of a reach. Returning to Figure 7 as an 

example, if recovery from poor to moderate condition is occurring, then sand and gravel 

sheets will disappear and lateral bars and alluvial pools will (re)emerge in the 

assemblage. There may still be longitudinal bars in the assemblage. However, if recovery 

is occurring to a good condition, a much broader range of geomorphic units will 

(re)emerge and be (re)added to the expected assemblage. When this transition occurs, 

the erosion-deposition dynamics of the reach will be transformed from dominantly 

depositional where the behaviour of the reach is controlled by sediment competence 

and/or capacity limits, to dominantly erosional where the behaviour of the reach is 

characterised by the scour and removal of sediment from infilled pools, the 

reorganisation of within-reach sediment to create islands, and the (re)emergence of 

geomorphic units such as bedrock riffles, islands and rapids and sediment is transported 

out of the reach. 

 

3. FUTURE RESEARCH NEEDS AND USES IN APPLIED FLUVIAL 

GEOMORPHOLOGY 

 

Given the critical importance of geomorphic units as a central and universal tool with 

which to undertake geomorphic analysis of rivers, considerable attention has been given 

to development of approaches to their identification, definition, characterisation and 

mapping (MacMillan et al., 2000; Brierley and Fryirs, 2005; Fryirs and Brierley, 2013; 

Wheaton et al., 2015). Importantly, geomorphic units characterise all of the valley 

bottom – there is no blank space on a map (Evans, 2012; Wheaton et al., 2015). 

Everywhere is part of a geomorphic unit, although boundaries between features are 
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sometimes ill-defined, gradual or fuzzy and inevitably adjust over time (MacMillan et al., 

2000; Smith and Mark, 2003; Mark and Smith, 2004; Evans and Minar, 2008).  

 

Interest in creating a comprehensive, coherent and systematic framework for identifying 

geomorphic units and interpreting their morphodynamics has prompted initiatives to 

develop automated procedures to map them using digital elevation models derived from 

remotely sensed datasets (Drăguţ, L., & Blaschke 2006; Wheaton et al., 2010a; Oguchi 

et al., 2011; Bangen et al., 2014; Wyrick and Pasternack, 2014; Wyrick et al., 2014; 

Bizzi et al., 2016; Brown and Pasternack, 2019; Williams et al., 2020). The enormous 

progress that has been made in this field offers considerable prospect to recurrently 

generate maps and data that can be used to characterise diversity, and interpret the 

morphodynamics, condition and evolutionary trajectory of river systems, and scaffold 

this analysis to produce sophisticated understandings of river systems (Figure 9). This 

can be undertaken at unprecedented scales (extent/frequency) and levels of resolution 

(e.g. Bizzi et al., 2019; Piégay et al., 2020; Boothroyd et al., 2021a, b;). However, with 

the lure of big data and machine learning applications to provide the answers (Reichstein 

et al., 2019), careful attention to testing, verification and reproducibility of data input, 

outputs, analyses and interpretations remains a concern (Wheaton et al., 2010a; Fryirs 

et al., 2019; Kennelly et al., 2021; Braun, 2021). Caution is also required to prevent the 

perception that the outputs can be used as a cookbook or a set of diagnostic keys, with 

the danger of misuse and misinterpretation by non-specialists (cf., Simon et al., 2007; 

Lave, 2009). To avoid such, it is critical that outputs are verified by interpretations based 

on traditional methods and training, giving due regard for accuracy and reliability 

(Gregory, 1979, 2004; Montgomery and Macdonald 2002; Brierley et al., 2021; Braun, 

2021). This requires that sound foundational knowledge underpins application of 

analytical tools that make use of big data, striving to produce realistic and acceptable 

outputs that make sense on-the-ground (Evans, 2012; Roering et al., 2013).   
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Essentially, remotely sense analyses are skin-deep, unable to extract potentially vital 

information from beneath the surface to support analyses and interpretations of 

geomorphic units. Although inferences can be made by ‘reading the river’, confirmatory 

evidence is required to support reliable interpretations (Brierley et al., 2013; 2021). For 

example, 3-D analyses of bounding surfaces are required to reliably define the geometry 

of geomorphic units (in sedimentology these are referred to as elements, architectural 

elements, or morphostratigraphic units; Miall, 1985). Strategically positioned trenches 

provide insights that cannot be derived from 2-D pits (or core log data; Brierley, 1991b). 

To date, remotely sensed satellite or drone imagery are not directly tied to subsurface 

seismic techniques. For now, at least, fieldwork is often vital. 

 

Operationalising the conceptual framings presented in this paper to quantify and 

statistically analyse clusters and assemblages of geomorphic units based on style, 

condition or recovery indicators is an enticing prospect and one that could provide a 

powerful tool for both scientists and managers (e.g. Coffman et al., 2011; Belletti et al., 

2017). (Semi)automated mapping and classification of shapes (landforms) is now 

relatively straight forward (e.g. Passalacqua et al., 2010; Jasiewicz and Stepinski, 2013; 

Bangen et al., 2014; Tarolli et al., 2014; Demarchi et al., 2016; Minar et al., 2020). 

However, the identification and interpretation of geomorphic units is often open to 

debate and unanticipated units are sometimes evident, requiring additional information 

to make reliable explanations (Roering et al., 2013; Wheaton et al., 2010a, 2013, 2015). 

Regardless, there is significant potential to roll out such analyses across regions and for 

the full spectrum of river diversity to qualitatively and quantitatively analyse the types 

and assemblages of geomorphic units that are expected for different river types, and 

define characteristic or reference states (Fryirs et al., 2019; Gurnell et al., 2020). The 

identification of diagnostic, common and ubiquitous geomorphic units and their richness 

for different river types is possible (Figure 9). By extension, mapping and classification 

of geomorphic units can be conducted to quantitatively and statistically analyse the 

presence, absence and abundance of geomorphic units and develop observed versus 
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expected ratios that could define states of river condition for different river types 

(Figure 9). Further, the mapping and classification of geomorphic units coupled with 

change detection techniques could be used to track geomorphic recovery over time and 

spot geomorphic units that are returning or disappearing from the assemblage and 

indicate that river recovery (or deterioration in condition) is occurring (Figure 9). 

Analysis of geomorphic hotspots (Czuba and Foufoula-Georgiou, 2015) can be 

substantively expanded through analyses of recovery trajectories linked to sediment 

cascades (e.g. Fryirs et al., 2018; Khan et al., 2021b; Tangi et al, subm). Such analysis 

can potentially help determine which geomorphic units are most representative or 

indicative of geomorphic river recovery (or degradation). 

 

Moving beyond the mapping and classification of geomorphic units, analysis of process-

form associations and river behaviour is currently more challenging (Rhoads, 2006; 

Wheaton et al., 2010a). Agreement on the formation and/or reworking processes that 

create geomorphic units is helpful (Gregory and Lewin, 2014; Williams et al., 2020). 

However, appraisal of assemblages and interactions between units on the valley bottom, 

framed in contextual terms at the reach scale or along longitudinal profiles, is not always 

straightforward (Wyrick and Pasternack, 2014). Challenges remain in understanding the 

mutual and genetic interactions between slope, flow regime, sediment size, load and 

availability, vegetation cover, ecosystem engineers, anthropogenic and memory imprints 

for different geomorphic units. Without such information it is difficult to model and 

interpret process-form and behavioural traits that define the expected range of 

variability of different river types, the causes of different condition states or the triggers 

of river recovery. However, getting the geomorphic analysis and interpretation of 

assemblages of geomorphic units ‘correct’ is critical if such work is to be effectively and 

consistently used in eco-hydrology (habitat) and hydro-morphology (hydraulic) 

assessment, monitoring and management of a dynamic physical template (cf., Poff et 

al., 1997; Newson and Newson 2000; Wheaton et al., 2010b; Phillips 2017). 
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Automated monitoring of assemblages of geomorphic units offers prospect to undertake 

back sighting exercises to systematically analyse river responses to differing forms, 

sequences, magnitudes and frequencies of disturbance events and human impacts 

(Boothroyd et al., 2021a, b). With this understanding and knowledge in hand, 

geomorphologists can then begin and improve their forecasting work (Trofimov and 

Phillips, 1992; Wilcock and Iverson, 2003). There is a growing need to forecast how 

riverine processes and landforms (i.e. the dynamic physical template) are likely to 

respond to adjustments in water, sediment and vegetation interactions brought about by 

climate and/or land use change (Lane, 2013; Larkin et al., 2020). There is also a need to 

better identify and define sensitivity thresholds or tipping points of change (Fryirs, 

2017), so that proactive and pre-emptive monitoring, planning and decision-making can 

take place. This goes to the heart of how we conduct geomorphic analyses of rivers in 

the 21st century (e.g. Ashmore, 2015; Blue and Brierley, 2016), as key evidence-bases, 

especially in relation to assessment of river condition and recovery, often drive river 

management practice and decision-making (Downs and Piegay, 2019; Fryirs et al., 

2021). 

 

Contextualising process relations at the assemblage of geomorphic units scale (i.e. the 

reach scale) in light of catchment-scale boundary conditions and associated insights into 

changing fluxes can guide the designation of ‘moving targets’ to support 

geomorphologically-informed management applications (Downs and Gregory, 2014; 

Brierley and Fryirs, 2016). Prospectively, such applications can understand and ‘work 

with each and every river’ (Brierley et al., 2013; Brierley, 2020; Fryirs and Brierley, 

2021), use that knowledge for forecasting exercises to test the impact of different 

scenarios on geomorphic river adjustment, change, condition and recovery potential, and 

embed this in process-based river rehabilitation practice (Phillips, 2001; Gregory 2006; 

Beechie et al., 2010; Fryirs et al., 2021).  

 

4. CONCLUDING COMMENT 
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Geomorphic analysis of river systems entails assessment of how and why a river looks 

and works as it does. Essentially, interpretations of river morphodynamics appraise the 

processes that create and rework geomorphic units, and the ways in which particular 

assemblages and patterns of these landforms make up a given landscape. In geomorphic 

terms, spatial and temporal variability in river morphology along every part of every 

valley bottom is a product of the mix and balance of erosional and/or depositional 

processes. Although geomorphic units are universal features, some are products of the 

last disturbance event, while others are inherited from the past. In this light, no analysis 

of river systems is complete unless due regard is given to the types of geomorphic unit 

found at a given locality, their relationship and interactions with adjacent units, the 

pattern of these units along a river course and consideration of how assemblages can 

adjust and change over time. 

 

This paper has shown how assemblages of geomorphic units provide a flexible and 

adaptive tool to undertake geomorphic analyses of river systems. Foundation work in 

applications of a building block approach are used to describe and explain the types and 

pattern of geomorphic units that make up a particular section of river. Framed in an 

evolutionary context, assemblages geomorphic units can be used to assess the 

contemporary condition of a reach and evaluate whether the trajectory of river 

adjustment reflects deterioration or improvement in condition. Placed in a catchment 

context, alongside interpretation of likely pressures and/or threatening processes, future 

trajectories of river adjustment can be forecast. As this analytical lens incorporates 

layers of description and interpretation within a scaffolding framework, it provides an 

important bridge between expert manual analysis and machine learning analysis using 

big data, allowing for the identification and interpretation of core attributes and traits of 

each and every river system. 
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Figure 1 The typical downstream continuum of instream geomorphic units. Modified 

from Fryirs and Brierley (2013). 
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Figure 2 A typical continuum of floodplain geomorphic units. Modified from diagrams in 

Fryirs and Brierley (2013), Brierley and Fryirs (2005) and Nanson and Croke (1992). 
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Figure 3 Assemblages of geomorphic units for different river types or styles. Each river 

type contains a characteristic and expected assemblage of geomorphic units that 

contains diagnostic, common and ubiquitous units. Note that italicised names are 

floodplain geomorphic units and plain names are instream geomorphic units. 
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Figure 4 Steps used to analyse river character using geomorphic units, for the instream 

and floodplain zones. The example is from the Macae River, Brazil documented in 

Brierley et al. (2019) and Fryirs et al. (2019). Base maps from Google Earth. 
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Figure 5 Steps used to analyse river behaviour using geomorphic units, starting with (A) 

determination of process-form associations of geomorphic units and (B) interpretation of 

how assemblages of geomorphic units are formed and reworked at low flow, bankfull and 

overbank stage. The example is from the Macae River, Brazil documented in Brierley et 

al. (2019) and Fryirs et al. (2019). Base maps from Google Earth. Photograph from K. 

Fryirs. 
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Figure 6 Demonstration of how the assemblage of geomorphic units for an individual 

river type can be used to assess geomorphic river condition. This example is for a 

Confined, bedrock margin controlled, occasional floodplain pockets river type. Text in the 

three-way overlap zone of Venn diagram are the diagnostic units for this river type. 

Source of aerials: Google Earth. Source of photos: K. Fryirs. 
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Figure 7 Returning and disappearing geomorphic units for the confined, occasional 

floodplain pockets river type as recovery occurs and geomorphic condition improves 

(modified from Fryirs and Brierley, 2005). Green dots are reaches in good geomorphic 

condition, yellow are in moderate condition and red in poor geomorphic condition.  
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Figure 8 Ledges and benches as geomorphic unit indicators of degradation and recovery 

and changing erosion-deposition dynamics. Source of photos: K. Fryirs. (A, C) Craven 

Creek NSW, (B) Macdonald River, NSW. 
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Figure 9 A scaffolded approach to geomorphic assessment and interpretation of river 

style, condition and recovery based upon analysis of geomorphic units and their 

assemblages. 
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