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Contemporary river forms and processes can be heavily influenced by the legacies of anthropogenic disturbances
to river systems. Knowledge of the historical range of river adjustment can be used to develop an understanding
of a river's ‘expected’ character and behaviour. Drawing upon the case study of Richmond River Catchment, New
SouthWales, Australia, we track the history of geomorphic river adjustment from the time of European colonisa-
tion in the mid-late nineteenth century. We use this study to develop an approach, called the ‘Behavioural sensi-
tivity logical tree’ that can be applied to assess and quantify reach scale behavioural sensitivity, defined as the ease
with which geomorphic units and associated water, sediment and vegetation interactions adjust within the ex-
pected behavioural regime. We use the results to categorise rivers as Fragile, Active sensitive, Passive sensitive, In-
sensitive and Resistant.
Fragile rivers have a behavioural sensitivity N75% and have the propensity to undergo wholesale river change
such that a new river type and behavioural regime is created. Active sensitive rivers have a behavioural sensitivity
ranging from 50%–75% and have the ability to re-configure within their contemporary behavioural regime. The
behavioural sensitivity of Passive sensitive rivers lies between 20%–50%. These rivers have the ability tomaintain
their behavioural regime and withstand adjustment. Insensitive rivers have a behavioural sensitivity ranging
from 5%–20%. They do not readily adjust andmay contain significant antecedent elements that limit geomorphic
adjustment. Resistant rivers have a behavioural sensitivity b5% and because of the imposed geological setting
cannot readily adjust. We further discuss the evolutionary nature of behavioural sensitivity itself and how rivers
can dynamically evolve and shift to a different sensitivity category over time in response to different forms of di-
rect and indirect disturbances.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In an era of degrading and depleting water resources, amplified by
global climate change and increase in human population, management
of freshwater resources is a high priority (Qin et al., 2019; Vorosmarty,
2000). Given the ubiquitous human impact on the fluvial landscape, the
persisting legacies of anthropogenic alterations can considerably influ-
ence contemporary river forms and processes (Walter and Merritts,
2008;Wohl, 2019). Against this omnipresent backdrop, has been a grow-
ing need to understand a river's ‘expected’ or ‘natural’ character and be-
haviour, particularly in the context of determining what is realistically
achievable in river rehabilitation and restoration (Bernhardt, 2005;
Fryirs et al., 2015, 2012;Malakoff, 2004;Wohl et al., 2012).Moreover, les-
sons learned from the past have taught us that “it pays to do the painstak-
ing work of historical sleuthing” (Montgomery, 2008; p. 282) even in
areas thought to define benchmarks in understanding. Suchwork situates
understandings about contemporary river response within an historical
context and provides the basis for forecasting possible future responses
to a range of disturbance events (Brierley and Fryirs, 2016; Downs and
Gregory, 2014; Fitzpatrick and Knox, 2000; Fryirs et al., 2012; Gregory
and Lewin, 2015; Lane, 2013; Wohl, 2017; Wohl et al., 2012).

One key concept that can be used is river sensitivity (Fryirs, 2017).
Various studies have been conducted that assess river sensitivity atmul-
tiple spatial and temporal scales and geomorphologists have used a
range of terminology to describe complex river responses to distur-
bance events: event sensitivity, degrees of instability, resilience, non-
resilience, sensitive, robust, hypersensitive, over-relaxed and insensi-
tive (Allison and Thomas, 1993; Brunsden and Thornes, 1979; Buckley,
1991; Chorley et al., 1984; Crozier, 1986; Downs and Gregory, 2014,
1995; Fitzpatrick and Knox, 2000; Fryirs et al., 2015, 2009; Fryirs,
2017; Fuller et al., 2019; Gordon et al., 2001; Graf, 1982, 1979; Piégay
et al., 2018; Quine and Brown, 1999; Reid and Brierley, 2015;
Schumm, 1998, 1988, 1985, 1976; Thomas, 2001; Thoms et al., 2018;
Tooth, 2018). Schumm (1985) identified sensitivity as one of the
seven reasons for geological uncertainty because of the variable spatial
response of different landscape compartments to similar magnitude
disturbance events. However, despite providing solid foundations for
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the conceptualisation of river sensitivity, these studies do not provide a
consistent approach to assess reach-scale sensitivity that can be applied
andmapped across a catchment (Fryirs, 2017). Furthermore, the lack of
a clear and consistent approach for the analysis and measurement of
river sensitivity inhibits comparison of the quantum of adjustment
across catchments or regions.

Brunsden and Thornes (1979) define the sensitivity of a landscape to
change “as the likelihood that a given change in the controls of a system
will produce a sensible, recognisable and persistent response” (p. 476).
This involves various aspects: the possibility of change, the propensity
for change and the capacity of the system towithstand, absorb or adjust
to that change (Chorley et al., 1984; Schumm, 1998; Downs and
Gregory, 2014; Thoms et al., 2018; Tooth, 2018). However, geomorphic
river adjustment is dynamic in nature, both spatially and temporally,
resulting in complex forms and processes (Schumm, 1973). To make
sense of this complexity and to provide guidance on ways to conceptu-
alise and analyse it, Fryirs and Brierley (2013) make a clear distinction
between river behaviour and river change. 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” (Brierley and Fryirs, 2005, p. 143). River
behaviour reflects ongoing geomorphic adjustments over timeframes
Fig. 1. Location of the Richmond catc
in which flux boundary conditions (i.e., flow and sediment regimes,
and vegetation interactions) remain relatively uniform, such that a
reach retains a characteristic set of process–form relationships (Fryirs
and Brierley, 2013; Lane and Richards, 1997; Leopold et al., 1964).
Lewin (1977) calls this the autogenic regime of a river. Therefore, each
river type functions within a behavioural regime such that the interac-
tion between flow, sediment and vegetation produces characteristic
landforms or geomorphic units (Brierley and Fryirs, 2005; Fryirs and
Brierley, 2013). Within this behavioural regime, a mix of erosional and
depositional processes regularly moulds, reworks and reshapes these
landforms and a reach experiences characteristic forms of adjustment
that produce a set (or assemblage) of geomorphic units (Brunsden,
1993; Fryirs and Brierley, 2013; Lisenby and Fryirs, 2016). The forms
and ease of adjustment that take place define a river's inherent behav-
ioural sensitivity (Brunsden and Thornes, 1979; Fryirs, 2017). Because
different river types have different capacity to adjust there is a gradation
of behavioural sensitivity that occurs across the spectrum of river
diversity. However, when subjected to a singular episodic disturbance
event or a series of disturbance events (Baker and Costa, 1987;
Phillips, 2009, 2003), the behavioural regime of some rivers (particu-
larly those that are threshold-driven) can undergo wholesale shift
such that a geomorphic ‘metamorphosis’(Schumm, 1969), ‘state transi-
tion’ (Phillips, 2014) or ‘river change’ (Brierley and Fryirs, 2005; Fryirs
hment and its major tributaries.
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and Brierley, 2013) occurs. This changes the river to a different type
with a new set of process-form relationships (Fryirs et al., 2012; Fryirs
and Brierley, 2013). Such rivers are change-sensitive (Fryirs, 2017).

One way to assess a river's behavioural or change sensitivity is to
characterise and track geomorphic forms of adjustment over the histor-
ical record or a pre-defined timeframe of reference (Lisenby and Fryirs,
2016). Such work is variously called analysis of response gradients
(Fryirs et al., 2009), historical range of variability (Wohl et al., 2012), ex-
pected capacity for adjustment (Fryirs et al., 2012), and evolutionary
trajectory (Brierley and Fryirs, 2016; Scorpio et al., 2015).When the be-
havioural and/or change sensitivity of each river type is analysed across
a catchment, the spatial pattern of sensitivity can be assessed and
hotspots of sensitivity identified.

Tracking behaviour and change over time introduces the idea that a
river's behavioural sensitivity is not static in time, but can dynamically
evolve such that some rivers can become more sensitive to future dis-
turbances, others may become more resilient (Downs and Gregory,
2014; Fryirs, 2017; Schumm, 1998). Such analyses provide the founda-
tions for extension work to examine the geomorphic effectiveness of
different disturbance events on sensitivity (Costa and O'Connor, 1995;
Fryirs et al., 2015), the analysis of threshold conditions under which
change occurs (Bull, 1979; Chappell, 1983; Schumm, 1979), the role of
pre-conditioning and antecedence on contemporary forms and pro-
cesses (Crozier, 1999; Phillips, 2006; Trofimov and Phillips, 1992), and
reaction, relaxation and the recovery times following disturbance
(Allen, 1974; Chappell, 1983). Such foundation understanding is re-
quired for geomorphological forecasting of likely event sensitivity to a
range of possible future disturbances (Crozier, 1999; Fryirs, 2017).

Although advances have been made in the understanding of geo-
morphic river sensitivity, there are very few documented applications
of the concept in practice (Fryirs, 2017; Lisenby et al., 2019; Preston
et al., 2011; Tooth, 2018;Wohl, 2014). Viewing behavioural and change
sensitivity as set out in this paper provides a basis for developing an an-
alytical approach that can be used to assess river sensitivity in both
space and over time. In this paper, we develop an approach for assessing
river sensitivity called the ‘Behavioural sensitivity logical tree’. We then
apply this approach across the Richmond River Catchment, New South
Wales, Australia. We track forms of geomorphic adjustment of the flu-
vial system since European colonisation in themid-late nineteenth cen-
tury. We use the output to categorise reaches across the catchment as
Fragile, Active sensitive, Passive sensitive, Insensitive andResistant, pro-
viding a snapshot of contemporary hotspots of sensitivity. We then dis-
cuss the evolutionary nature of behavioural sensitivity and how the
approach can be used elsewhere.

2. Regional setting

The Richmond River is located in the subtropical zone of the far
North Coast of New South Wales (NSW). The river emerges from the
Great Dividing Range on the slopes of the McPherson Range and flows
southeast into the Tasman Sea. The Richmond River drains a catchment
area of 6858 km2 and receives major flow contributions from its two
major tributaries, Wilsons River and Bungawalbyn Creek (Fig. 1). The
northern part of the catchment is comprised of young basalt geology
that produces rugged hilly countrywith steep topography. The southern
part of the catchment is comprised of relatively older underlying sand-
stone that produces gently rolling country with flat topography. This
catchment experiences some of the highest rainfall in NSW and the
streamflow is categorised as extreme late summer flows (Finlayson
and McMahon, 1988). Flood documentation extends back to 1857 and
some of the largest floods on record occurred in 1861, 1945, 1954 and
1974. Following the catastrophic floods of 1954, the local community,
state and local government implemented a number of flood mitigation
efforts (https://rous.nsw.gov.au).

The Bundjalung people are the traditional owners of the Richmond
catchment. The mouth of the catchment was identified by the
Europeans in 1828 and functioned as a major navigation port from the
1840s to the early twentieth century. Prior to thefirst land grants, defor-
estation for Cedar logging flourished across the catchment from 1842.
The first large sawmill was built in 1865, the colonial sugar refinery
started in 1881 and the first dairy cooperative was started in 1889
(Richmond River Historical Society). Currently, 48.4% of land use in
the Richmond catchment comprises beef production, 41.2% by forestry,
4.3% by dairying, 3.6% by intensive agriculture, 1.7% by horticulture and
0.84% by urban areas (McKee et al., 2001).

3. Methods

3.1. Data acquisition and processing

To analyse thebehavioural sensitivity of rivers, a logical treewasdevel-
oped (Fig. 2). The data used include Digital Elevation Models (DEM), sat-
ellite imagery, historical planform records and historical streamflow
datasets. The 2-m spatial resolution LiDAR DEM tiles were obtained
from the Elevation and Depth Foundation Spatial Data website (https://
elevation.fsdf.org.au/) andmosaicked in ArcMap 10.5 to produce a catch-
ment scale DEM and hillshade raster. SAGA GIS was used for generating
multiple flow direction flow accumulation, which was further used in
ArcMap to delineate the streamline shapefile of all the rivers in the Rich-
mond catchment. This streamline shapefilewas validated using the coun-
try wide hydrology dataset available from Geosciences Australia (https://
www.ga.gov.au/) and 50-cm resolution satellite imagery available from
Sixmaps (https://maps.six.nsw.gov.au/). The DEM and streamline
shapefile were used to generate longitudinal profiles for all the rivers
along which historical mapping took place.

Thefirst step of the logical tree involves selection of the representative
reaches on the basis of the downstreampattern of river types along lon-
gitudinal profiles (Fig. 3). Stage 1 of the River Styles Framework
(Brierley and Fryirs, 2005; Fryirs and Brierley, 2018) was used to iden-
tify the range of river types occurring in the Richmond catchment
(Table 1 and Fig. 3). This analysis was undertaken using desktop and
field-based investigation. Each river type was identified using hillshade
raster and satellite imagery on the basis of confinement (position of the
channel within the valley setting), channel planform characteristics
(channel continuity, number of channels, sinuosity), geomorphic unit
assemblage and bed material texture. All River Styles and their attri-
butes were verified in the field. On the basis of valley confinement, riv-
ers were categorised as confined where N85% of either channel margin
abuts a valley bottom margin, partly confined bedrock margin con-
trolled where 50–85% of either channel margin abuts a valley bottom
margin, partly confined planform margin controlled where 10–50% of
either channel margin abuts a valley bottom margin and laterally un-
confined where b10% of either channel margin abuts a valley bottom
margin (sensu Fryirs et al., 2016; O'Brien et al., 2019). Given the number
of meandering variants of rivers found in the Richmond catchment, sin-
uosity became an important factor for differentiation. If the sinuosity of
the channel was between 1.06 and 1.30, the reach was characterised as
a low sinuosity river. If the sinuosity of the channel was N1.30 without
evidence of paleo cut-offs on thefloodplain, the reachwas characterised
as a sinuous river. If the sinuosity was N1.30 and paleo cut-offs were
present, the reach was characterised as a meandering river. If there
were multiple cut-offs observed, then the reach was characterised as a
cut-off river. For the cut-off rivers with a high propensity of chute cut-
offs, the reach was further differentiated as an active cut-off river. This
contrasts with passive cut-off rivers where the cut-offs are isolated on
the floodplain.

The oldest and longest flow stage record for the Richmond River
was obtained from the Rouse County Council website (https://rous.
nsw.gov.au). Lismore flood stage data recording moderate to major
flood peaks from the 1870s to present was the longest record avail-
able. For reconstructing the history of geomorphic river adjustment,
three types of historical planform records were used: aerial imagery,
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https://elevation.fsdf.org.au/
https://elevation.fsdf.org.au/
https://www.ga.gov.au/
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parish maps and the first surveyor notebooks. Digital copies of the
parish maps of the entire catchment dating back to the 1890s were
obtained from the NSW Land Registry Services (in Sydney) to extend
the sequence back to early surveys of the area after European settle-
ment. Hard copies of the 1940s aerial photographs were viewed at
Fig. 2. Logical tree showing the geomorphic river change and geomo
the National Library of Australia (in Canberra) and scanned at 1200
dots per inch resolution. Electronic copies of aerial imagery from
the 1950s to 2009were obtained from the NSWState Spatial Services
(in Bathurst). Because of the vast spatial coverage of the study area,
the aerial imagery encompassed multiple time slices for different
rphic behavioural sensitivity (BS) approach used in this study.



Fig. 3. River Styles identified in the Richmond catchment and the longitudinal profiles of the streams analysed.
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administrative boundaries, i.e., the catchment-wide imagery was not
uniformly available for all the years. Further historical information
was obtained from the Surveyor General's survey books from 1878
that were viewed in the NSW State Archives (in Kingswood). These
books contain information on vegetation distribution and type,
river configuration and the presence or absence of features such as
pools, riffles, etc. The aerial photographs and parish maps were
orthorectified and digitised in ArcMap. The resolution of the aerial
imagery and maps was variable; therefore, digitisation was per-
formed at a scale ranging from 1:3000 to 1:6000.

3.2. Measurement of change and behavioural sensitivity

The second step of the logical tree is used for rivers that have under-
gone wholesale river change. If wholesale river change was observed,
Stage 1 River Styles analysis was reiterated for each time slice and
river change was recorded in the stream shapefile attribute table. At
each iteration, river change was calculated as the ratio of stream length
undergoing wholesale change to the total reach length:

%River change

¼ Total length of stream undergoing wholesale changeð Þ
Total stream lengthð Þ � 100 ð1Þ

The third step of the logical tree (Fig. 2) is used to track the decadal
geomorphic adjustments along the stream network. First, the length
of reach affected by each form of geomorphic adjustment for each
river type in each decadal time slice was recorded in the stream
shapefile attribute table (ΔL). The oldest available record, the Surveyor
General's survey book from the year 1878 described some of the plan-
form, geomorphic and vegetation characteristics of the rivers. Given
that the survey notebooks and parishmaps only contain coarse-level in-
formation, only channel planform adjustments such as channelisation,
occurrence of cut-offs, bend adjustments and channel straightening
could be discerned from these records.

For each time slice, the type and spatial extent of each form of ad-
justment was used to calculate the decadal percentage of stream length
that experienced adjustment for each reach of each river type:

%adjustment ¼ ΔL
L

� 100 ð2Þ

Second, the rate of adjustment was calculated by dividing Eq. (2) by
the number of times the adjustment was recorded or the adjustment
frequency between time slices:

rate ofadjustment ¼ %adjustment
adjustment frequency yearsð Þ ð3Þ

Third, the adjustment potential of each form of geomorphic adjust-
ment was calculated by multiplying the length affected by that adjust-
ment (ΔL) with the probability of adjustment for all the time slices,
where the probability of adjustment is the inverse of the number of
times that particular adjustment was recorded (Eq. (4)). This adjust-
ment potential quantifies the relative extent to which various forms of
adjustments alter a reach. The values of adjustment potential were nor-
malised between 0 and 1.

adjustment potential Pð Þ ¼ ΔL� probablity of adjustmentð Þ ð4Þ

The fourth step of the logical tree is used to calculate the behavioural
sensitivity for each river type (that underwent adjustmentwithin its be-
havioural regime) using the rate of adjustment and the normalised ad-
justment potential calculated using Eqs. (3) and (4). For this, the value
of normalised adjustment potential wasmultiplied by the rate of adjust-
ment of each form of adjustment across the entire period of record and
aggregated to calculate the behavioural sensitivity of each river type
(Eq. (5)). Thus, behavioural sensitivity of a river type is a function of
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the reach length affected by geomorphic adjustment and the potential
for that form of adjustment to geomorphically alter a reach.

behavioural sensitivity ¼ ∑n
adj¼1 rate of adjustment � normalised Pð Þ ð5Þ

The fifth step of the logical tree is used to assess the timing of river re-
sponse by determining the extent to which river adjustment or change
coincides with the timing of changes in riparian vegetation coverage or
flood events. Changes in riparian vegetation coveragewere qualitatively
assessed using a visual estimate of the change in vegetation density oc-
curring in the riparian zone of each stream between each time slice.
These changes in the riparian vegetation coverage were recorded either
as decrease, slight increase, increase or major increase.

The sixth step of the logical tree is the derivation of catchment scale
behavioural sensitivity. Because reaches falling within the same River
Style function within a specific behavioural regime, the value of the be-
havioural sensitivity calculated for each sample of the River Style was
uniformly assigned to all the remaining reach samples of that River
Style.

The seventh and the final step of the logical tree is the identification of
distinct classes of river response and their ranges of behavioural sensi-
tivity. Five behavioural sensitivity classes emerged for the Richmond
River system analysis: Resistant (BS b 5%), Insensitive (BS=5–20%), Pas-
sive sensitive (BS= 20–50%), Active sensitive (BS= 50–75%) and Fragile
(BS N 75%).
Table 1
Geomorphic characteristics of River Styles identified in the Richmond Catchment.

Valley setting River style

Confined (N85% of either channel margin abuts
valley bottom)

Confined gorge

Confined channelised fill

Confined bedrock margin
controlled with occasional
floodplain pockets

Partly confined (10–85% of either channel margin
abuts valley bottom)

Partly confined bedrock margin
controlled
Partly confined bedrock margin
controlled channelised fill
Partly confined bedrock margin
controlled with cut-offs

Partly confined planform
controlled low sinuosity
Partly confined planform
controlled sinuous
Partly confined planform
controlled meandering

Partly confined planform
controlled channelised fill

Laterally unconfined (b10% of either channel margin
abuts valley bottom, or channel is
discontinuous/absent)

Laterally unconfined continuous
meandering with active cut-offs

Laterally unconfined continuous
meandering multichannel
Laterally unconfined continuous
meandering with passive cut-offs

Laterally unconfined continuous
sinuous
Laterally unconfined continuous
elongated chain of ponds

Laterally unconfined
discontinuous chain of ponds
Laterally unconfined
discontinuous floodouts
4. Results

4.1. River types and geomorphic forms of adjustment in the Richmond
catchment

Table 1 outlines the geomorphic attributes of rivers in the Richmond
catchment categorised using Stage 1 of the River Styles Framework.
There are 17 different River Styles in the catchment that occur along
several different downstream patterns (Fig. 3). The NE catchment con-
sists of Wilsons River and its tributaries, the Richmond trunk stream
and its upstream tributaries that are characterised by continuous single
channels throughout. The longitudinal profiles of these channels consist
of localised knickpoints that coincide with bedrock outcrops at changes
in lithology (Richmond River andWilsons River in Fig. 3). This contrasts
to the rivers in the SW that are dominated by discontinuous water
courses and multi-channel systems. The knickpoints along the longitu-
dinal profiles record the history of river incision (Bungawalbyn Creek,
Six Mile Swamp Creek and Battens Bight Creek in Fig. 3). Shannon
Brook lies between the NE and SW catchment and exhibits a mix of
characteristics of both the NE and SW systems (Fig. 3).

Almost all the streams of the catchment include a confined gorge in
the headwaters that is characterised by steep slopes and very narrow
valleys. It is followed by confined, bedrock margin controlled rivers
within slightly wider valleys where occasional floodplain pockets can
form. Farther downstream, the pattern of river varies in different re-
gions of the catchment. In the NE, the rivers form partly confined
River characteristics

Very steep gradient, no floodplain, bedrock steps, pools and riffles, cascades. Bed
material is mainly bedrock with boulder, gravel and sand
Very steep gradient, occasional floodplain. Channel incised through valley fill.
Bedrock steps, pools and riffles, cascades. Bed material is bedrock and coarse sand
Steep gradient, occasional pockets of floodplain that are dominated by bedrock
outcrops, pools and riffles. Bed material is mainly bedrock with boulder and sand

Medium gradient, discontinuous floodplain, bedrock outcrops, benches, point bars,
pools and riffles. Bed material is bedrock and coarse sand
Medium gradient, discontinuous floodplain. Channel incised through valley fill.
Benches, lateral bars and bedrock outcrops. Bed material is bedrock and coarse sand
Medium gradient, discontinuous floodplain, bedrock confined channel meandering
on sand bed, multiple cut-offs, point bars and benches. Bed material is bedrock and
coarse sand
Medium gradient, discontinuous floodplain, low sinuosity channel with sinuosity
b1.06, lateral bars, benches and ledges. Bed material is medium to coarse sand
Medium gradient, discontinuous floodplain, sinuous channel with sinuosity from
1.06 to 1.30, point bars, benches and ledges. Bed material is medium to coarse sand
Medium gradient, discontinuous floodplain, meandering channel with sinuosity
N1.31, cut-offs, flood runners, point bars and benches. Bed material is medium to
coarse sand
Medium gradient, discontinuous floodplain, continuous channel incised through
valley fill. Sand sheets, sand slug, benches, lateral bars and bedrock outcrops. Bed
material is medium to coarse sand
Continuous, tortuous meandering channel with multiple active chute cut-offs, flood
runners, benches, point bars, sand slug, ridges and swales. Bed material is medium to
coarse sand
Continuous meandering multi-channel with ill-defined banks, benches, flood
runners, mid channel and point bars. Bed material is medium to coarse sand
Continuous tortuous channel with multiple isolated cut-offs, flood runners, ridges
and swales, benches, ledges, sand slug and fine-grained sculpted point bars. Bed
material is medium to fine sand
Continuous sinuous channel with bank attached benches, ledges and point bars. Fine
bed material with clay and silt
Incised elongated ellipsoidal ponds with gullied connecting channels between ponds
that connects the flow during medium to high stage events. Ledges, sand slug and
sand sheets. Bed material in ponds is medium to coarse sand and is gravels, fine to
coarse sand in connecting gullies
Ellipsoidal ponds separated by swampy preferential flow path. Pond bed material is
medium to coarse sand
Discontinuous channel separated by sand-based floodouts on floodplain or intact
valley fill
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variants with deep and narrow cross sections and channels of low to
medium sinuosity planform. In themost downstreamparts of these sys-
tems, the rivers transition to laterally unconfined rivers with both low
sinuosity and meandering planform. In the SW, the rivers have highly
variable cross section and planform attributes. In the downstream
parts of this catchment, the rivers occur in wide alluvial plains and con-
tain both discontinuous watercourses (chain of ponds, swamps and
floodouts) and laterally unconfined multichannel and meandering
Table 2
Erosional and depositional forms of geomorphic adjustment identified along rivers in the Rich

Erosional forms of adjustment

Chute cut-off (C)
Formed at high flow stage when a meander bend is cut-off via chute channel formation. A
results.

Bend adjustment (Bn): bend expansion, translation, rotation and extension
Occurs at high flow stages when the river erodes a bank (usually the concave bank) and th
bend or shifts laterally.

Channel straightening (Cs)
Occurs at high flow stage when flow takes a more direct path down-valley. Bend cut-offs,
or reoccupation of palaeochannels may all be responsible for channel straightening. A red
results.

Incision (I)
Occurs at moderate and high flow stages with sufficient energy to cut down vertically thro
A knickpoint may form that retreats upstream. Sediment supply increases and channel str

Floodplain stripping (Fp)
Removal of sections of floodplain at high flow stages. Common in partly confined valleys w
sufficient energy scour and remove whole sections of floodplain.

Ledges (L)
Formed by expansion of the macro channel via scour of pre-existing floodplain. Usually fla
attached features.

Depositional forms of adjustment

Sediment slug (SS)
Occurs when there is an oversupply of sediment to a channel and the capacity-limit of the
Sediment slugs moves downstream as a pulse.

Sand sheet (Sh)
Formed when flow is dispersed over the floodplain and loses its transport capacity. Sedim
floodplain.

Bars (Br)
Formed by deposition of sediment in the channel during low to medium flow stages.

Benches (B)
Formed by channel contraction via vertical accretion of sediment during moderate flood e
stepped bank attached features. Create compound channels.
single channels with cut-offs. The upstream reaches of Shannon Brook
consist of elongated chain of ponds representing degraded discontinu-
ous water courses followed by partly confined variants of continuous
channel that transition into laterally unconfined valleys with continu-
ous meandering channels and active cut-offs.

From the historical analysis, ten forms of geomorphic adjustment
were identifiedwithin two broad categories: erosional and depositional
(Table 2). Erosional forms of adjustment include chute cut-off
mond catchment.

reduction in channel sinuosity

e channel bend expands at the

incision and knickpoint retreat
uction in channel sinuosity

ugh a channel bed or valley fill.
aightening can result.

here overbank flows with

t topped and stepped bank

receiving channel is exceeded.

ent splays onto the proximal

vents. Usually flat topped and
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formation, bend adjustments (bend expansion, translation, rotation and
extension), channel straightening, incision, floodplain stripping and
ledge formation. Sediment is often reworked to produce transient depo-
sitional units like sand slugs and sand sheets or forms relatively perma-
nent depositional geomorphic units like bars and benches.

When analysed across the catchment, certain adjustments are more
common and affect a significant reach length whereas others are more
localised (Fig. 4). Chute cut-offs and floodplain stripping occur along
localised sections of bends and have the lowest adjustment potential.
Ledges, bars, benches and sediment slugs have moderate adjustment
potential. More transient sand sheets have high adjustment potential
and can occur along large sections of river. More permanent erosional
forms of adjustment such as incision, bend adjustment and channel
straightening occur over extensive reach length, hence have the highest
adjustment potential.

4.2. Historical river change and river behaviour in the Richmond catchment

Drastic river change was observed in several rivers in the SW Rich-
mond catchment (Figs. 5 and 6). From 1890s to 2009, several discontin-
uous water courses along Six Mile Swamp Creek and Battens Bight
Creek were transformed to continuous channels. As a result of this irre-
versible change, the reaches adjusted to a new process regime. In the
Surveyor General's book of 1878, Six Mile Swamp Creek was labelled
as Six Mile Water Holes (‘W.H.’), indicating that the contemporary
reaches with continuous channels had been a discontinuous chain of
ponds at that time. The 1890s parish maps also show the entire Six
Mile Swamp Creek (Fig. 5) and Battens Bight Creek systems as a series
of ‘W.H.’ on a swampy floodplain. Comparison between the parish
maps and first available aerial imagery in 1955 showed that the chain
of ponds system was either (1) channelised via headcut initiation or
(2) undergoing incision and widening of a preferential flow path pro-
ducing a longitudinal elongation of the ponds that subsequently
channelised into continuous channels. For both types of channelisation
mechanisms, the most sensitive areas to disturbance were in the
highest elevation reaches with high potential energy generated on rela-
tively steep slopes. For the type 1 initiation, once the channelisation
commenced, headcuts travelled in the upstream direction (Fig. 5a).
This resulted in a cascading effect that resulted in floodout formation
and channelisation of downstream reaches (Fig. 5b).

Fig. 6 shows the decadal river change alongside the flow record and
observed vegetation change for SixMile SwampCreek andBattensBight
Creek. Bar graphs show for each decade the percentage of reach length
affected by different forms of adjustment. The cumulative percent ad-
justment for each form of adjustment occurring for each river type
was used along with the values of normalised adjustment potential to
calculate the net behavioural sensitivity of each river type. The values
of behavioural sensitivity for various river types are noted in the legend
for each River Style (Fig. 6).

Themost dramatic phase of river change coincidedwith the extreme
floods of 1931, 1945, 1948 and 1954. During this phase, 55.4% of SixMile
Swamp Creek and 44.3% of Battens Bight Creek was transformed into
Fig. 4. Normalised adjustment potential (P) calculated for various forms of geomorphic
adjustment identified along rivers in the Richmond catchment.
partly confined and laterally unconfined channelised fills. Between
1955 and 1964, 13.8% of SixMile Swamp Creek underwent river change
dominated by erosional forms of adjustments: incision, channel expan-
sion by ledge formation, straightening with only minor deposition via
instream sand slugs, floodplain sand sheets and bars. This time slice
was punctuated by three major flood events in 1956, 1962 and 1963
and significant reduction in riparian vegetation coverage. By contrast,
during this period, no wholesale change nor change in riparian vegeta-
tion coverage was recorded along Battens Bight Creek. Only local ero-
sional and depositional forms of adjustments occurred during the
1950s and 1960s flood events. Between 1964 and 1979, the extent of
river change along Six Mile Swamp Creek was reduced to 7.4%, but
along Battens Bight Creek it increased to 20.3%. Bench formation started
along the channels of both systems. This time slice experiencedmultiple
flood events and an increase in riparian vegetation coverage was ob-
served along Six Mile Swamp Creek with a slight increase along Battens
Bight Creek. In the next decade (1979–1988), the chain of ponds be-
came fully channelised resulting in 22.7% river change along Six Mile
Swamp Creek and 5.5% river change along Battens Bight Creek. This de-
cade was punctuated by five major flood events and the riparian vege-
tation coverage moderately increased along Battens Bight Creek and
significantly increased along Six Mile Swamp Creek. The occurrence of
bench formation and a transition to dominantly depositional forms of
adjustment were observed from this period onwards. Between 1988
and 1994, the headcut continued to travel upstream along Six Mile
Swamp Creek to form the laterally confined channelised fill resulting
in a further 5.9% river change in this system. No further change was
noted along Battens Bight Creek. Only a single flood event occurred in
1989 and the riparian vegetation coverage had significantly increased
along both channels. Between 1994 and 2009, no further river change
was observed along Six Mile Swamp Creek, however, a 9.5% change
was observed along Battens Bight Creek as the headcut travelled into
the headwater regions.

Historical imagery for the upstream reaches of Shannon Brook was
only available from 1960s onwards. At this time, the system consisted
of elongated chain of ponds. This likely represents a geomorphically de-
graded chain of ponds that had been experiencing channelisation prior
to the 1960s. Between 1960s and 1970s, vegetation coverage increased
and the only visible adjustment for these elongated chain of ponds was
the formation of benches in connecting channels. Post 1970s, no further
adjustments were observed for these upstream reaches of Shannon
Brook.

In contrast to the SWrivers, the rivers in theNEpart of the Richmond
catchment did not undergo wholesale river change but have been
adjusting within their behavioural regime. Fig. 7 shows the decadal
river change alongside the flow record and observed vegetation change
for Shannon Brook and theWilsons River. The net behavioural sensitiv-
ity of each river type is noted in the legend for each River Style. In the
downstream section of Shannon Brook, along the laterally unconfined
continuous meandering reaches with active cut-offs, numerous ero-
sional and depositional forms of adjustment were noted during the
study period (Fig. 7a). Between 1890s and 1940s, around 50% of reach
lengthwas affected by various forms of bend adjustment. No vegetation
data could be confidently discerned from the parish maps, but the flow
stage record in this period shows the occurrence of multiple flood
events. The 1940s imagery of Shannon Brook shows almost no riparian
vegetation, and only a small increase in the next decade. Flood events
occurred in 1945, 1948, 1954 and 1956. In the 1940s and 1950s, around
20% of reach length experienced erosional forms of adjustment that
caused lateral realignment of channel position on the valley bottom
via chute cut-off, bend adjustment and channel straightening. Further,
around 22% of channel length experienced depositional forms of adjust-
ment via sand slugs, sand sheet, bars and benches. During the 1950s and
1960s, the pattern of adjustment shifted towards predominantly depo-
sition with the formation of benches along 45% of river length and only
4% erosion via chute cut-offs, channel straightening and floodplain



Fig. 5. Historical time slices showing the sequence of river change along Six Mile Swamp Creek. The parish map of 1890s in column (a) marks the location of chain of ponds labelled as
water holes or ‘W.H.’. The historical imagery in column (a) from 1955 to 2009 marks the decadal location of headcut (inset zoomed figures) and subsequent channelisation. The parish
maps of 1890s in column (b) marks the location of chain of ponds along the reach. The historical imagery in column (b) from 1955 to 2009 shows floodout, sand slug formation,
channel expansion and subsequent bench formation post channelisation.
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Fig. 6. River change in Six Mile Swamp Creek and Battens Bight Creek. The flood history bar graph records all the major floods from 1880 and marks the timing of image acquisition.
Percentage river change is recorded in the intensity plot next to the stream shapefile and pie graphs document the proportion of each type of river in the corresponding time slices
analysed. Qualitative riparian vegetation coverage change estimates from 1950s onwards is represented by the intensity plots. The decadal percentage adjustment caused by various
forms of geomorphic adjustment is recorded in the bar graph such that the depositional forms of adjustment are shown above the x-axis and erosional forms of adjustment are shown
below the x-axis. The percentage adjustment has been used along with the adjustment potential to calculate gross behavioural sensitivity (BS) of each river type.
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stripping. Three major flood events (1962, 1963, 1965) occurred in
these decades. Riparian vegetation had moderately increased. In the
1960s and 1970s, around 20% of reach length experienced deposition
via bench formation and only 2% of reach length experienced erosion
via bend adjustment. Floods occurred in 1967, 1972 and 1974 and the
riparian vegetation coverage was observed to have significantly in-
creased. From the 1970s onwards, the riparian vegetation coverage
remained fairly consistent, and only around 2% of reach length
underwent adjustment.

The upstream partly confined planform controlled sinuous reaches
of Shannon Brook, which underwent relatively fewer geomorphic ad-
justments than their downstream counterparts. No adjustments were
noted from the 1890s to the 1940s. In the 1940s and 1950s, 8% of
reach length was affected by erosional forms of adjustment that caused
channel straightening and floodplain stripping and around 12% of reach
length was affected by deposition via the formation of benches. A slight
increase in vegetation was noted during this time frame. Floods oc-
curred in 1945, 1948, 1954 and 1956. In the 1950s to 1980s, the only ob-
servable adjustment was the formation of benches. No further
adjustment was noted after the 1980s and riparian vegetation coverage
remained consistent. Farther upstream along Shannon Brook, in the
partly confined bedrock margin controlled reaches, the 1960s onwards
shows predominantly depositional adjustment via formation of
benches. In the 1960s and 1970s, around 50% of river length experi-
enced channel contraction through bench formation. In the 1980s,
around 15% of channel length was affected by bench formation. No fur-
ther adjustments were noted after the 1980s.

Along the Wilsons River, relatively fewer adjustments were
noted. The only adjustments occurred in the 1940s and1950s,
which coincided with the floods of 1945, 1948, 1954 and 1956 and
sparse riparian vegetation coverage. In the most downstream later-
ally unconfined continuous sinuous reaches, no forms of geomorphic
adjustments were noted from the 1890s onwards. Farther upstream,
in the partly confined planform controlled sinuous reaches, around
2% of stream length was affected by deposition through instream
sand slugs and erosion via a single chute cut-off. Around 5% of the
partly confined bedrock margin controlled reaches were affected
by instream sand slug deposition. Further, in the confined bedrock
margin controlled with occasional floodplain pockets reaches,
around 6.8% of channel length was affected by sand slug and 1% by
erosion via floodplain stripping. Along the confined gorge reaches
that form the headwaters of the Wilsons River, no visible geomor-
phic adjustments were noted over the entire period of record.

4.3. Catchment wide variability in behavioural and change sensitivity

In the Richmond catchment, the behavioural sensitivity of reaches
that underwent river change was N75%. Fig. 8 shows the catchment
wide pattern of behavioural sensitivity. Red marks the location of
reaches that have experienced wholesale river change since the 1890s.



Fig. 7. River adjustment for (a) Shannon Brook and (b) Wilsons River from 1890s to 1990s. The flood history bar graph records all the major floods from 1880 and the timing of image
acquisition. Qualitative riparian vegetation coverage change estimates from 1940s onwards is represented by the intensity plots. The decadal percentage adjustment caused by various
forms of geomorphic adjustment is recorded in the bar graph such that the depositional forms of adjustment are shown above the x-axis and erosional forms of adjustment are shown
below the x-axis. No wholesale change was recorded hence river change is not marked in these diagrams. The percentage adjustment has been used along with the adjustment
potential to calculate gross behavioural sensitivity (BS) of each river type.
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Fig. 8. Catchment wide variability in behavioural sensitivity and change for rivers in the
Richmond catchment. The reaches marked in black were not analysed as these
represent location of dam and tidal influence. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.)
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However, the range and rate of adjustment, as well as the river re-
sponses in other parts of the catchment, has been highly variable.
Along Shannon Brook, the laterally unconfined meandering reaches
with active cut-offs have very high behavioural sensitivity at about
70%. These reaches have the capacity to undergo significant geomorphic
adjustment in the vertical, lateral and longitudinal dimensions. Reach
reconfiguration via erosional forms of adjustments such as chute cut-
off and bend adjustment; and via depositional forms of adjustment
such as sand slug, sand sheet, bars and benches have occurred. The
partly confined planform controlled sinuous and low sinuosity reaches
found in the mid-catchment sections of the Richmond River, Wilsons
River and their northern tributaries have high to medium behavioural
sensitivity of between 45 and 55%. These reaches have limited capacity
to adjust because of imposed confinement (10–50% of either channel
margin abuts the valley bottommargin). These reaches adjust via local-
ised channel straightening, sand sheet and sand slug deposition, and the
formation of benches. Rivers with high tomediumbehavioural sensitiv-
ity tend to have bed material texture comprised of coarse sand or fine
gravel and occur on medium slopes in a laterally unconfined to partly
confined planform controlled valley setting.

Farther upstream, the partly confined bedrock margin controlled
rivers have intermediate behavioural sensitivity of around 40%. These
reaches have localised capacity for adjustment along the discontinuous
floodplains via localised chute cut-offs, minor bend adjustment, inci-
sion, floodplain stripping and the formation of ledges and benches
along channel banks. These coarse sand and gravel bed rivers occur on
medium to steep slopes in bedrock margin controlled valleys (50–85%
of either channel margin abuts the valley bottommargin). The laterally
unconfined continuousmeandering rivers with passive cut-offs and lat-
erally unconfined continuous meandering multi-channel rivers in the
SW sub-catchment have low behavioural sensitivity of between 20%–
50%. These rivers tend to have bed material texture comprised of me-
dium to fine sand and occur on mild slopes. Laterally unconfined sinu-
ous rivers have lowest behavioural sensitivity of between 5%–20%.
These rivers are characterised by very low slope and have fine-grained
bed material texture. Almost no behavioural sensitivity was noted for
the confined rivers that occur in the upstream sections of all streams
in the Richmond catchment. They are characterised by steep slopes
and channel bedmaterials dominated bybedrock, boulders and cobbles.

5. Discussion

5.1. Assessing the behavioural sensitivity of rivers

The historical analysis of rivers in the Richmond catchment has not
only provided an understanding of the spatial pattern of post-
colonisation geomorphic adjustment, but has also provided an opportu-
nity to develop an approach for assessing behavioural and change sen-
sitivity at the reach scale. The approach has also been used to map
behavioural sensitivity across a catchment, allowing for the analysis of
spatial patterns of sensitivity and identification of ‘hotspots’ of geomor-
phic activity (Newson, 2010).

As adjustment is an integral component of river character and be-
haviour, analysis of the history of river adjustment can be used to differ-
entiate reaches on the basis of their sensitivity to adjust (Allison and
Thomas, 1993). In the Richmond catchment, different river types exhibit
variable types and extents of erosional and depositional forms of adjust-
ment. This produces a gradation of behavioural sensitivity (Fig. 9). Five
distinct classes of behavioural sensitivity have emerged from our analy-
sis: Fragile, Active sensitive, Passive sensitive, Insensitive and Resistant.

The versatile nature of the workflow in the Behavioural sensitivity
logical tree provides a robust approach for quantitatively segregating
the behavioural and change sensitivity of river reaches within a catch-
ment. We note, however, that the quantitative ranges of behavioural
sensitivity we have identified for the Richmond systemmay not be uni-
versally applicable. When applied to other case studies, it is important
that a user determines whether these ranges are suitable for the type
and extent of adjustments occurring in their system, and if not, redefine
the ranges for each class.

The five classes of behavioural sensitivity identified in the Richmond
system have beenmapped across the catchment (Fig. 9) and positioned
along hypothetical longitudinal profiles (Fig. 10). Because river behav-
iour in the SW of the catchment is starkly different to that in the NE of
the catchment, two hypothetical longitudinal profiles are produced to
explain the patterns of variability in river sensitivity (Fig. 10). Further,
the radar plots in Fig. 10 quantify the forms of adjustments experienced
by different river types. A significantly higher quantum of geomorphic
adjustment is experienced by rivers in the SW compared to those in
the NE (Fig. 10).

5.1.1. Fragile river: has propensity to undergo wholesale river change
Some rivers are hypersensitive such that they are susceptible to dis-

proportionately high geomorphic adjustment (Quine andBrown, 1999).
When subjected to natural or human induced disturbances, these rivers
have the ability to produce a catastrophic response by undergoing dra-
matic geomorphic adjustments such as channel widening (Schumm,
1988; Downs and Gregory, 2014), or incision and channel straightening
(Brookes, 1987). Here, we define Fragile rivers as those that have signif-
icant capacity to adjust with the propensity to undergo wholesale
change (i.e., from one river type to another) (Fryirs et al., 2012; Fryirs,
2017; Petts, 1979; Schumm, 1969).

Several rivers in the SW Richmond catchment have already under-
gone wholesale river change and now operate as a different river type
with a new behavioural regime (Fig. 10). Change along these rivers
was initiated with knickpoint erosion into formerly discontinuous wa-
tercourses. The high percentage of erosional forms of adjustment that
occurred along these rivers indicates the disproportionately high quan-
tum of geomorphic work done by these rivers (see radial plots in
Fig. 10). The primary forms of geomorphic adjustment were incision,
channel expansion and ledge formation, bend adjustment and



Fig. 9. The distribution of Fragile, Active sensitive, Passive sensitive Insensitive and Resistant rivers in the Richmond catchment. The reaches marked in black were not analysed as these
represent location of dam and tidal influence.
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floodplain stripping. The eroded sand was deposited in the form of an
instream sand slug, floodplain sand sheets, bars and benches (Fig. 10)
(Brookes, 1987; Simon, 1989).

In locationswhere incision occurredmid-catchment, floodoutswere
formed as ‘alluvial fans’ or splays on intact valley fill surfaces down-
stream (c.f, Fryirs and Brierley, 1999; Johnston and Brierley, 2006).
Wholesale river change occurred most notably for the chain of ponds
Fig. 10. Schematic representation of the downstream pattern and sensitivity of River Styles i
undergone adjustment since 1890s are shown above the hypothetical longitudinal profile a
longitudinal profile. The percent normalised adjustment rate for each form of adjustment is
chute cut-offs, I - incision, Bn - bend adjustment, B - benches, SS - sand slug, Sh - sand sheet
forms of adjustment are represented in red and depositional forms of adjustment are repre
reader is referred to the web version of this article.)
rivers that were initially transformed into elongate chain of ponds and
eventually channelised fills with continuous channels. From upstream
to downstream, incision produced confined channelised fill, partly con-
fined bedrock margin controlled channelised fill, partly confined bed-
rock margin controlled with cut-offs, partly confined planform
controlled channelised fill, laterally unconfined discontinuous floodouts
and laterally unconfined elongated chain of ponds river types. These
dentified in the SW and NE of the Richmond Catchment. The River Styles that have not
nd the River Styles that have undergone adjustment since 1890s are shown below the
plotted in the radar plots under the River Style planform schematics. Abbreviations: C -
, L - ledges, Fp - floodplain stripping, Cs - channel straightening, Br - Bars. The erosional
sented in green. (For interpretation of the references to color in this figure legend, the
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rivers are now either Passive sensitive or Resistant (see Figs. 9 and 10).
Remnant intact chain of ponds, elongated chain of ponds and floodout
river types in the SW catchment are currently considered to be Fragile
(Figs. 9 and10). These are the rivers that aremost prone to change if dis-
turbances are severe enough to trigger a wholesale shift in the geomor-
phic characteristics and behaviour of the river.

5.1.2. Active sensitive river: able to re-configure by adjusting within its be-
havioural regime

Some rivers have the capacity to adjust within their behavioural re-
gime via reinforcing positive feedback mechanisms, such that one ad-
justment produces a secondary, auto-catalytic response (Brunsden
and Thornes, 1979; Schumm, 1976; Twidale, 1976). These rivers are
classed as Active sensitive. Active sensitive rivers have the ability to pro-
gressively adjust and then undergo abrupt adjustment (Schumm, 1988;
Downs and Gregory, 2014). An example is channel realignment such as
meander growth leading to meander cut-off. Tooth (2018) defined a
specific category of system (non)resilience where the landscape has
the capacity to adjust, re-organise and evolve to a more stable configu-
ration. Fryirs (2017) noted that such systems experience an expanded
capacity for adjustment, but the core structural and functional attributes
of the river are not modified. Some Active sensitive rivers have the pro-
pensity to undergo wholesale river change, some do not. However, all
periodically adjust and are quite active within their contemporary be-
havioural regime. The identification of sequences of primary, secondary
and tertiary geomorphic adjustment that often occurs for Active sensi-
tive rivers is called a response gradient (Fryirs et al., 2009).

In the Richmond catchment, Active sensitive rivers are found in the
areas that are characterised by medium slopes, medium sand to coarse
gravel bed material and moderate valley bottom width. These Active
sensitive rivers are often laterally unconfined meandering reaches
(both with active cut-offs and multi-channels) and partly confined
planform controlled meandering and sinuous reaches (Fig. 9). Active
sensitive rivers in the Richmond catchment exhibit a wide capacity for
adjustment through erosional forms such as chute cut-off, bend adjust-
ment, channel straightening and ledge formation; as well as deposi-
tional forms such as sand sheets, sand slugs, bars and benches (see
radar plots in Fig. 10). For the Richmond system, depending on the
river type, three key sets of adjustments define the behavioural sensitiv-
ity of these rivers. First, these reaches are susceptible to re-configuration
via erosional forms of adjustments such as chute cut-offs, bend adjust-
ment and channel straightening. These adjustments tend to re-align or
re-configure the macro channel towards a straighter planform as
reach sinuosity is altered. In the Richmond catchment, these adjust-
ments tend to occur during periods of low vegetation coverage that co-
incide with medium to large flood events (Fig. 7). These reaches then
experience a secondary set of erosional adjustments such as channel in-
cision, channel expansion through ledge formation and floodplain strip-
ping. These adjustments increase channel capacity, destabilise banks
and augment sediment supply to downstream reaches. Where these
forms of adjustment occur along extensive sections of river, a tertiary
set of adjustments can occur, with the formation of depositional forms
of adjustment such as sand sheets and sand slugs. During periods of in-
creased riparian vegetation coverage, these sand sheets and sand slugs
can be reworked within a decade to form distinct bars and bank at-
tached benches. The formation of benches acts to reduce the channel ca-
pacity and is often considered a key indicator of geomorphic river
recovery (Brierley and Fryirs, 2005; Mould and Fryirs, 2018).

5.1.3. Passive sensitive river: able towithstand adjustmentwithin its behav-
ioural regime

Unlike Fragile and Active sensitive reaches that have a wide capacity
for adjustment, Passive sensitive rivers undergo only transient adjust-
ment and a narrower set of secondary and tertiary adjustments such
that the system has the ability to recover from disturbance. These rivers
experience a limited range of geomorphic adjustments and adjust
progressively (Schumm, 1988; Downs and Gregory, 2014). This is
often because of the influence of internal resistance in the system;
whether channel or boundary (Knighton, 1999). Inmost cases, the con-
temporary channel may be set within a much larger macrochannel of
variable capacity with limited space to adjust (Fryirs et al., 2009, 2015;
Hoyle et al., 2008). This imparts an event resilience to the system such
that the river undergoes only localised geomorphic adjustment during
high magnitude events that would elsewhere produce significant geo-
morphic activity (Costa and O'Connor, 1995; Crozier, 1999; Fryirs
et al., 2015; Lisenby and Fryirs, 2016; Magilligan et al., 2015; Miller,
1990; Wolman and Gerson, 1978). Such rivers can be considered an
event dependent ‘hotspot’ (Downs and Gregory, 2014; Schumm, 1988).

In the Richmond catchment, Passive sensitive rivers tend to occur in
the mid-catchment locations, are characterised by a coarse-grained
macrochannel in partly confined valleys or a fine-grainedmacrochannel
in laterally unconfined valleys. In the NE of the catchment, the Passive
sensitive rivers are the laterally unconfined meandering reaches with
passive cut-offs, partly confined planform controlled low sinuosity
reaches and partly confined bedrock margin controlled reaches. Radial
plots in Fig. 10 show the relatively narrow range of adjustments for
these river types: erosional adjustment via localised bend adjustment
and vertical incision; and depositional adjustment via sand sheets,
sand slugs and benches. In the SW of the catchment, Passive sensitive
rives are those that previously experienced wholesale river change. In
the Richmond catchment, where river change has occurred from previ-
ous chain of ponds and floodout river types, a range of continuous in-
cised channelised fills have been created that now experience very
different forms of geomorphic adjustment. Most of the geomorphic ad-
justments now occur within the incised ‘macrochannel’. These ‘new’
river types have shifted from Fragile to the Passive sensitive class.
These examples demonstrate that over time, a river's behavioural sensi-
tivity can shift, particularly if river change has occurred.

5.1.4. Insensitive river: slowly responding, antecedence controlled
The contemporary behaviour of some rivers is controlled by condi-

tions set in the past, i.e., antecedence, which have ‘set’ the system to
its contemporary capacity and position (Dean and Schmidt, 2011;
Fryirs et al., 2015; Phillips, 2009, 2007; Thorne et al., 1996; Ziliani and
Surian, 2012). Because of the persistence of relief and/or landforms,
these systems have been termed ‘over-relaxed’ or ‘over-adjusted’
slowly responding systems (Brunsden, 2001; Brunsden and Thornes,
1979; Crickmay, 1959). These Insensitive rivers continue to develop
and adjust along the same trajectory even under changing (or changed)
boundary conditions (Brunsden, 2001). Such rivers were referred to by
Chorley and Kennedy (1971) as a palimpsest. Themost obvious forms of
antecedence that occur along rivers are the presence of terraces formed
under a past climate and flow regime, or the presence of ancient low re-
lief, fine-grained floodplains (Fagan and Nanson, 2004). The presence of
such landforms demonstrates a simple, lagged, stabilising response that
dampens contemporary geomorphic adjustments to disturbance
(Brunsden and Thornes, 1979).

In the Richmond catchment, Insensitive river types occur along the
Richmond trunk stream and along the lower Wilsons River and
Bungawalbyn Creek (Fig. 9). They are high order, very low slope, later-
ally unconfined reaches set within extensive fine-grained cohesive
floodplains. Even during phases of low riparian vegetation coverage, in-
tense human disturbance and during large catastrophic floods, these
reaches have experienced minimal geomorphic adjustment over the
historical record (Fig. 10).

5.1.5. Resistant river: able to resist adjustment
Certain landscapes remain largely unaffected by climatic and land use

controls and have the capacity to persist for very long periods of time.
Geological controls often override both climatic and anthropogenic con-
trols on river response (Gupta et al., 1999). These rivers contain signifi-
cant barriers to change (sensu Brunsden, 2001) such that the impulse of
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change generated during high magnitude, or high intensity disturbance
events is either modified, diffused or stored in the system and little or
no geomorphic response occurs (Fuller et al., 2019; Phillips, 2009).

The confined rivers in the headwater of the Richmond catchment
(Fig. 9) have very limited or no capacity to undergo significant geomor-
phic adjustment in response to disturbance events and are classified as
Resistant rivers. These reaches are characterised by steep slopes, are
bedrock confined and have bedrock and boulder bed material texture.
The confined gorge and confined bedrock margin controlled with occa-
sional floodplain pockets river types have not experienced any visible
forms of geomorphic adjustment since colonisation and are therefore
considered to be Resistant rivers (Fig. 10).
5.2. Evolutionary nature of behavioural sensitivity: importance for future
forecasting

Not only is there ‘natural’ variability in the spatial patterns of behav-
ioural and change sensitivity in catchments, there are also temporal
changes in the behavioural and change sensitivity of rivers. Brunsden
(2001) emphasised that ambiguity in the understanding of sensitivity
largely arises because of the evolutionary nature of landscape sensitivity
itself. Some large events can precondition a system to a threshold-
breaching disturbance that leads to rare or unusual forms of change
and dramatic switches in river sensitivity (Schumm, 1973). In other
cases, more gradual changes in sensitivity can occur as themix of intrin-
sic and extrinsic controls that govern the geomorphological ‘life cycle’ of
the fluvial system adjust (Ellery et al., 2016; Tooth, 2018).

In the Richmond catchment, post-colonisation human disturbance
has accentuated the variable capacity of rivers to adjust their sensitivity.
Some rivers have become more sensitive, some have become more re-
sistant, while some have maintained their sensitivity or resistance
over time. For example, rivers in the SW of the Richmond catchment,
the formerly Fragile chain of ponds, have switched to Resistant and Pas-
sive sensitive river types or have changed to a different type of Fragile
river (Fig. 10).

Mapping the distribution of river sensitivity can provide a useful
guide for planning and management (Brunsden, 2001). Understand-
ing historical river behaviour can aid in contextualising the contem-
porary river behaviour and be further used as the foundation from
which to project future trajectories of river adjustments under a
range of scenarios, whether they be changing climate or river man-
agement scenarios. The behavioural sensitivity logical tree devel-
oped in this paper provides one such approach with which these
analyses can occur.
6. Conclusion

Tracking river adjustment for rivers in the Richmond catchment
since the time of European colonisation in themid-late nineteenth cen-
tury has provided a dataset with which to assess the historical range of
variability of geomorphic adjustment for different types of rivers in the
catchment. This has been used to develop an approach, called the ‘Be-
havioural sensitivity logical tree’, which can be applied to assess and
quantify reach scale behavioural sensitivity. Such analyses can be used
to classify rivers as Fragile, Active sensitive, Passive sensitive, Insensitive
and Resistant andmap them across a catchment. This case study further
demonstrates the evolutionary nature of behavioural sensitivity itself as
certain rivers have the capacity to dynamically evolve and shift to a dif-
ferent sensitivity category in response to different forms of direct and
indirect disturbances. The analysis of behavioural sensitivity can be
used for developing awareness of a river's ‘expected’ or ‘natural’ charac-
ter and behaviour. Against the backdrop of changing climate and ongo-
ing human disturbance to rivers, this sets a basis for forecasting the
future sensitivity of rivers.
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