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ABSTRACT

For decades, Channel Evolution Models have provided useful templates for understanding morphological responses to disturban
with lowering base level, channelization or alterations to the� ow and/or sediment regimes. In this paper, two well-established Ch
Evolution Models are revisited and updated in light of recent research and practical experience. The proposed Stream Evolu
includes a precursor stage, which recognizes that streams may naturally be multi-threaded prior to disturbance, and repre
evolution as a cyclical, rather than linear, phenomenon, recognizing anevolutionary cyclewithin which streams advance through the comm
sequence, skip some stages entirely, recover to a previous stage or even repeat parts of the evolutionary cycle.

The hydrologic, hydraulic, morphological and vegetative attributes of the stream during each evolutionary stage provide vary
and qualities of habitat and ecosystem bene� ts. The authors’ personal experience was combined with information gleaned from r
literature to construct a� uvial habitat scoring scheme that distinguishes the relative, and substantial differences in, ecological
different evolutionary stages. Consideration of the links between stream evolution and ecosystem services leads to improved un
of the ecological status of contemporary, managed rivers compared with their historical, unmanaged counterparts. The potential
Stream Evolution Model, with its interpretation of habitat and ecosystem bene� ts includes improved river management decision making
respect to future capital investment not only in aquatic, riparian and� oodplain conservation and restoration but also in interventions inte
to promote species recovery. Copyright © 2012 John Wiley & Sons, Ltd.
e resilience
key words: Stream Evolution Model (SEM); channel evolution; freshwater ecology; habitat; conservation; river management; restoration; climat
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INTRODUCTION

It is now generally accepted that river engineering
management that works with rather than against natura
cesses is more likely to attain and sustain the multi-funct
goals (e.g. land drainage,� ood risk management,� sheries,
conservation, biodiversity, and recreation) demanded by
stakeholders and society more widely (Wohlet al., 2005;
Thorneet al., 2010). This, coupled with growing recogniti
that the range and value of ecosystem services provide
rivers increase with the degree to which they are allowe
function naturally, fuels the drive for restoration of� uvial
systems degraded by past management and engin
actions that have proven, in the long term, to be unsustai
(Palmeret al., 2005).

However, complete restoration of a river to some for
condition is seldom possible, nor always desirable (Do
and Gregory, 2004), and deciding whether partial res
ation, rehabilitation or environmental enhancement is
orth
volu-

t to
*Correspondence to: B. Cluer, Fluvial Geomorphologist, Southwest
Region, NOAA’s National Marine Fisheries Service, 777 Sonoma Ave.,
Suite 325, Santa Rosa, California 95404, USA.
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best way to treat a damaged stream raises fundamental
tions for river managers responsible for achieving incre
biodiversity or the protection and recovery of endange
species. Speci� cally, serious questions arise concerning
nature of the pre-disturbance condition to which a gi
river should be restored, the likely sequence (and ha
impacts) of channel adjustments associated with post
ject evolution and the merits of restoring the river to so
former condition rather than facilitating, or even enhanc
its progression to a con� guration that is,� rst, better adjuste
to the prevailing hydrological and sediment regimes
second, more resilient to the unavoidable impacts of fu
climate change and/or land use.

In this paper, these questions are addressed by

1. revisiting well-established Channel Evolution Mod
(CEMs) for streams that respond to disturbance thro
incision,

2. updating these CEMs in light of recent research, inclu
that on pre-disturbance channel forms in Europe and N
America, to propose a more broadly based Stream E
tion Model (SEM),

3. linking the evolutionary stages of stream adjustmen
indicators of habitat and lotic ecosystem bene� ts and
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B. CLUER AND C. THORNE136
4. considering how the SEM linked to ecosystem ben� ts
might be used to better understand, strategically ma
and sustainably restore freshwater aquatic systems.
Channel evolution models help us conceptualize

single-thread alluvial channels may respond to disturba
through a series of morphological adjustments, which
be generalized into an evolutionary sequence commo
streams in different physiographic settings. On this b
past evolutionary changes can be explained and future
predicted throughspace-for-timesubstitution within the
affected� uvial system. The utility of CEMs (originatin
from Schummet al., 1984; Simon and Hupp, 1986)
inform interventions for managing the impacts of chan
instability endures, and subsequent authors have expa
the concept (e.g. Doyle and Shields, 2000; Simon
Darby, 2002; Beechieet al., 2008; Hawleyet al., 2011). In
contrast, there has been little application and even less e
ation of CEMs in the contexts of aquatic conservation
ecologically led river restoration. An unintended con
quence of the broad acceptance of CEMs as conceptual
els for alluvial stream behaviour has been to help perpe
the assumption that a single-thread, meandering ch
represents the natural con� guration of a dynamically stab
alluvial stream and that this, consequently, represen
universally appropriate target morphology for restora
(see Kondolf (2009) for extended discussion of this poin

Re� ecting on the history of human land use sugg
that we should not be surprised that single-thread cha
predominate in more economically developed countries
the late 19th and early 20th centuries. By then, anthropo
disturbance of many multi-channel systems had alr
triggered widespread channel metamorphosis into si
thread con� gurations (Marstonet al., 1995; Surian an
Rinaldi, 2003). Actually, channel transformations to sim
con� ned forms were the speci� c intentions of many earl
settlement river management measures. Manipulatin
multi-channel reach into a single-threaded channel not
improved waterway commerce but also enhanced drai
opened bottom land for agriculture, facilitated construc
of small dams for water abstraction or hydropower
allowed building of fewer, shorter bridges.

In the USA, beginning two centuries ago,� oodplain
wetland complexes were systematically drained and d
oped, the transformative engineering supported by p
programmes (e.g. the Swamp Land Act of 1850) as a m
of ceding‘waste’ lands to the States. Two hundred thous
miles of streams were systematically channelized or emba
into single-thread con� gurations that were deeper, simpler a
narrower (Schoof, 1980). These approaches to wetland,� ood-
plain and stream management prevailed in the USA
the late 20th century (Dahl and Allord, 1996), when wetl
restoration began (Lewis, 2001). Centuries earlier, sim
wetland and river management had begun in Eu
Copyright © 2012 John Wiley & Sons, Ltd.
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(Brookes, 1988). The outcome is that most streams in
global North currently have channel forms and relation
their � oodplains that are the legacy of a century or mor
systematic manipulation and inadvertent impacts on cha
processes and fresh water ecology (Brown and Sear, 20

Recognizing that the single-thread channel is perhap
necessarily the‘natural channel’ that restoration would see
to emulate, Montgomery (2008, p.292) stated that‘ [T]he
� rst step in a river-restoration program should instea
to develop a solid understanding of what the targeted r
were actually like before the changes that restoratio
seek to undo or mitigate’ . Indeed,� uvial geomorphologist
have for some time questioned the notion that sta
equilibrium channel forms exist at all (Phillips, 199
1999; 2009). Similarly, recognition of the ecological be
� ts of frequent and prolonged� oodplain inundation, drive
by � ooding several times a year, has initiated the disc
aging of 2-year (bankfull)� ow event as the prime desig
discharge for stream restoration in Europe (Habersack
Piégay, 2008) and the USA (Doyleet al., 2007).

Accepting that a multi-channel con� guration and increase
� oodplain inundation better represent the pre-disturb
condition of many alluvial streams, it may be argued tha
CEMs could be extended by including a precursor st
Recognition that multi-threaded channels and� oodplains
inundated several times per year may provide a great
of more valuable habitats, and so represent a valid d
template for restoration, suggests that links between e
tionary stage and habitat attributes could be explored.
the ecological values provided by streams during diffe
evolutionary stages need to be properly evaluated to fac
river management and restoration decision making that
ecologically, rather than morphologically.
a

,

-

s

d

FRAMEWORKS FOR UNDERSTANDING
STREAM EVOLUTION

Review of existing channel evolution models

Morphological response to disturbance that invo
channel incision may be considered in two dimensions: v
cal adjustment involving degradation and aggradation o
bed and lateral adjustment involving retreat and advan
the banks (Littleet al., 1981; Thorneet al., 1981). Vertical
adjustments dominate initial responses driven by ero
and lowering of the bed until the banks become unsta
whereas lateral adjustment dominates as geotechnical
failures and toe scour result in widening. Eventually,
width of the unstable channel becomes suf� ciently large
that near-bank� ows lose their competence to entrain a
remove failed bank material, so that channel width� rst
stabilizes and then decreases as slumped bank material
bank toe benches and berms at one or both margins. Pro
River Res. Applic.30: 135–154 (2014)

DOI: 10.1002/rra
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Figure 1.Schummet al. (1984) Channel Evolution Model with typical width–depth ratios (F). The size of each arrow indicates the relative
importance and direction of the dominant processes of degradation, aggradation and lateral bank erosion. (Redrawn with permission from

Water Resources Publications)

SEM INCORPORATING HABITAT AND ECOSYSTEM BENEFITS 137
that no further disturbance occurs, the channel recov
dynamically meta-stable form when its banks and be
stabilize and the energy slope adjusts to match local sed
transport capacity to the supply of sediment from upstr
(Simon and Thorne, 1996).

During the 1980s, identi� cation that morphologica
response is usually characterized by bed degradation foll
by bank collapse, widening and eventual stabilization le
the formulation of a generalized CEM by Schummet al.
(1984). The� ve-stage model of Schummet al. is based on
� eld monitoring of unstable streams in North Mississi
Figure 2.Simon and Hupp’s (1986) Channel Evolution Model. [Adap

Copyright © 2012 John Wiley & Sons, Ltd.
a

t

d

and a space-for-time substitution that uses observations
simultaneously along the stream to indicate how cha
changes at a given cross-section would occur through ti
the reach were considered systematically (Figure 1). S
and Hupp’s (1986) six-stage model adaptation (Figure
was based on post-disturbance evolution of channe
streams in West Tennessee, although it has subsequentl
shown also to apply in a wide variety of physiograp
settings (Simon and Thorne, 1996).

The most obvious difference between the� ve-stage and
six-stage CEMs is that Simon and Hupp include
ted from Simon and Hupp (1986).]

River Res. Applic.30: 135–154 (2014)

DOI: 10.1002/rra
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B. CLUER AND C. THORNE138
‘constructed’ stage between the‘pre-modi� ed’ and‘degrad-
ation’ stages of Schummet al. This stems from the commo
channelization, straightening and re-sectioning of stream
their study area. Hence, Stage III in Simon and Hu’s
model corresponds to Stage II in the model of Schu
et al. in representing a condition where the channe
degrading, but bed lowering has not yet increased
height suf� ciently to trigger instability (Littleet al., 1981;
Thorneet al., 1981). A second difference is that bed sc
continues in Stage IV of Simon and Hupp’s model even
though the banks are retreating because of geotech
failure, simultaneously producing channel degrada
and widening. This contrasts with the equivalent Stag
in the model of Schummet al., which indicates that th
bed elevation starts to aggrade once widening comme
The third difference between the CEMs is the gre
emphasis placed on the in� uence of bank and riparian veg
tation processes in Simon and Hupp’s model; an emphas
subsequently validated by� eld research that establish
the effectiveness of vegetation as a‘riparian engineer’
(Gurnell and Petts, 2006).

In the years following formulation of these CEMs, ma
of the incised channels from which the models were der
tended to stabilize as a result of natural recovery, assis
many places by engineering stabilization (Simon and Da
2002). Despite this, evidence from long-term monitorin
late-stage evolution in these streams has revealed
signi� cant changes to channel morphology continue bey
the end-stages in the original CEMs, through increase
sinuosity and roughness coupled with reductions in s
ment load and mobility. Thorne (1999) reported late-s
morphological evolution featuring closing of back chann
invasion of sloughs and bar tops by vegetation, adoptio
a sinuous path by the regime channel established d
Stages V/VI and renewed bank retreat along the o
margins of developing meander bends in the evol
channel planform (Figure 3). This may partly explain w
sediment concentrations have remained stubbornly hig
many streams deemed, according to the established C
to have recovered from incision (Shields, 2009). Th
Figure 3.Late-stage morphological evolution involving development
back channels, invasion of sloughs and bar tops by vegetation, ad

and renewed bank retreat along the outer margins of develo

Copyright © 2012 John Wiley & Sons, Ltd.
l

s.

late-stage evolutionary changes are widely observed
Thorne (1999, page 118) proposed that‘an additional stag
(Stage VI/VII) be added to existing CEMs to account
late-stage incised channel evolution from straight or bra
to meandering’ .

It is timely to further revise CEMs in two importa
respects. The� rst stems from consideration of extend
histories of channel adjustment unavailable in the 19
which indicate that late-stage evolution may involve adj
ments to channel planform not included in the exis
models. The second arises because recent reconstruc
past� uvial environments based on the age and stratigr
of valley-� ll deposits in Europe and the Eastern U
challenges the general assumption that alluvial stre
were predominately single threaded in their‘natural’ , pre-
disturbance condition.
n
,

t

s,

Physical evidence for precursor and successor stages

Walter and Merrits (2008) and Merrittset al. (2011)
established that from the late 17th to early 20th centu
settlement by Europeans altered streams throughou
Eastern USA through forest clearance (that increased� ow
and sediment yields) and the widespread constructio
low (3–5 m high) but valley-wide mill dams, each of whi
created shallow reservoirs that inundated wetlands
deposited sediment, obscuring the pre-existing anastom
channel networks. Once timber resources were dep
agriculture dominated and other power sources had
developed, these mill dams were abandoned. They s
quently failed, and channel incision into the post-settlem
valley-� ll deposits created single-threaded channels.

Walter and Merrits (2008) concluded that‘The current
condition of single gravel-bedded channels with high,� ne-
grained banks and relatively dry valley-� at surfaces
disconnected from groundwater is in stark contrast to
pre-settlement condition of swampy meadows (shrub-sc
and shallow anabranching streams’ (p.303), leading them t
propose that seminal geomorphic studies including t
performed by Leopold and Maddock (1953), Wolm
of cross-sectional asymmetry and planform sinuosity through closing of
option of a sinuous path by the regime channel established in Stages V/VI
ping bends in the channel planform (modi� ed from Thorne, 1999)

River Res. Applic.30: 135–154 (2014)

DOI: 10.1002/rra
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SEM INCORPORATING HABITAT AND ECOSYSTEM BENEFITS 139
(1955) and Wolman and Leopold (1957), which establis
relationships between the dominant discharge, channel
and � oodplain building processes, were in fact based
channel and� oodplain morphologies that were the produ
of prior anthropogenic disturbance.

Although controversial (e.g. Huppet al., 2013), these
� ndings are neither particularly new nor unique to the E
ern USA. Paleohydrological studies in Europe have es
lished that channel–� oodplain associations once thought
be ‘natural’ actually represent the outcomes of acceler
sediment production and deposition that buried m
threaded woodland stream systems (Harwood and Br
1993; Sear and Arnell, 2006; Brown and Sear, 2008)
the Paci� c Northwest (Collinset al., 2003; Pollocket al.,
2003; Montgomery, 2004) and Intermountain (Woel� e-Ers-
kine et al., 2012) regions of the Western USA, seve
authors demonstrate that multi-threaded networks of bra
ing streams and connected wetlands were common pr
European settlement, where single-thread channels and
tively dry � oodplains currently occupy‘ intact’ alluvial
valleys.

Similarly, historical reconstructions of valley sedime
throughout the California Coastal Range show that branc
stream channels (Tompkins, 2006) and wetlands (Gross
et al., 2007) were commonplace in basins prior to Europ
settlement and land management for drainage and� ood
control. It is important to note that the Mediterran
climate of this region resulted in seasonal drying of s
pre-disturbance branching channel systems, but Kondol
Tompkins (2008) ascertained that these still provided ri
aquatic habitat than the post-disturbance regulated
contracted perennial single-thread channels that replaced

The remaining global extent of network channels is con
trated in less developed countries and to stream systems
the scale is too large (e.g. Okavango Delta, Sudd Swam
the Nile basin and Florida Everglades) or the location
remote (e.g. glacial outwash plains and mountain mead
for river and� oodplain management to be effective in elim
ating them. Recent� eld research in light of conceptual CEM
prompts the consideration that the single-thread con� guration
taken to represent the initial, undisturbed morphology o
alluvial stream may have actually evolved from earlier, t
pre-disturbance, multi-channel morphologies that were
only more extensive and complex but also provided gre
diversity and richer habitats and ecosystem functions. T
is, thus, a case for adding a precursor branching stage
existing CEMs and for integrating habitat and ecosys
bene� ts into the model framework.
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The stream evolution model

In light of the issues and arguments set out above, we d
oped a SEM by combining the stages featured in the orig
Copyright © 2012 John Wiley & Sons, Ltd.
-

,

-

a-

CEM models (Schummet al. (1984); Simon and Hup
(1986)), inserting a precursor stage to better represen
disturbance conditions and adding two successor stag
cover late-stage evolutionary changes missing from the
ginal models (Table I). We also represent channel evolu
in the SEM as a cyclical rather than a linear sequence.
modi� cation stems from the fact that early models repre
channel response as progressing linearly through a seq
of stages (see Figures 1 and 2) whereas evidence fro
stratigraphy of Holocene valley-� ll deposits and� eld moni-
toring of changes in contemporary, incised channels
cates that evolution in disturbed� uvial systems iscyclical
(e.g. Hawleyet al., 2011). A common criticism of the or
ginal CEMs is that it is rare for a stream to exhibit all
the stages in the model and even rarer for them to occ
the indicated sequence. For example, a reach may e
ence repeated episodes of incision and rapid wide
(Stages II and III of Schummet al. or Simon and Hupp’s
Stages III and IV) without recovering any of the lost bed
vation through intervening episodes of aggradation (Ble
et al., 2007). We suggest that these and other behav
could be better represented as non-linear response
‘short-circuits’ in a cyclical SEM, as illustrated in Figure
d
.
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STREAM EVOLUTION MODEL STAGE LINKED TO
HABITAT AND ECOSYSTEM BENEFITS

Background and approach

Stream morphology interacts with the� ow and sedimen
regimes (discharge, seasonality and variability), cha
boundary characteristics (bed sediments, bank material
vegetation) and water quality (temperature, turbidity, nutri
and pollutants) to produce, maintain and renew habitat
range of spatial and temporal scales. The potential for a s
to support resilient and diverse ecosystems generally incr
with its morphological diversity, although restoration of l
diversity does not guarantee recovery of any particular t
or iconic species, which may be limited by factors unrel
to stream morphology (Palmeret al., 2005).

It follows that the morphological adjustments experien
by unstable, incising streams have serious implication
the diversity and richness of habitat and ecosystem ser
it can provide. Despite this, no attempt has been mad
date, to identify and evaluate the habitat and ecosy
bene� ts associated with evolutionary stage. To address
gap in knowledge, we performed a systematic explora
of links between the physical and vegetative attribute
the stream and the habitat and ecosystem bene� ts it provides
for the eight stages in the SEM. Streams were assesse
stage on the basis of the authors’ interpretations of process
and physical attributes coupled with assessment of i
mation compiled from published relationships betw
River Res. Applic.30: 135–154 (2014)
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Table I. Previous Channel Evolution Models and the proposed Stream Evolution Model with description of reach-average characteristics, or stages
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Figure 4.Stream Evolution Model based on combining the Channel Evolution Models in Figures 1–3, inserting a precursor stage to better
represent pre-disturbance conditions, adding two successor stages to cover late-stage evolution and representing incised channel evolution
as a cyclical rather than a linear phenomenon. Dashed arrows indicate‘short-circuits’ in the normal progression, indicating for example that
a Stage 0 stream can evolve to Stage 1 and recover to Stage 0, a Stage 4-3-4 short-circuit, which occurs when multiple head cuts migrate
through a reach and which may be particularly destructive. Arrows outside the circle represent‘dead end’ stages, constructed and maintained

(2) and arrested (3s) where an erosion-resistant layer in the local lithology stabilizes incised channel banks

SEM INCORPORATING HABITAT AND ECOSYSTEM BENEFITS 141
stream attributes, functional habitats and freshwater eco
(e.g. Harperet al., 1995; Padmore, 1997; Newson a
Newson, 2000), and synthesis of newly available knowle
gained from recent publications that have establis
linkages between ecosystem functions and common s
types (e.g. Thorpet al., 2010).

In this evaluation, the physical attributes considered
the stream were hydrologic, hydraulic and geomorp
Such is the importance and in� uence of vegetation that
was dealt with as a separate attribute of the stream env
ment. On the basis of the physical and vegetative attrib
of the stream, habitat and ecosystem bene� ts were evaluate
in terms of habitat, biota, resilience and persistence,
water quality. The bases on which the evaluations w
performed are described in the following sections, with de
of each stage’s unique attributes listed in Tables II and III.
ain-
cal
e.

,
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Hydrologic regime

The hydrological regime is crucial to creating and maint
ing morphological diversity and supporting ecologi
integrity, underscoring its signi� cance to channel chang
Copyright © 2012 John Wiley & Sons, Ltd.
y

-
s

All elements of the regime are important, ranging from b
� ows (and periods of zero discharge in ephemeral stre
to � ood events that provide the‘ � ood pulse advantage’
(Junket al., 1989; Poffet al., 1997). Timing and seasonali
are also signi� cant with, for example, secondary product
and selection for� ood-linked life history characteristic
depending on the� ood pulse occurring during late spri
or summer (Thorpeet al., 2006).

From the perspective of the SEM, stages involv
channelization, dredging or incision that concentrate� ows
within the channel to accentuate� ood peaks may damag
or wash out physical and habitat features and dimi
� oodplain interactions. Conversely, the attenuating ef
of � oodplain and multi-channel morphologies and enhan
capacity to store sediment associated with other SEM s
tend to enhance� ood-related morphological features a
ecological bene� ts.

Floodplain connectivity also in� uences the types
quantities and qualities of hydrological bene� ts provided
by � oods: bene� ts that are central to the productivity
aquatic, riparian and� oodplain ecosystems. Floodplai
absorb, retain and then release� oodwater, increasing th
River Res. Applic.30: 135–154 (2014)
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Table II. Physical and vegetative attributes for each stage in the Stream Evolution Model
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