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Abstract

Stream channel erosion, enlargement, and habitat degradation are ubiquitous in urban watersheds with conventional storm-
water management that increase channel-eroding flows relative to undeveloped watersheds. Hydrologic-based restoration
aims to discharge a more natural flow regime via stormwater management interventions. Whether such interventions facilitate
geomorphic recovery depends, in part, on the degree to which they restrict discharges that would otherwise contribute to
channel erosion. Erosion potential (E), the ratio of post-developed to predeveloped sediment transport capacity, provides a
simplified, mechanistic framework to quantify the relative influence of stormwater interventions on the geomorphic effective-
ness of the flow regime. This paper compiles ca. five years of data following stormwater-based interventions in three distinct
settings in the United States and Australia to demonstrate how the E framework can elucidate the role of hydrologic restora-
tion interventions in facilitating trajectories of geomorphic recovery (or lack thereof). In a previously developed watershed
with unstable streams, substantial reductions in E in one stream coincided with a trajectory of geomorphic recovery, whereas
the control stream without E-reducing interventions exhibited continued instability. Furthermore, a stream downstream of
a greenfield development that optimized their stormwater control measures to match the sediment transport capacity of the
predeveloped regime (E=1) was able to maintain a recovery trajectory in a legacy-impacted setting that is otherwise highly
susceptible to hydromodification. Streambed material size, channel evolution stage, and the hydrogeomorphic setting also
likely affect the level of E reduction necessary to promote geomorphic recovery, with coarser-grained and over-widened
streams potentially needing less reduction than finer-grained and more entrenched channels. Although available space and
funding will limit the ability to fully reduce E in previously developed watersheds, these case studies underscore the value of
using stormwater control measures to maximize reductions in E if geomorphic stability is a goal of stormwater interventions.

Keywords Urbanization - Detention basin retrofits - Stormwater management - Transport capacity - Stream recovery,
stream restoration

Introduction

Streams draining urban landscapes with conventional
stormwater management tend to be systematically degraded
(Paul and Meyer 2001; Walsh et al. 2005; Booth et al. 2016).
Increased runoff and more efficient drainage networks in
urban settings amplify the erosive power of the flow regime
leading to channel incision (Harvey et al. 1983; Booth
1990), enlargement (Hammer 1972; Hollis and Luckett
1976; Galster et al. 2008; Chin et al. 2017; Bevan et al. 2018;
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et al. 2014; White and Walsh 2020) with gravels/cobbles
embedded by fine sediment (Zeiger and Hubbart 2019) that
is often attributable in part to intensified rates of bed and
bank erosion (Trimble 1997; Chin 2006; Wilson et al. 2007;
Simon and Klimetz 2008). Trajectories of channel instability
such as the “classic” Channel Evolution Model (CEM) of
Schumm et al. (1984, Fig. 1) can lead to entrenchment that
can further amplify the erosive power of the flow regime
resulting in additional channel erosion and streambed
disturbance (Watson et al. 2002; Anim et al. 2019). Even in
the absence of chemical pollution and habitat degradation,
increased frequencies of streambed disturbance can drive
significant decreases in macroinvertebrate richness and
biotic integrity, underscoring the biological relevance of
the natural bed disturbance regime (Poff 1992; Holomuzki
and Biggs 2000; Hawley et al. 2016; Jordt and Taylor 2021).

One aim of hydrological restoration projects in urban
watersheds is to mitigate chronic channel erosion by facili-
tating geomorphic recovery in the receiving stream network
(e.g. Stein et al. 2012). We define geomorphic recovery as
a return to geomorphic equilibrium (i.e. Stage 5 in Fig. 1
for single-thread channels) including relatively stable chan-
nel banks, a sediment transport regime that maintains sedi-
ment continuity (neither excess scour nor aggradation), and
a channel form that maintains its overall size and shape over
time (no notable enlargement or contraction) (Biedenharn
et al. 1997). By this definition, geomorphic equilibrium can
exist across a variety of channel forms including braided
channels and novel stream systems that are far removed from
natural conditions. Geomorphic equilibrium underpins and
interacts with a range of ecological and societal values of
streams (Somerville and Pruitt 2004; Polvi et al. 2020),
including water quality (e.g. suspended sediment caused
by channel erosion), elements of in-stream ecology (e.g.
substrate quality and disturbance regime; habitat complex-
ity), vegetation (e.g. loss of trees due to bank erosion; burial
or scour of aquatic and riparian vegetation), infrastructure
failure and public safety (e.g. damage to bridges, roads, or
buildings due to bank erosion), recreation (e.g. swimming;
fishing) and aesthetic concerns.

Channel form is influenced by any discharge that has the
capacity to mobilize the bed or bank material (Wolman and
Miller 1960). For example, when streambed particles are
transported downstream during an event but not replaced
by particles delivered from upstream reaches, the stream
becomes incrementally deeper, and banks become steeper
and more prone to failure (Simon 1989; Simon and Rinaldi
2000, 2006). The potential geomorphic influence of any
given hydrologic event can be quantified by its sediment
transport capacity (Biedenharn et al. 2001), which is
calculated as the integration of the sediment transport
rate (t/hr) for each instantaneous discharge multiplied by
the cumulative duration that each discharge occurs (hr)
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over the hydrograph(s). All else being equal, an event
with the capacity to transport 100 t of bed sediment has
more potential to enlarge channels and disturb substrates
than an event with a capacity of 10 t. Given the potentially
complex consequences of geomorphic channel degradation,
restoring predeveloped sediment transport capacity could be
considered a keystone objective in hydrologic restoration
projects aimed at facilitating geomorphic stability.

Urban streams typically have much higher sediment trans-
port capacity than their predeveloped condition (MacRae
1991, 1993; Booth and Jackson 1997; Papangelakis et al.
2019). They also tend to have altered sediment supplies rela-
tive to their predeveloped conditions (Wolman 1967; Russell
et al. 2017). Both unmanaged and conventionally managed
(e.g. flood control basins) stormwater runoff typically cre-
ate more events that exceed the critical discharge (Qjca)
for incipient motion of the bed material (Booth and Jackson
1997; Bledsoe 2002), as well as longer durations of bed-
mobilizing flows (Hawley and Bledsoe 2011; Rosburg et al.
2017). Sediment tracer studies in urban streams have verified
that the increased power to transport streambed sediment
coincides with increased rates of coarse sediment transport
( Papangelakis et al. 2019; Cain et al. 2020).

The ratio of the sediment transport capacity between
the urban flow regime and the predeveloped flow regime is
referred to as the erosion potential (E, Eq. 1) (MacRae 1993;
Bledsoe 2002), or load ratio (Hawley and Bledsoe 2013),

Ldeve[oped
T )

‘predeveloped

E =

where E =erosion potential (dimensionless), Lyeyioped = sedi-
ment transport capacity of a management scenario (t or m>),
and L jeveloped = S€diment transport capacity of the prede-
veloped regime (t or m®) using the same sediment transport
equation (e.g. Einstein 1942; Meyer-Peter and Miiller 1948;
Wilcock and Crowe 2003). An erosion potential greater
than one indicates an excess of sediment transport capacity
over pre-developed conditions, often the primary driver for
the cycles of channel incision, widening, and enlargement
that is typical in many urban stream settings (Papangelakis
et al. 2019; Russell et al. 2020). Hawley and Bledsoe (2013)
found that erosion potential had more predictive power for
stream stability than empirical models that relied on other
surrogates for urban stream power such as impervious area.
If a channel formerly in equilibrium undergoes an increase
in sediment transport capacity it can use that extra power
to remove larger amounts of bed and bank material than
would have occurred under the predeveloped regime. The
greater the relative departure from the predeveloped regime,
the more potential for channel instability and enlargement.
Managing stormwater to minimize departure from the
predeveloped sediment transport capacity is therefore a
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Fig. 1 Channel Evolution
Model (CEM) adapted from
Schumm et al. (1984) and
Hawley et al. (2012). The goal
of hydrologic-based geomor-
phic restoration is to facilitate a
return to equilibrium (Stage 5 in
this CEM)

Stage1 — Equilibrium

Stage 2- Incision

Stage 3 — Widening

\ -

—

Stage 4 Aggradation

X\‘v’ _vjf“

—

Stage 5 — Equilibrium

Typical
stages of
suburban
streams

A goal of
hydrologic-
based
restoration is
to facilitate a
transition to
Stage 5
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mechanistically-relevant approach to protect or restore geo-
morphic stability and related societal values of streams.
We suggest that E can be used as a mechanistically-based
management framework for stormwater control measure
(SCM) design and watershed-scale hydrologic restora-
tion aimed at restoring geomorphic stability in previously
developed watersheds, as well as protecting geomorphic
integrity in previously undeveloped watersheds. Given that

Fig.2 Erosion potential (E)
framework

Step |:Establish baseline conditions

* Assess geomorphic condition and trajectory of target
stream reach(es)

opportunities for intercepting and attenuating stormwater in
previously developed watersheds can be both rare and expen-
sive, this paper highlights the value in optimizing retrofits
to minimize E and match the predeveloped sediment trans-
port regime to the extent feasible. In this paper we present
a framework for the application of E as a management tool
for guiding appropriate stormwater interventions (Fig. 2),
and apply the E framework to three watersheds in North

Adaptive
Management

* Define geomorphic objectives and success criteria for

interventions
Design monitoring protocols to assess success of

interventions and adaptive management plan to guide
future management actions

Select appropriate hydrology and sediment transport
modelling methods

Estimate E for current conditions

Estimate E for intervention scenarios

Balance E against other stakeholder objectives to
select intervention (e.g., baseflow restoration, flood
reduction, water quality, aesthetic)

Consider means of achieving gecomorphic objectives
that complement E (e.g., riparian vegetation
restoration, large wood augmentation)

Plan and implement intervention

¥

Step 4: Monitor and evaluate success

Was E mitigation objective met?
Were geomorphic objectives met, or are they on a
trajectory towards being met?
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America and Australia. The paper concludes with a discus-
sion of insights from the case study applications as well as
recommendations regarding applications to other settings.

Erosion potential (E) as a management
framework

The E framework includes four steps, which are described in
detail in the following sections: (1) establish baseline condi-
tions, (2) estimate E, (3) evaluate scenarios, and (4) monitor
and evaluate success.

Step 1: establish baseline conditions

Baseline watershed and geomorphic conditions of the
receiving stream should be established prior to developing
E-based interventions. For example, is the watershed entirely
undeveloped and slated for a new “greenfield” development
where pervious soil and vegetative cover will be replaced
by impervious pavement and structures, or is the watershed
already developed and being considered as a candidate for
SCM retrofits? Does the receiving stream have an existing
flow gage or previously developed model that can be used
for hydrologic analysis or will a rainfall-runoff model need
to be developed for the watershed?

To establish baseline geomorphic conditions, a rapid,
reach-scale assessment can establish the current stage(s) of
channel evolution (e.g., Schumm et al. 1984) and the trajec-
tory of future change in the absence of successful stormwa-
ter interventions. For example, many urban streams undergo
incision-based trajectories that can adversely impact bed
and bank stability for decades (e.g., Booth 1990; Hawley
et al. 2020). Other streams may be recovering from legacy
impacts with signs that they are nearing a return to geo-
morphic equilibrium. Channel hardpoints (e.g., exposed
bedrock, artificial culverts, etc.) can be common in urban
streams and can provide spatial disruptions to incision-based
trajectories (e.g., Hawley et al. 2013; Taniguchi et al. 2018).
The geomorphic valley type (e.g., confined vs. unconfined)
and valley transitions (e.g., steep confined to flat uncon-
fined) can also constrain or exacerbate channel responses
to watershed urbanization. A rapid assessment can not only
support theclassification of CEM stage but also establish a
representative site(s) for geomorphic data collection that will
inform the subsequent modeling steps. This includes a stand-
ard pebble count (Bunte and Abt 2001) and channel cross
section at a representative riffle in addition to a longitudinal
profile (Harrelson et al. 1994) in support of the hydraulic
and sediment transport modeling (Hawley and Vietz 2016)
discussed in Step 2.

Step 2: estimate erosion potential (E)

To calculate E (Eq. 1), estimates of sediment transport
capacity are required for both the pre-development and
post-development scenarios. For a greenfield development,
the goal may simply be to maintain an E of 1 such that the
post-developed sediment transport capacity matches the
pre-developed sediment transport capacity. In previously
developed watersheds that are candidates for SCM retrofits,
additional scenarios may be needed to compare how the E
of the proposed retrofit condition (B reqrofi) cOMpares to
the current conditions (E; yfi- S€€ Step 3 for additional
guidance on scenario evaluation). All such estimates of E
require 1) a sediment transport relationship to relate flow to
instantaneous sediment transport and 2) a method to esti-
mate and accumulate flow over the selected analysis period.

There are many methods for computing sediment trans-
port, and the E framework can use any equation as long as it
is consistent among comparison groups. Over a century of
river mechanics research has resulted in numerous sediment
transport methods (Gomez 1991), but they all tend to con-
verge on the idea that higher stream power, shear stress or
velocity produces greater geomorphic responses in streams.
Even relatively simple thresholds of unit stream power have
been correlated to risks of sizable channel widening during
large floods (Yochum et al. 2017). In the absence of highly
calibrated models, calculations of transport capacity ratios
may provide greater utility, especially where absolute accu-
racy is less important (Russell et al. 2020). For example,
a ratio approach using the Meyer-Peter and Miiller (1948)
equation with adapted parameters from Wong and Parker
(2006) was used in southern California (Hawley and Bledsoe
2013) and Northern Kentucky (Hawley et al. 2017) in the
United States (U.S.), whereas a ratio approach using the two-
fraction model of Wilcock and Kenworthy (2002) was used
in streams in Victoria, Australia (Russell et al. 2020). One
of the factors underpinning the success of the E framework
is that the sediment transport computations used to calcu-
late E (Eq. 1) for different scenarios in a given stream must
be based on the same sediment transport method. Although
users can tailor their application of E to the sediment trans-
port equation most appropriate for their setting, it is impera-
tive that the sediment transport capacity for the developed
and undeveloped scenarios use the same sediment transport
equation.

Similarly, there are numerous methods for developing the
hydrologic inputs that are necessary for the E framework,
and they too should be consistent across comparison groups
and aligned with the study goals and design. For example,
if using the E framework to optimize SCM designs, one
might use a range of standard design storms that are com-
monly used in the management community (e.g. 2-yr, 10-yr,
100-yr). Alternatively, one could use continuous simulation
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to model a representative precipitation record that is com-
mensurate with the expected frequency of bed entrainment
for the given stream (e.g. a few decades for a gravel/cobble
stream, a century or longer for boulder streams (Hawley and
Vietz 2016)). Whether using design storms or continuous
simulations, the same precipitation record/design storms
should be used to model all of the evaluation scenarios (e.g.
predeveloped, management scenario 1, scenario 2, etc.). In
instances where gage records of the pre-intervention and
post-intervention periods are available, E can be calcu-
lated directly from the observed flows. In this application
of the E framework, it is less about evaluating the merits of
competing stormwater interventions at the design/planning
phase and more about illuminating why the implemented
stormwater management interventions facilitated (or failed
to produce) the expected geomorphic response. For exam-
ple, E can help untangle the role of climate by synthesizing
multiple years of hydrologic records into a single number. In
this way, the E framework builds on the long history of using
river mechanics computations to reduce complex phenom-
ena to a representative value (e.g., effective discharge, Q.
(Wolman and Miller 1960; Biedenharn et al. 2001) or the
discharge associated with 50% of the cumulative sediment
transport over the flow record, Q,s, (Bledsoe et al. 2016;
Stroth et al. 2017)).

Step 3: evaluate scenarios

The E framework presents the opportunity to evaluate
numerous competing design scenarios similar to the “value

Fig.3 Alternatives analysis from

a northern Kentucky watershed 20
comparing the influence of

retrofit alternatives on the

hydrographs and sediment Jeoe

transport capacity for the >
2-year discharge. Alternatives 15 1
that minimize the departure 2 o
from predeveloped (reference)
conditions for all disturbance-
inducing events have a better
chance at facilitating geomorphic
recovery than alternatives that do
not appreciably reduce E

10

Discharge (m3/s)

12

— Predeveloped Conditions
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Geomorphically
effective portion of
the 2-yr discharge

engineering” step that is commonly performed by design
professionals. For example, on a greenfield site with a
goal of E=1, the SCM(s) can be optimized by changing
its characteristics (e.g. greater storage, smaller secondary
orifice, etc.) until arriving at a post-development scenario
that matches the sediment transport capacity of the pre-
developed regime. Similarly, for previously developed
watersheds being evaluated for retrofit opportunities,
numerous SCM scenarios can be evaluated through the
E framework until arriving at a solution that maximizes
the reduction in E (i.e. maximizes B reirofic = Epre-retrofit)
within the context of other project objectives. Given
that urban waterway management requires balancing a
set of complex and sometimes competing priorities, e.g.
ecological integrity, stability, flood protection, water
quality and aesthetics, it is imperative to evaluate E
alongside other objectives for sustainable urban stream
management. This is especially true given that it is usually
impractical to perfectly mimic the pre-development
hydrograph for all parts of the flow regime. For example,
Alternative A (E=1.36) in Fig. 3 better matches the
shape of the predeveloped hydrograph, but Alternative B
(E=1.12) comes closer to matching the sediment transport
capacity. Depending on other stakeholder values (e.g.
baseflow restoration, flood stage reduction, etc.), along
with how each design performs across a synthesis of
design storms (or continuous simulations), a manager
can make an informed decision on which intervention (or
combination thereof) to invest in.

2-year Sediment  Ratio to
peak transport  predvip
discharge capacity (E)
m3/s metric tons
Predeveloped 11.8 473
% Existing 16.9 788 1.67
‘. Retrofit A 14.2 642 1.36

Q_iticar (threshold for streambed erosion)

13 14
Time (hr)

-+« Existing Conditions
--- Retrofit Alternative A
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Step 4: monitor and evaluate success

Monitoring and evaluation are critical to understanding
whether an intervention is successful and if additional or
alternative interventions are needed to achieve geomorphic
objectives. Monitoring can include the success of the inter-
vention in reducing transport capacity (e.g. flow gaging or
monitoring function/operation of intervention structures), as
well as its success in fostering geomorphic stabilization or
recovery (e.g. repeat geomorphic surveys and assessments).
It is important to note that the baseline assessment (Step 1)
should inform the success criteria of the future SCM inter-
ventions. For example, success in a developed watershed in
a stream undergoing an incision-based trajectory may be to
induce a transition to an aggradational trajectory, whereas
success in an equilibrium (or near equilibrium) stream
downstream of a greenfield development may be to simply
maintain geomorphic equilibrium. What success looks like
for a particular intervention will also be heavily dependent
on geomorphic and social context, taking into account the
stream’s potential for recovery along with the ecological and
social values that could be supported by a geomorphically
stable stream. The baseline assessment should also inform
the downstream zone of influence from the SCM that the
monitoring should encompass, how many locations within
the reach(es) are needed to adequately detect channel evolu-
tion or lack thereof, and over what time period changes are
likely to be detectable. Monitoring reference or control sites
(e.g. upstream of intervention or in nearby catchments) is
typically critical to distinguish the effects of the interven-
tion from background effects (e.g. due to climate variabil-
ity). Where geomorphic objectives are not met, geomorphic
trajectory can be assessed to predict whether they might be
met over time, or if further intervention is required. In this
way, adaptive management processes can be implemented
to iterate design, implementation, monitoring and evaluation
under the E framework.

Case studies

We applied the E framework in three watersheds (Table 1)
with stormwater interventions in hydro-geomorphically dis-
tinct regions: southern California USA, northern Kentucky
USA, and Victoria Australia (Hawley and Vietz 2016). Each
watershed had SCMs applied with the aim of protecting or
restoring geomorphic or ecological condition. This study
provides the opportunity to synthesize the effects of storm-
water control on transport capacity and geomorphic recovery
in three distinct contexts. The case studies employ a gradient
of E applications that coincide with how practitioners, man-
agers, and researchers are actively applying the E framework

in various regions (e.g. design storm analyses vs. continuous
or pseudo-continuous simulations vs. gaged flows).

It is important to note that the three case studies included
in this analysis are a part of much larger independent
studies/datasets that help to discern signal from noise.
The California study capitalized on a large inventory of
consultant-collected data, including repeat geomorphic
surveys at four monumented cross sections (two upstream
and two downstream of the development), but was limited
by access restrictions that precluded the ability to conduct an
independent field assessment. The Kentucky dataset includes
repeat surveys at 61 sites over ~ 10 years that include control/
reference sites where CEM stage was assessed by the same
personnel using field indicators and affirmed by repeated
time-series cross sections, profiles, and pebble counts
(Hawley et al. 2020). Geometric surveys included repeat
surveys at monumented cross sections according to industry
standard methods (Harrelson et al. 1994) and bed material
pebble counts after Bunte and Abt (2001). The Victoria
dataset included numerous cross-sections, which together
indicated geomorphic trajectory, and also included multiple
control and reference sites that characterize background
conditions in the absence of urbanization and mitigation.

Step 1: establish baseline conditions

The California case study is from a greenfield develop-
ment where SCMs were designed to match the predevel-
oped sediment transport capacity (E=1), which has been
a requirement in many regions of California since ~2010
(e.g., County of Orange 2011). The case study included
herein is from a development in southern Orange County,
California draining to a stream in a historically ranched but
primarily open-space watershed with a drainage area of 14.4
km? and 5% Total Impervious Area (TIA) post-development
(Table 1). This case study leverages hydrologic modeling
results and repeat channel cross sectional survey data and
photos collected by private consultants as a part of the
development’s permits (PACE 2019). Stream channel cross
sectional surveys of the study tributary, Chiquita Creek,
occurred pre- and post-development at four monitoring loca-
tions — two downstream and two upstream of the develop-
ment. The sites downstream of the development were located
at two geomorphically—distinct locations: a less defined,
wide channel in the immediate receiving stream (“CA 17)
and a more defined split channel separated by a wide central
bar located 450 m downstream (“CA 2”). Both upstream
sites were located at v-shaped entrenched channels that were
upstream of “CA 1” by 1.8 km and 3 km. Both CA 1 and
CA 2 were downstream of an orchard and received irriga-
tion runoff that resulted in a highly vegetated channel prior
to the suburban development. Prior to development, CA 1
and CA 2 were in an aggradational trajectory (CEM Stage
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Table 1 — Case study locations, characteristics, and methods. TIA =total impervious area

Case study California Kentucky Victoria

Stream Cafiada Chiquita Creek Unnamed tributary to Woolper Little Stringybark Creek
Creek

Lat/Long 33.5421,-117.6114 39.0496, -84.713 -37.7734, 145.4111

Drainage area (km?) 14.4 1.3 43

TIA (%) 5 12 14

Climate type® BSk (cold semi-arid) Cfa (humid temperate) Cfb (temperate oceanic)

Mean annual rainfall (mm) 407 1080 997

Catchment relief (m) 286 25 131

Geology Sandstone and mudstone Limestone and shale Rhyolite and rhyodacite

Bed sediment class Sand Cobble Sand

Catchment land cover

Nature of intervention

Number of sites (including
study, control, and
reference)

Number of years evaluated
following SCM
interventions

Transport capacity equation
Flow integration method
Comparison method

Reference

Historically ranched, undeveloped:
mixed shrub, grassland,
orchard, urban, and open space
development

Hydromodification detention basin
for greenfield development

4

van Rijn (1984a, b) with
modifications by Spasojevic and
Holly (1994)

Range of design events integrated
over a flow-frequency curve

Modelled flow scenarios

(Phillips et al. 2013)

Historically pasture/forest, with
recent industrial development

Retrofitted detention basin outlet

Meyer-Peter and Miiller (1948)
with Wong and Parker (2006)
corrections

Largest 22 events over 40-year
period

Modelled flow scenarios

(Hawley et al. 2017)

Peri-urban: mixed suburban, rural
residential, forest and agricultural

Retrofitted distributed measures (e.g.
rainwater tanks, rain gardens)

3

Wilcock and Kenworthy (2002)

Continuous stream gage data (10-year
record)

Before-after control-reference-
intervention (BACRI) gaged flows

(Russell et al. 2020)

4(Peel et al. 2007)

4). In contrast, the entrenched upstream control sites were
assessed to be in a degradational trajectory (CEM Stage 2),
which was likely attributable in part to historic cattle grazing
and ranch operations over the last 60 years.

The Kentucky case study is from a previously developed
basin where the original SCM was retrofit to release a less
erosive flow regime, which is described in detail by Hawley
et al. (2017). In December 2013, a passive retrofit device
was installed on a conventional flood control detention
basin that drains ~0.09 km? with 50% TIA. The objective
of the retrofit was to restrict stormwater discharges during
most precipitation events, including the 3-month, 6-month,
and 1-year design storms, to less than the Q.. for the
receiving stream and reduce E to the fullest extent possible
while still containing the 100-yr storm within the deten-
tion basin. Hydrologic modeling of standard design storms
documented that the 3-month, 6-month, and 1-year events
were all events that exceeded Q.o Under the pre-retrofit
conditions. Three in-stream monitoring sites were estab-
lished in the receiving stream network ca. one year ahead of

@ Springer

the retrofit installation: the immediate receiving stream of
the SCM (“Spur”, DA=0.17 km?, 45% TIA), an upstream
control site on a separate tributary that did not receiving
discharge from the SCM (“US Site”, DA = 1.1km?, 7.8%
TIA), and a downstream site (“DS Site”, DA=1.31 km?,
12.4% TIA) that received discharges from both the Spur and
the US Site. Before the retrofit, both the Spur and the DS
Site were assessed to be on a degradational trajectory with
notable bank erosion (CEM Stage 3), whereas the US Site
was assessed to be in a state of relative equilibrium with
vegetated benches (CEM Stage 1). See Hawley (2021) for a
detailed inventory of the observations at each site.

The Victoria case study is from a previously developed
watershed where distributed SCMs were retroactively
installed with a goal of discharging a more natural flow
regime. The peri-urban watershed drains 4.3 km? with 14%
TIA, including 9% Effective Impervious Area (EIA) prior to
retrofitting. The site is part of a watershed-scale before-after
control-reference-intervention (BACRI) experiment (Walsh
et al. 2015, 2021) with three reference sites and two control
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(suburban, without intervention) sites, all with continuous
streamflow gaging. The case study analysis used 3 sites: the
intervention site, the most comparable reference site as a
surrogate for pre-development conditions for computation
of E and the most comparable control site to compute E for a
developed, unmitigated scenario. The primary purpose of the
intervention was to restore in-stream ecological conditions
by mimicking the flow regime (runoff frequency, baseflows,
contaminant concentrations and total runoff volume) of
nearby forested catchments. No erosion potential objective
was defined but the intervention is expected to reduce E as
a byproduct of reducing runoff magnitude and frequency.
While geomorphic monitoring was not originally part of the
study design, pre-intervention geomorphic assessment for
a related project in 2011 provided an opportunity to repeat
the assessment post-intervention. Pre-intervention, the site
was on a trajectory of channel degradation and bank erosion
(CEM Stage 2 or early Stage 3). We can thus assess the
geomorphic effect of an intervention that was not specifically
designed using the erosion potential framework.

Step 2: estimate erosion potential (E)

The approaches used for transport capacity computations,
integration over the flow regime and scenario comparisons
for the case study sites, are summarized in Table 1. It is
anticipated that the scale of differences in E values in this
comparative study (see Table 2) overwhelms any slight vari-
ations in E that could be attributable to differences from the
regionally preferred methods described below.

For southern California, sediment transport capacity
was modeled for a range of design events (2-year, 5-year,
10-year, 25-year, 50-year, and 100-year storm events)
under pre-development and post-development (mitigated)

scenarios using the US Army Corp of Engineer’s SAM.
AID subroutine and reach-specific cross-sectional
geometry and sediment data (Phillips et al. 2013). To
evaluate the long-term sediment transport capacity across
arange of flow conditions, a frequency curve for sediment
transport capacity was estimated from the transport
capacity for each design event of known probability of
occurrence following the procedures outlined by the
Arizona Department of Water Resources (1985). The
approximate (trapezoidal) area under the frequency curve
represented the estimated long-term mean annual sediment
transport capacity (L,) and was calculated using the
following equation:

Lm = O'OI(LS)IOO
+0.01 (Ls)mo;' (Ly)so

+0.02 (LS)SO + (LS)ZS

(Ly)ys + L)y
+ 0.06—2 )
401 (Lx)10;_ (Ly)s
3 (Ly)s + (Ly),
2
@,
2

+0
+0.5

where L, is the sediment transport capacity for a given flood
event that is multiplied by the probability of occurrence
of that flood in one year. E was calculated as the average
annual sediment transport capacity in the receiving stream
of the post-development (mitigated) watershed divided by
that of the pre-development watershed. On this greenfield

Table 2 — Case study sediment sizes, sediment transport ratios, and qualitative assessment of geomorphic recovery

Bed Sediment  ds, (mm) Erosion Potential (E) Induced/Maintained
Class Trajectory of Geomorphic
Pre-intervention Post- %Change R ! }:,
. . Recovery?
intervention
Southern CA New Sand <2 1.0 1.0 - Yes
Development?®
Kentucky Retrofit? Cobble 74 18.2 10.7 -42% Yes
Victoria Retrofit® Sand <2 8.6 9.7 13% No

“Based on SCM design and sediment transport modeling at a vegetated channel as selected by an outside consultant. “Pre-intervention” and
“post-intervention” use the same standard design storms for pre-development and post-development conditions (with SCMs). See Phillips et al.

(2013) for more detail

®Pre-intervention” and “post-intervention” use the same real events (the top 22 events over a 40-year record) to compare pre-retrofit and post-retrofit
sediment transport capacity as standardized by the undeveloped sediment transport capacity for the same storms. See Hawley et al. (2017) for more

detail

“The “pre-intervention” period in the Victoria case study captures the 5-year retrofit installation phase (2010-2014) whereas the “post-intervention”
period (2015-2019) includes nominal changes in retrofit installations. E was calculated as the cumulative sediment transport of the retrofit watershed
divided by that of the reference watershed, standardized on a tons/km? basis. See Russell et al. (2020) for more detail
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development, the SCMs were intentionally designed to
match the sediment transport capacity of the pre-developed
regime, resulting inan E=1.

In the Kentucky case study, sediment transport capacity
was modeled using the top 22 events over a 40-year record
of rainfall after previously published work by Hawley et al.
(2017). “Pre-intervention” and “post-intervention” scenarios
model the same real events to compare pre-retrofit and post-
retrofit sediment transport capacity as standardized by the
undeveloped sediment transport capacity for the same events,
facilitating a comparison of E between the pre-retrofit and
post-retrofit conditions. Similar to the California case study,
the “undeveloped” scenario models runoff in a watershed with
natural ground cover (forest/grasses) without impervious area
or other stormwater conveyance interventions; however, it does
not attempt to project a pre-European settlement condition
(e.g. no inline beaver dams, wetland meadows, etc.). E was
estimated to be 18.2 for developed (12% TIA) conditions and
10.7 for mitigated conditions. The retrofit device installed on
the conventional detention basin reduced the erosion potential
of the immediate receiving stream by 42% compared to pre-
retrofit conditions (Table 2).

For the Victoria case study, gage data were used to model
sediment transport capacity at the retrofit site, as well as one
control site and one reference site, following the method of
Russell et al. (2020) with an extended flow record. Gage
records were divided into “during retrofit” (2010-2014) and
“post-retrofit” (2015-2019) periods. The “during retrofit”
period captures the intensive installation phase whereas
the “post-retrofit” period (2015-2019) includes only nomi-
nal additional retrofit installations. E was calculated as the
cumulative sediment transport of the retrofit watershed
divided by that of the reference watershed, standardized
on a t/km? basis. E for the control watershed was also cal-
culated to indicate the effect of climate variation between
the two periods. E in the retrofit watershed increased by
13% between the two periods, from 8.6 to 9.7; however, E
increased by 68% in the control watershed (from 57 to 95)
over the same time underscoring the influence of climate.

Step 3: evaluate scenarios

For the California case study, the consultant was required
to optimized their SCM design until obtaining an E=1, as
required by the South Orange County Hydromodification
Management plan (SOC HMP) in Orange County (2011).
Their SCM was designed to meet both water quality perfor-
mance criteria via infiltration and channel protection (i.e.
“hydromodification”) performance criteria viaan E=1 for a
range of discharges from 10% of the two-year discharge (Q,)
up to the 10-year discharge (Q,,). Compared to the Kentucky
and Victoria case studies, the California case study from
the greenfield development was the only case study which
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achieved an E=1 by fully matching the post-developed sedi-
ment transport capacity to that of the undeveloped regime.

For the Kentucky case study, a passive retrofit device was
designed for a conventional flood control basin to restrict
stormwater discharges during most precipitation events,
including the 3-month, 6-month, and 1-year design storms,
to less than the Q.o fOr the receiving stream. These were
all events that exceeded Q.o Under the pre-retrofit con-
ditions. The selected design reduced the freeboard to the
engineered spillway for the 100-yr design event by 21 cm
but maintained the same level of service as the pre-retrofit
condition by keeping the 100-yr event from overtopping the
spillway. Other strategies such as excavating a larger basin
or adding real-time control would have been able to reduce
E even more than the selected retrofit design; however, they
would have coincided with a~tenfold increase in retrofit
cost. Given the ubiquitous nature of conventional detention
basins, one of the many goals of this project was to evaluate
the benefits of a low-cost (passive) retrofit with the aim of
potentially being able to install many more passive retro-
fits that achieve meaningful (but not perfect) reductions in
E with the same budget of retrofitting a single basin that
achieves an E=1.

The Victoria case study was not explicitly designed
with geomorphic or sediment transport objectives, but the
interventions were assessed after design and installation for
their potential to reduce E. Retrofitted SCMs (e.g. leaky
rainwater tanks, rain gardens) were installed on a range of
properties and streetscapes, mainly between 2010 and 2014
(Walsh et al. 2015). The measures treated around half of the
pre-developed effective impervious area and resulted in a
reduction of EIA from 9% pre-retrofit to 6% post-retrofit.
The post-retrofit EIA was estimated using the Environmental
Benefit metric (Walsh et al. 2015, 2021) which accounts for
imperfect SCM performance in disconnecting impervious
surfaces. The watershed-scale retrofit effort was more
aimed at retrofitting as much EIA as possible based on
property owner participation and site-level SCM feasibility
as opposed to explicitly evaluating competing scenarios for
maximizing reductions in E.

Step 4: monitor and evaluate success

Changes in geomorphic trajectories (or lack thereof) were
assessed using a weight of evidence approach, including pre/
post-intervention cross section surveys, photos, and field
observations at control and experimental reaches. Assess-
ment of CEM Stage is commonly included in geomorphic
field assessments (Simon and Downs 1995; Bledsoe et al.
2012) and can be reinforced with time-series cross section
data (e.g. Hawley et al. 2020). Observations also included
biological data (presence/absence of bank/bar vegetation,
fish, etc.), wood retention, habitat assessments, etc. (e.g.
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Fig.4 Time series cross section surveys at intervention sites in California (A), Kentucky (B), and Victoria (C)

Hawley 2021). Based on the weight of evidence, has the
post-intervention stream substantially changed its geomor-
phic trajectory relative to the pre-intervention condition?
In California, the application of the E framework to the
SCM designs at the greenfield development site (5% TIA)—
matching the predeveloped sediment transport capacity (E=1)
has appeared to maintain a trajectory of geomorphic recovery in
the receiving stream at both downstream monitoring locations.
Following the construction of the development and basin,
the aggradational trajectory, CEM Stage 4, continued at both
monitoring sites: the wide unconfined “CA 17 (Fig. 4A) and
the more defined downstream site “CA 2", with no perceptible
changes in the vegetated channels. In contrast, cross section
data showed the entrenched upstream control site following a
trajectory of incision, CEM Stage 2, and erosion of the left
toe during the post-development period that may be attributed
to historic cattle grazing and ranch operations over the last
60 years. Although the irrigation runoff and legacy impacts
from historic grazing confound our ability to draw definitive
conclusions at this case study location, the lack of visibly
apparent downcutting, bank erosion, and channel widening at
the downstream monitoring locations, despite having 7 events

Fig.5 Kentucky case study
photo of pre-retrofit chan-

nel with eroding banks on 29
April 2013 (A) and post-retrofit
channel with a vegetated bench
and more stable banks on 8
July 2019 ~5.5 years after the
stormwater retrofit installation
(B). Both photos are looking
downstream at monitoring cross
section from Fig. 4B (the same
tree on the right bank is in both
photos)

(A) Pre-retrofit looking downstream

3 Eroding banks and channel widening with y éxp

that exceeded the 3-month, 1-h storm in the post-development
period (compared to 6 events in the pre-developed period
over equal time periods of ca. 3 years), in contrast to the
continued signs of instability at the upstream site underscores
the importance of the SCM on minimizing E. Moreover,
these observations are a sharp contrast from the types and
extents of channel enlargement that used to be commonplace
downstream of greenfield developments in this region prior to
the implementation of hydromodification management SCMs
(e.g. see Hawley and Bledsoe (2013) or Taniguchi and Biggs
(2015)) where incision has even been observed in previously
aggradational reaches (Hawley et al. 2012).

For Kentucky, the stormwater retrofit that used the E
framework to discharge a less erosive flow regime appears
to have induced a trajectory of geomorphic recovery in
the formerly unstable receiving streams. The immediate
receiving stream (Spur) and DS Site (Figs. 4B, 5) have
experienced notable improvements in geomorphic stabil-
ity, habitat, and flow, whereas the control site has contin-
ued on a degradational trajectory over the same time period
(Hawley 2021). The site in the immediate receiving stream
also now supports fish in several pools in a reach that used

(B) Post-retrofit looking downstream

. e
Bench development-at toe
of formerly eroding bank:s;

Tree with
exposed roots
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to go dry ~10% of the time prior to the retrofit installa-
tion (Hawley 2018). Cross section data at the downstream
site showed a shift from CEM Stage 3 to Stage 4 in the
first~ 3.5 years following the retrofit (Fig. 4B) that coin-
cided with additional failure of both banks and bar building
along the toe of the right bank (Hawley et al. 2020; Hawley
2021). The colonization of the bars by vegetation ~2 years
later (~5.5 years following retrofit installation) is indica-
tive of a potential transition to CEM Stage 5 (Fig. 5). The
establishment of permanent (woody) vegetation along with
additional years of cross-section monitoring documenting
an equilibrium channel would add confidence to the CEM
Stage 5 (recovered) classification. A competing hypothesis
that the observed geomorphic trajectory was attributable to
precipitation changes was not supported. The post-retrofit
period of 5 years and 8 months had 16 events that exceeded
the 3-month, 1-h storm compared to just 10 events over
the comparable pre-retrofit period. Prior to the retrofit, the
3-month event exceeded Qjica> SUgEESting that without the
retrofit the slumped material from bank erosion would have
likely been washed away and not colonized by vegetation.
In the Victoria case study E was not reduced by the
distributed SCMs in the previously developed (14% TIA)
watershed over the study period. The “post-retrofit” period
showed a 13% increase in E relative to the “during ret-
rofit” period as standardized by the sediment transport
capacity in the reference catchment over the same time
periods (Table 2). Comparison with a control catchment,
where E increased 68% over the same period, suggests
that the stormwater interventions had an attenuating effect
on some flows that would have otherwise contributed to
erosion. Furthermore, the “post-retrofit” periods had a
reduced frequency of channel-eroding events that was
attributable to changes in precipitation (e.g. the exceed-
ance frequency of the 3-month storm changed from 4.1
events per year during intervention to 3.6 events per year
post-intervention). However, the stormwater intervention
and rainfall effects together did not induce a trajectory
of geomorphic recovery in the receiving stream network

Fig.6 Victoria case study photo
of immediately post-retrofit
channel with eroding banks on 9
July 2015 (A) and 6-years post-
retrofit channel with continued
bank erosion and incision into
the clay bedrock on 28 October
2020 (B). SCMs were mostly
installed between 2010 and
2014. Both photos are at the
monitoring cross section from
Fig. 4C
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(A) Immediately post-retrofit (2015)

within the ~ 5-year post-intervention monitoring period.
Although it is feasible that the stormwater interventions
could help to facilitate a trajectory of geomorphic recovery
in the future, survey data (Fig. 4C), photographs (Fig. 6),
and subsequent field assessments suggest that the channel
is still experiencing a degradational trajectory including
downcutting, bank failure, and channel widening (CEM
Stage 3).

Discussion

The case studies presented here indicate that SCMs
that focus on managing sediment transport capacity
and reducing E can be effective at maintaining/
inducing trajectories of geomorphic recovery. These
examples contrast with the geomorphic instability that
is abundantly documented in channels downstream of
conventional stormwater management approaches that do
not explicitly attempt to maintain/restore predeveloped
sediment transport capacity (e.g. Figure 7; Booth and
Jackson 1997; MacRae 1997; Vietz et al. 2014). The
E-based design at the greenfield development in southern
California appears to have maintained the aggradational
trajectory at the monitoring location that was occurring
prior to development. Similarly, the Kentucky retrofit of
the conventional detention basin to decrease the freeboard
to the spillway by 21 cm for the 100-yr design storm in
order to restrict the erosive discharges of more frequent
storms (e.g. 3-month, 6-month, and 1-year events) reduced
E by 42% and coincided with a shift from a degradational
trajectory prior to the retrofit to an aggradational/
recovering trajectory post-retrofit. By contrast, the
distributed SCMs that were retroactively installed in a
previously developed watershed in Australia that lacked
transport-capacity-based controls did not appear to
coincide with a shift in the degradational geomorphic
trajectory in the fine-grained stream.

(B) Post-retrofit (2020)

Eroding ba
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Fig.7 Typical southern California example of incision and bank fail-
ure observed in fine-grained channels downstream of conventional
development (27% TIA, developed in the 1980’s) that lack stormwa-
ter intervention tailored at reducing sediment transport capacity

Fig.8 The risk of channel
enlargement increases with the 7
sediment transport capacity

ratio (E) and decreases with .
the median particle size (d50),
adapted from Hawley and
Bledsoe (2013)
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How much E reduction is necessary?

The extent of E reduction necessary to facilitate geomorphic
recovery likely depends on the hydrogeomorphic context
of the setting. For example, all else being equal, coarse
grained channels may be more resilient than fine-grained
channels, and less entrenched channels may be more resilient
than more entrenched channels. Using a dataset of 84 sites
in southern California, Hawley and Bledsoe (2013) used
logistic regression analysis to show that the risk of channel
enlargement decreases with bed material size (Fig. 8). Just
as coarse bed material can provide a degree of resistance
to channel instability in some urban streams (e.g. Booth
1990; Booth and Henshaw 2001; Hawley and Bledsoe 2013;
Taniguchi and Biggs 2015; Bledsoe et al. 2016; Utz et al.
2016), coarser-bedded streams may be able to facilitate
a return to equilibrium at E values greater than 1, as was
observed in the Kentucky case study.
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The extent of channel adjustment prior to the stormwater
intervention will likely affect the extent and timeframe of
the geomorphic recovery. Coarse, entrenched channels
that are already fairly wide (e.g. CEM stage 3 or 4) may be
more primed for a recovery in response to geomorphically-
meaningful stormwater interventions. Other more
susceptible settings such as entrenched (CEM stage 2),
fine beds (e.g. Bledsoe et al. 2012), and/or streams with
disconnected/variable sediment supplies (e.g. Wolman
1967; Russell et al. 2017) may not immediately transition to
a recovery trajectory even with a 100% reduction in excess
sediment transport capacity, underscoring the importance
of channel hydraulics (Anim et al. 2019) among other
factors. This may also help to explain why the Kentucky
stream appeared to recover at higher E values than would
be expected from previous work (10.7 as opposed to ~2 for
a 74-mm ds; Fig. 8). More data across more levels of E
and sediment size are clearly needed, but bed coarsening
(Robinson 1976; Hawley et al. 2013; Russell et al. 2018),
channel widening (Hammer 1972; Pizzuto et al. 2000; Bevan
et al. 2018; Hawley et al. 2020) and channel headcutting
and the associated decreases in slope (Schumm et al.
1984; Hawley et al. 2012; Taniguchi et al. 2018; Sullivan
et al. 2020) are all channel adjustment mechanisms that
systematically work to dissipate the excess erosive energy of
the flow regime and/or increase the resistance of the setting
(Lane 1955; Hawley 2018).

The selection of reference conditions also plays a role in
the use and interpretation of the E framework. Where the ref-
erence condition is a pre-developed flow regime in a channel
that has already partially adjusted (e.g. Kentucky), the ero-
sion potential may be overestimated, relative to an approach
that compares to a pre-developed flow in a pre-developed
channel (e.g. Victoria). However, the Victoria approach
of using a nearby undeveloped channel as a surrogate pre-
developed channel presents its own challenges in under-
standing and minimizing the effect of context (e.g. slope,
geology, climate) when selecting a suitable reference site.
Additionally, it is important to note how the pre-developed
transport capacity is defined in different regulatory settings.
In California, the predevelopment transport capacity, which
SCMs from new development are required to match, is the
transport capacity prior to the new development, which in
many cases are far from the reference transport capacity.
The California greenfield case study, herein, illustrates a less
common example of new development in a predominantly
open-space watershed where predevelopment conditions are
closer to reference. It is possible that California hydromodi-
fication requirements in more urbanized watersheds with
channels that are actively eroding, CEM stage 2 or early
stage 3, may need to be more stringent to further minimize
E and induce a recovering trajectory if that is the desired
stakeholder outcome.
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The relative change in E may also be important in inter-
preting these case studies: E of 10.7 in Northern Kentucky
represented a 42% improvement relative to the pre-retrofit
condition (E=18.2), whereas E in Victoria was similar
pre and post-retrofit (with effects of mitigation and rainfall
variability largely cancelling each other out). Importantly,
although the Northern Kentucky case study appears to be on
a trajectory of geomorphic recovery, it is unlikely to return
to the size and shape of its predevelopment form. It can be
safely inferred based on a 10-year study at 61 sites (Hawley
et al. 2020) that the channel had already undergone consid-
erable widening such that the resulting equilibrium form
induced by the retrofit will likely be a larger channel than the
predeveloped stream. In retrofit situations, where reducing E
to one is often not practical, a substantial but non-complete
reduction in E is still likely to improve physical form and
functioning. Effects of such interventions are expected to
be most visible in streams that are already near recovery
thresholds (e.g. late CEM Stage 3 or Stage 4; Kentucky), as
opposed to more actively eroding streams (e.g. CEM Stage
2 or early Stage 3; Victoria) that may take much longer to
facilitate a transition to recovery stages.

The extent of impervious area (Booth and Jackson 1997;
Bledsoe and Watson 2000), timing (Leopold et al. 2005;
Chin et al. 2017), and existing SCM treatment (Hopkins
et al. 2020), along with the hydrogeomorphic setting (Booth
et al. 2016) and other natural and anthropogenic factors (Utz
et al. 2016) are also likely to play a role in the extent of E
reduction that is necessary to facilitate geomorphic recov-
ery. Although the E framework offers an attempt to account
for the influence of impervious area, existing SCMs, and
other factors in its hydrologic and sediment transport mod-
eling steps, these case studies all had relatively low levels of
watershed imperviousness (< 15% TIA). Additional data is
needed to evaluate the efficacy of the E framework in water-
sheds with larger amounts of TIA, old vs. young develop-
ment, and different levels of and types of SCM treatments.
For example, a high TIA watershed with extensive coverage
of SCMs may need relatively lower reductions in E than a
lower TIA watershed that had no SCMs. At the same time
one can also envision cases where century(ies)-old devel-
oped watersheds with no SCMs needing even less reduction
in E due to the channel having already undergone substantial
self-adjustment.

The role of disturbance frequency

The frequency of disturbance events may also be an important
mechanism to consider in the E framework, particularly
given the importance of the stabilizing role of vegetation in
facilitating the transition from CEM Stage 4 to 5 in the Schumm
et al. (1984) model. For example, the Kentucky retrofit reduced

the frequency of Q.. €xceedance from the 3-month design
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storm under pre-retrofit conditions to the 2-year storm under
post-retrofit conditions (Hawley et al. 2017). The ~eightfold
improvement in lag between disturbance events was likely an
important driver in facilitating vegetation colonization that
transformed the formerly unstable bars into stable benches.
The mechanistically based approach in this comparative study
could therefore be extended beyond just total transport capacity
by considering feedback between seasonality and frequency
of disturbance events and vegetation growth. Incorporating
disturbance frequency into the E framework may be particularly
important for macroinvertebrate communities (Poff 1992;
Holomuzki and Biggs 2000; Hawley et al. 2016; Jordt and
Taylor 2021) in the context of climate change with more intense
precipitation events and more prolonged droughts expected in
many regions (Hidalgo et al. 2009; Stocker 2014; Kundzewicz
et al. 2018; Swain et al. 2018). Both field (Masteller et al. 2019)
and flume (Masteller and Finnegan 2017) research suggests
that the entrainment threshold for a given stream can change
based on the frequency of disturbance, with more time between
disturbance events coinciding with riverbed armoring and
higher thresholds for bed mobility.

Setting expectations for (at least some) additional
erosion

A final point to underscore is the importance of setting
reasonable expectations with the E framework, including
the role of additional erosion in bearing out potential
geomorphic recoveries. As indicated by Fig. 1, an entrenched
channel likely needs to become over-widened (CEM Stage
4) prior to being able to transition to a recovered state (CEM
Stage 5). Stormwater interventions that facilitate transitions
from degradational (CEM Stages 2 and 3) to aggradational
(CEM Stage 4) channels will in most cases coincide with
at least a temporary increase in channel widening. This is
not only underscored by the Kentucky case study presented
herein (e.g. note the widening in Fig. 4B), but is also
consistent with longer term studies which document the
highest rates of widening during CEM Stage 4 when large
sediment bars deflect flow into already unstable banks that
are prone to additional failure. In a 10-year study at 61 sites,
Hawley et al. (2020) documented average rates of widening
of 17 cm/yr for CEM Stage 4, compared to 9 cm/yr for Stage
3 and just 0.3 cm/yr for Stage 2. Furthermore, settings with
fast-growing vegetation may facilitate quicker recoveries
than in semiarid or arid channels. El Nino cycles, drought,
fires, and changes in irrigation runoff, among other factors,
can also affect the speed and styles of geomorphic recovery
(or lack thereof). All of this reinforces the challenges
associated with assessing and monitoring complex channel
responses and the value of having long-term datasets when
evaluating the geomorphic effects of hydrologic restoration
interventions such as those designed with the E framework.

Although post-intervention data for geomorphically-
effective stormwater interventions are rare, the case stud-
ies herein are consistent with well-established principles
of river mechanics (e.g. Biedenharn et al. 2001; Wolman
and Miller 1960), suggesting that the excess sediment
transport capacity of the post-developed regime is a deg-
radational mechanism that must be sufficiently managed
if equilibrium channels are a goal. Using the E framework
to guide and optimize SCM design and watershed-scale
hydrologic restoration may facilitate more meaningful
improvements in geomorphic integrity relative to man-
agement approaches that do not explicitly account for sedi-
ment transport capacity.

Limitations and next steps

The framework and case studies presented here under-
score the need for more geomorphic data downstream and
upstream of retrofits and/or greenfield developments that
are intended to restore/maintain geomorphic equilibrium.
Longer-term datasets and more standardized data collection
across a gradient of channel and watershed conditions, per-
haps collected by regional entities as opposed to representa-
tives of individual projects, could facilitate more objective
assessments of the efficacy of SCM designs that minimize
E and synthesize regional hydromodification management
beyond the project scale. The E framework could also benefit
from consistency regarding what “predevelopment” implies
(e.g. conditions immediately prior to the latest development
vs. no imperviousness vs. pre European settlement).

The E approach could be further evaluated via other
regionally-appropriate hydrologic, water quality, and eco-
logical metrics to document improvement or lack thereof
in other facets of stream condition. For example, if inter-
ventions can facilitate a more natural streambed distur-
bance regime, are there corresponding signs of recovery
in the macroinvertebrate community? Baseflow restoration
in humid settings with a history of anthropogenic drainage
efforts could be another sign of ecological recovery, whereas
artificially prolonged flows in dryland channels could close
off channels via vegetation encroachment (e.g. CEM Phase
1Veg in the Hawley et al. (2012) model that was also appar-
ent in the California case study included herein downstream
of an orchard). Perennialization is also a potential issue in
Melbourne streams (Duncan et al. 2014), which could facil-
itate invasion by species suited to perennial streams, dis-
placing ephemeral specialists. A functional flows approach
(e.g. Yarnell et al. 2020) allows managers to target multiple
aspects of the annual hydrograph that are tied to ecological,
geomorphic, and biogeochemical functions/processes. As
with all elements of stream management, we recommend
that managers use the E framework as one aspect of stream
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management, placed in proper context alongside other stake-
holder and ecological management goals for urban streams
(e.g. Bixler et al. 2021).
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