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Abstract
The need for hydrologic restoration is well established in stream ecosystems across the world; however,
available funding for catchment-scale restoration typically falls far short of what is required to produce
in-stream results. Hydrologic restoration can be particularly important for improving stream integrity in
urban watersheds, but implementation can be challenging due to high property values and limited space
for retroactive stormwater control measures. This Northern Kentucky (USA) case study summarizes how
stormwater mitigation interventions could be, and have already been, used to credit stream mitigation
projects via conventional US Army Corps of Engineers crediting protocols. Hydrologic restoration can
generate stream mitigation credits by directly improving the �ow class and/or by indirectly improving the
habitat quality. For example, a stormwater intervention could create a shift from an ephemeral to
intermittent �ow class, while at the same time facilitating greater substrate stability, lower
embeddedness, and other geomorphic improvements, that subsequently improve the categorical habitat
rating. The ecological lift of such hydrologic interventions could be further expanded via concurrent in-
stream mitigation measures such as re-establishing a jurisdictional stream in place of a drainage ditch or
installing habitat structures such as toe wood and log steps, among other activities. Such process-based
hydrologic restoration is consistent with the goals of the Clean Water Act and has the potential to be
more bene�cial to greater portions of stream networks and greater numbers of stakeholders than
conventional habitat restoration alone.

Introduction
This study documents how stormwater interventions that restore a more natural �ow and disturbance
regime can facilitate improvements in stream integrity that align with stream mitigation program goals
and can be credited using conventional US protocols.  By generating stream mitigation credits, hydrologic
restoration programs could receive sustainable sources of funding at scales necessary to drive
watershed-scale improvements in stream networks.  Hydrologic-driven impacts (i.e. “hydromodi�cation”)
are a leading cause of impairments to US water resources (EPA 2009).  Inadequately managed
stormwater runoff from impervious surfaces is a primary cause of the “urban stream syndrome” (Walsh
et al. 2005)—a global phenomenon of degraded biological, chemical, and physical stream integrity in
streams draining urban and suburban watersheds (Figure 1).  A sweeping study by the National Research
Council of the National Academies documented that these impacts typically persist in suburban
watersheds even with conventional stormwater control measures (SCMs) such as detention basins
designed for peak discharge matching (NRC 2009).  

Both the conventionally-managed and unmanaged �ow regime can increase the frequency (Hawley et al.
2017) and durations (Bledsoe 2002; Hawley and Bledsoe 2011) of �ows that exceed the critical discharge
(Qcritical, or Qc) for mobilization of the streambed material (Figure 2).  For example, one Northern Kentucky
study conducted by the United States Environmental Protection Agency / O�ce of Research and
Development (EPA/ORD) and collaborators found that conventional peak detention reduced the recovery
time between disturbance events by ~four-fold (e.g. from the 12-month to 3-month design storm). The
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study also found that durations of discharges that exceed Qcritical were prolonged by a factor of 25 (e.g.
~34.8 hours over a 20-yr period compared to ~1.4 hours under pre-development conditions, Hawley et al.,
2017).  Similar geomorphically-relevant hydrologic responses to conventional suburban/urbanization
have been documented across the globe (Russell, Vietz, and Fletcher 2018; e.g. Papangelakis, MacVicar,
and Ashmore 2019).  In aggregate, more frequent, prolonged durations of erosive �ows increase the
cumulative energy expressed on the streambed and banks, which can initiate degradation via channel
incision (Booth 1990), enlargement (Hammer 1972; Hawley and Bledsoe 2013), bed coarsening (Hawley,
MacMannis, and Wooten 2013; Pizzuto, Hession, and McBride 2000), habitat simpli�cation (e.g. fewer
benches) (Vietz et al. 2014) and less large wood (Finkenbine, Atwater, and Mavinic 2000; Blauch and
Jefferson 2019) among other impacts.  Chronic channel instability and bank erosion can be a dominant
source of �ne sediment loads (Simon and Klimetz 2008) that can further impact benthic habitat through
sedimentation and embeddedness, and is a leading water quality impairment in numerous states (OEPA
2010; e.g. KDOW 2008). 

The degradational trajectory of streams experiencing increasingly erosive bed-mobilizing �ows has been
observed by numerous researchers across a diversity of urban settings (Paul and Meyer 2001; Hawley et
al. 2012; Hawley et al. 2020; Booth and Fischenich 2015), and is typically consistent with the “classic”
Channel Evolution Model (CEM) of Schumm et al. (1984) (Figure 3). Incision and downcutting (Stage 2)
lead to taller, more unstable banks, which subsequently causes bank failure and channel widening (Stage
3). As the banks continue to slump and lose material to the stream, the channel begins to aggrade
sediment, typically in the form of large, unstable bars (Stage 4). Over a long enough period of widening
and aggradation, the slumped material can be recolonized by vegetation (i.e. “vegetated benches”),
creating a new channel/�oodplain corridor that is once again in a state of geomorphic equilibrium (Stage
5).

However, this natural adjustment process can be disrupted through additional perturbations (Cluer and
Thorne 2014) such as supplemental changes to the �ow regime (e.g. further watershed development)
and localized channel stabilization efforts that can be particularly common in urban areas (Vietz and
Hawley 2019).  Furthermore, property and infrastructure protection efforts can facilitate alternative
channel endpoints such as an arti�cially armored channel via continuous riprap or concrete (Hawley et al.
2012).

Excess streambed disturbance can also adversely impact the aquatic ecosystem.  For example, �ows that
exceed Qcritical can cause both non-lethal dislodgement and direct mortality to benthic macroinvertebrates
that inhabit the streambed (Holomuzki and Biggs 2000).  In a seven-year study at a reference site with
otherwise excellent habitat and water quality, the interannual shifts in biotic integrity were largely
explained by streambed disturbance (Hawley et al. 2016).  Kentucky’s Macroinvertebrate Index for Biotic
Integrity (MBI) was signi�cantly correlated to the number of days since an event that exceeded Qcritical

(Figure 4), with more consecutive days of streambed stability leading to higher MBI scores.  The in�uence
of bed-mobilizing “disturbance events” on macroinvertebrate communities is so widely acknowledged by
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aquatic biologists and ecologists that many conventional sampling protocols preclude data collection for
two weeks following such events (e.g. KDOW 2015).  

In streams draining suburban and urban watersheds, the effects of ampli�ed rates of streambed
disturbance (i.e. the "urban disturbance regime," Hawley and Vietz 2016) is discernible across the full
gradient of urbanization. For example, after accounting for a watershed’s total impervious area (TIA),
Hawley et al. (2016) showed that MBI at a given level of TIA drops by an average of ~20-30 points during
exceptionally wet years with frequent Qcritical events (e.g. 2011) as compared to sample years with much
greater bed stability (e.g. reference sites had more than 300 days of stability in 2009) (Figure 5).  Years
that show the steepest drop in MBI along a gradient of TIA (e.g. 2007 and 2008, Figure 5) correspond to
years where a storm produced �ows that approached (but did not exceed) Qcritical at reference sites, but
likely coincided with enough stormwater runoff in developed watersheds to cause a bed-mobilizing event
at developed sites.  That is, MBI remained high at sites draining undeveloped watersheds where �ows did
not exceed Qcritical, but MBI was exceptionally poor at developed sites where �ows likely exceeded Qcritical

(due to inadequate stormwater management).   

One of the central aims of a hydrologic approach to stream restoration is to restore a more natural
disturbance regime by intercepting and attenuating stormwater runoff, thereby reducing the frequency
and duration of events that exceed Qcritical.  By focusing on the primary driver of channel degradation,
watershed-scale stormwater interventions can not only mitigate excess disturbance but also have the
greatest mechanistic potential to induce water quality improvements (Walsh, Fletcher, and Ladson 2005).
 In a review of 100 studies on SCM effectiveness at the watershed scale, Jefferson et al. (2017)
concluded that water quality effectiveness coincided with SCMs that created the largest runoff
reductions.  That is, volume-based SCMs not only have the greatest potential to restore a more natural
�ow and disturbance regime, but also show the most promise for improving water quality due (Jefferson
et al. 2017).

Finally, hydrologic-based restoration has the potential to extend bene�ts to greater portions of the stream
network and potentially greater numbers of stakeholders than can typically be achieved with
conventional in-stream habitat restoration (Hawley 2018).  Lammers et al. (2019) showed that
stormwater mitigation approaches tend to have a greater potential to improve water quality than
conventional stream restoration approaches, but even larger reductions in sediment and nutrient loads
can be achieved through projects that couple both �ow and in-stream restoration.  And, just as
inadequately managed stormwater runoff creates visually discernible changes in base�ows (Bhaskar et
al. 2016) and responses to rain events (Figure 6), �ow restoration has the potential to positively impact
both downstream stakeholders and aquatic communities in very tangible ways such as reduced
�ashiness, restored base�ows, and improved channel stability.  

Restoring a more natural �ow and disturbance regime is therefore one of the most pressing needs to
meeting the goals of the Clean Water Act (Booth 2005; Harman et al. 2012).  Beyond inadequate
stakeholder engagement (e.g. Herrington and Horndeski In prep; Horndeski and Herrington In prep; Bixler
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et al. In prep, Kaushal et al. In prep this issue), one of the biggest barriers to watershed-scale �ow
restoration is cost.   For example, a King County (2013) study that proposed distributed green
infrastructure to restore a more natural �ow regime was estimated to cost over $7M per km2 of controlled
drainage area.  Even lower cost alternatives such as retro�ts of existing detention basins are estimated at
more than $100k per km2 of controlled drainage area (Hawley et al. 2017).

Compensatory stream mitigation programs in the US, such as those administered by the Army Corps of
Engineers (USACE) under the authority of the Clean Water Act, aim to restore comparable levels of
aquatic habitat that were impacted by practices such as �lling or culverting to accommodate other
societal needs such as urban expansion, road/utility development, and reservoirs.  ‘Credits’ associated
with stream mitigation (and corresponding fees associated with impacts) typically have values on the
order of several hundred US dollars (e.g. ~$400 in Kentucky https://fw.ky.gov/Fish/Pages/Stream-Team-
Program.aspx).  Although crediting protocols can vary by USACE District and ecoregion, stream
mitigation activities can typically generate ~0.05 to 3 credits per foot of stream (e.g. ~$65 to $4,000 per
meter in Kentucky) depending on habitat quality, �ow class and mitigation treatment.

Stream mitigation programs have predominately focused on the physical restoration of aquatic habitat,
but crediting protocols are increasingly considering watershed-scale hydrologic factors and other
components of stream integrity (TDEC 2018; Harman et al. 2012).  This case study documents how
stormwater interventions that restore a more natural �ow and disturbance regime can produce stream
restoration outcomes that align with programmatic mitigation goals.  Such hydrologic restoration
projects could not only generate credits with protocols that explicitly account for hydrologic factors (e.g.
TDEC 2018) but also with conventional USACE protocols that only incorporate habitat quality and �ow
class.   By providing a better understanding of stream mitigation credit values for watershed-scale
stormwater interventions using conventional habitat/�ow class protocols, this case study could be a step
toward expanded economic and regulatory incentives (and/or reduced barriers) for more holistic stream
mitigation programs that restore urban streams and meet other societal objectives such as delivering
services to historically underrepresented communities (Smith et al. 2016).  

Stream Mitigation Crediting in Kentucky

Stream crediting protocols exist because not all streams provide comparable levels of habitat quality or
ecosystem functions.  For example, a high quality perennial stream can typically support �sh
communities with its permanently wet pools, whereas streams with only seasonal �ow permanence
might be more important for amphibian reproduction (Meyer et al. 2007).  USACE (2009) stream
mitigation credits in much of Kentucky are based on the Central Kentucky Assessment Protocol
(https://fw.ky.gov/Fish/Pages/Stream-Team-Program.aspx).  Adjusted Mitigation Units (AMUs) are based
on a combination of �ow type (i.e. ephemeral, intermittent, or perennial) and habitat quality (i.e. Rapid
Bioassessment Protocol (RBP) classes of poor, average, or excellent, (KDOW 2011) Table 1).  RBP habitat
quality has long been used as a surrogate for biological community integrity (Plafkin et al. 1989; Barbour
et al. 1999), and individual components of RBP such as low amounts of �ne sediment, low
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embeddedness, and coarse/stable substrate continue to be highly correlated to the abundance and
density of sensitive taxa such as Ephemeroptera, Plecoptera, and Trichoptera compared to purely
geometric indices such as stream slope and the width to depth ratio (e.g. Kowalski and Richer 2020).

The AMU value for an existing stream can be calculated by determining the Initial Quality value for a
representative reach (Table 1) and multiplying it by its respective length in US customary units of feet
(Equation 1).   For example, 1,000 feet (305 m) of a poor-quality perennial stream would correspond to a
Quality value of 1.5 and be worth a total of 1,500 AMUs (1,000 ft x 1.5)[1]. AMU credits for Mitigation
Treatments typically use both the Initial and Final Quality values (Table 1), scaled by the Mitigation Ratio
(Table 2) according to Equation 2.  For example, enhancement (Mitigation Ratio of 0.5) of 1,000 feet (305
m) of a poor-quality perennial stream (Initial Quality of 1.5) that is restored to an excellent-quality
perennial stream (Final Quality of 3.0) would correspond to a net increase of 750 AMUs or “Mitigation
Credits” (1,000 ft x 0.5 x (3.0 – 1.5)).  

Table 1 – Kentucky’s AMU quality values(a) are based on a combination of flow class and
habitat (RBP) quality

Flow Type Ephemeral Intermittent Perennial
Poor

0.5 1.0 1.5
 

Average
0.75 1.5 2.25

 

Excellent
1.0 2.0 3.0

 

(a) If completely vegetated channel bottom, enter 0.

Table 2 – Mitigation ratios(b) are based on restoration treatment.

 
  
Mitigation Type

Mitigation Ratio(b)

Re-establishment 1.0
Rehabilitation 1.0
Enhancement 0.5
Preservation 0.1
No Action 0.0

(b) Mitigation Ratio may decrease without the full buffer width (50 ft, 15 m) and may increase with a wider buffer. 

Equation 1 – AMU Value for an Existing Stream, including the Debit Value for a Re-establishment Reach 

                                Where:                 AMU = Adjusted Mitigation Units

                                                                Length = stream length in feet
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                                                                Initial Quality = Initial Quality value based on �ow and habitat (Table
1)

Equation 2 – AMU Credits for Mitigation Treatments 

Where:                 AMU = Adjusted Mitigation Units

                                                                Length = stream length in feet

                                                                Mitigation Ratio = Mitigation Ratio for Restoration Treatment (Table
2)

                                                                Final Quality = Final Quality value based on �ow and habitat (Table
1)

                                                                Initial Quality[1] = Initial Quality value based on �ow and habitat
(Table 1)

It is important to note that Mitigation Credits for preservation reaches are not deducted for their Initial
Quality because it is typically the same as the Final Quality.  As such, the Initial Quality is effectively
dropped from Equation 2 for preservation reaches (i.e. Preservation AMUs = Length x 0.1 x Quality).  

Another special case involves channel re-establishment, where a stream is re-meandered into a more
geomorphically appropriate alignment.   Channel re-establishment often coincides with �lling the former
channel, and the AMU value of the �lled channel is calculated via Equation 1 so that it can be “debited”
against the mitigation credits of the restored stream (Equation 2) where the “Initial Quality” is valued as 0.
The so-called “debit/credit” approach is necessary to account for potential differences in stream length
between the pre-project and restored reaches.

How Could Hydrologic Restoration Improve Stream Credit Values?

The existing USACE (2009) stream mitigation crediting protocol for central Kentucky could be used to
facilitate mitigation credits for hydrologic restoration activities along two primary pathways: by directly
improving the �ow type and/or indirectly improving the habitat quality (RBP).  For example, hydrologic
restoration could potentially change a stream from ephemeral to intermittent, from intermittent to
perennial, or even from ephemeral to perennial.  In the EPA/ORD pilot study mentioned above, Hawley et
al. (2017) showed how a simple restriction of a conventional detention basin outlet at a Toyota parts
facility (i.e. the “Toyota” project) reduced �ow �ashiness (Figure 7), restored a more natural disturbance
regime, and prolonged base�ows.  By extending ponding durations (Figure 8) and inducing more topsoil
saturation within the detention basin, gage data showed that the passive retro�t device, co-patented
between US EPA and Sustainable Streams (Hawley, Goodrich, and MacMannis 2019), converted an
intermittent stream with pools that used to go dry ~10% of the time to a stream with several pools that
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are nearly permanently wet (Hawley et al. 2017) where �sh have been observed during seasonal low-�ow
visits on September 16, 2016 and July 8, 2019.

Categorical Lifts in Habitat Quality

An indirect, but potentially just as effective, avenue to create stream restoration credits via hydrologic
restoration is by facilitating a recovery in stream habitat.  Regardless of whether the EPA/ORD pilot
project created a change in �ow class, the less erosive �ow regime has resulted in discernable
improvements in habitat quality.  Moreover, by addressing the dominant driver of channel instability in the
suburban stream network, the process-based approach has promoted a shift from a degradational
trajectory toward a gradual return of geomorphic equilibrium (CEM Stage 5, Figure 3) via bench
development, bank re-stabilization, and increased wood retention, among other geomorphic processes.  

To track the hydrologic, geomorphic, and habitat responses of the detention basin retro�t project, Hawley
et al. (2017) established three monitoring sites in the receiving stream network (see Supplemental
Material for location maps).  The “Spur” is the ~800-ft (~245-m) reach that is the direct tributary of the
retro�t detention basin.  The drainage area to the Spur is 0.17 km2 with 45% TIA according to 2016 NLCD
data.   The upstream monitoring site (“US site”) is a control site that receives no drainage from the
detention basin.   Its drainage area is 1.10 km2 with 7.8% TIA.  The downstream monitoring site (“DS
site”) is on the second-order stream that is downstream of the con�uence of the Spur and US site
reaches.  The drainage area to the DS site is 1.31 km2 with 12.4% TIA.  Nearly half (47%) of the TIA that
drains to the DS site comes from the Spur site (e.g. the Toyota parts facility that is managed by the
retro�t detention basin) even though the Spur only contributes ~13% of the total drainage area to the DS
site.   

Since the detention retro�t installation on December 21, 2013, geomorphic data compiled by Hawley et al.
(2020) documented a shift in the streambed material at the Spur site from a degradational (CEM Stage 3)
to an aggregational/recovery trajectory (CEM Stages 4/5, Figure 3).  The shift is also apparent in the
photos from pre-retro�t and post-retro�t installation (Figure 9), which show bench development at the
toes of formerly unstable banks.  Combined with greater �ow permanence and much higher wood
retention throughout the reach, this has not only improved bank and bed stability but increased habitat
complexity as the channel has begun to re-establish a meandering low-�ow channel.   The RBP score has
improved from 113 in 2013 to 143 in 2019 (see Supplemental Material), corresponding to a shift from
poor to average habitat quality (KDOW 2011). As an intermittent stream with a length of ~800 feet (~245
m), this would generate 200 AMUs if credited as enhancement (800 ft x 0.5 x (1.5 – 1.0)) and 400 AMUs
if credited as rehabilitation (800 ft x 1.0 x (1.5 – 1.0)).

By contrast, the US control site that had no stormwater interventions experienced a degradational
trajectory over the same time period.  Vegetated benches were scoured away and bank stability
decreased (Figure 10).  Fine sediment from bank erosion contributed to increased embeddedness and
habitat became more homogeneous as the channel trends toward an over-widened, plane bed channel.
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 The corresponding RBP changed from 151 in 2013 to 137 in 2019 (Appendix B), falling from average to
poor habitat quality.  The time series degradation captured at this site is consistent with other regional
streams draining watersheds with more than ~5% TIA that tend to systematically undergo streambed
instability, headcutting, bank erosion, and channel enlargement (Hawley, MacMannis, and Wooten 2013;
Hawley et al. 2020).  

Finally, the DS site, which drains both the Spur and the US sites, also experienced measurable
improvements in bank stability and habitat quality.   Cross section surveys between 2014 and 2017
documented substantial bench building at the toe of the right bank (Hawley et al. 2020), which is visually
apparent in photos (Figure 11).  Similar to the Spur site, the RBP score at the DS site increased from 109
in 2013 to 146 in 2019 (Appendix B), coinciding with a habitat quality improvement from poor to average.
 As a perennial stream with a length of ~1,200 feet (~365 m), this would generate 450 AMUs if credited
as enhancement (1,200 ft x 0.5 x (2.25 – 1.5)) and 900 AMUs if credited as rehabilitation (1,200 ft x 1.0 x
(2.25 – 1.5)).

As described in greater detail by Hawley et al. (2017), the weight of this evidence suggests that the
geomorphic recovery captured at the Spur and DS sites is attributable to the hydrologic restoration
induced by the basin retro�t.   Potentially competing hypotheses such as milder weather (which was not
the case—see Hawley et al. (2017)) would not explain the inconsistency in the US control site where
habitat became worse, relative to the experimental sites (Spur and DS) where habitat demonstrably
improved.  

By reducing the frequency, magnitude, and durations of discharges that exceed Qcritical, such tailored
stormwater interventions can mitigate excess streambed erosion thereby creating a shift from channel
degradation and enlargement (CEM Stage 3, Figure 3) to aggradation (CEM Stage 4) and the ultimate
return of a meandering low-�ow channel with vegetated benches and stable banks (CEM Stage 5).  These
habitat responses captured by the EPA/ORD pilot project are summarized more generally in Table 3.   

Furthermore, the ecological gains of the hydrologic-based approach could be supplemented by in-stream
mitigation efforts to create even greater lifts in aquatic habitat.  For example, even “low-tech” restoration
approaches that rely on hand work, as opposed to heavy equipment and grading operations, (e.g.
Wheaton et al. 2019; Hawley 2018) can facilitate restoration of geomorphic processes and rehabilitation.
  For example, on one recent Kentucky mitigation project (USACE ID: LRL-2014-500-pgj), abundant
installations of hand-placed log steps, toe wood, and ramped logs were used to restore habitat quality
from poor to excellent (Figure 12) on four reaches.  The approach substantially  improves habitat
complexity, expands stable benthic habitat, and enhances bank strength while preserving existing riparian
trees and the associated canopy shade, leaf litter inputs, groundwater chemistry, and root steps (Hawley
and MacMannis 2019).  The in-stream wood can also provide a carbon source for nutrient cycling and
other water quality bene�ts (Lazar et al. 2014), whereas stable, ramped wood can play an important role
in emergence of sensitive benthic macroinvertebrate taxa such as plecoptera and trichoptera (Cheney et
al. 2019).  
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Table 3 – Potential habitat benefits(a) of hydrologic restoration (with and without
complementary hand-placed log structures and live stakes) by RBP category

High Gradient
Stream RBP
Category

Potential Habitat Benefits that could Coincide with Flow
Restoration

Approximate Ranges
(+/-) of Potential RBP

Improvements
Flow

Restoration
Coupled
with Log

Structures
& Live
Stakes

 

1. Epifaunal
Substrate/
Available
Cover

Expanded availability of stable benthic substrate.  For example,
the Toyota retrofit changed the d50 from being mobilized every
~3 months to every ~2 years (Hawley et al., 2017) and
increased wood retention.

~5-15
points

~5-15
additional

points

 

2.
Embeddedness

Reduction of Qc events, downcutting, and bank erosion and a
more stable (less flashy) flow regime results in the gradual
reduction of fine sediment available to embed gravels/cobbles.  
  

~2-10
points

~5-15
additional

points

 

3.
Velocity/Depth
Regime

Improvements could occur due to a gradual shift from CEM
Stages 3/4 (over-widened, shallow) to CEM Stage 5 (narrower
with a more complex cross section, increased stability and
greater chance to create more velocity/depth variability).(b)

~0-5 points ~0-15
additional

points

 

4. Sediment
Deposition

More time between Qc events increases chances for pre-project
deposition (e.g. unstable bars) to be colonized by vegetation and
become stable benches (e.g. see Toyota DS monitoring site,
Figure 11).

~2-10
points

~5-15
additional

points

 

5. Channel
Flow Status

More prolonged baseflows and a shift from CEM Stages 3/4 to
CEM Stage 5 results in a greater portion of the active channel
being submerged. 

~2-10
points

~0-10
additional

points

 

6. Channel
Alteration

Improvements could occur due to a gradual shift from CEM
Stages 3/4 to Stage 5 and the development of a meandering low-
flow channel (e.g. see Toyota Spur Site, Figure 9).(b)

~0-5 points ~0-5
additional

points

 

7. Frequency
of Riffles (or
Bends)

Same as above. ~0-5 points ~0-15
additional

points

 

8. Bank
Stability
(LB/RB)

Deposition at toe of bank can be colonized by vegetation (e.g.
see Toyota D/S, Figure 11).  Bank stability could especially
improve with supplemental habitat enhancement (i.e. log
structures). 

~1-7 points
for each

bank

~1-7
additional
points for
each bank

 

9. Vegetative
Protection
(LB/RB)

Same as above. ~1-7 points
for each

bank

~1-7
additional
points for
each bank

 

10. Riparian
Vegetative
Zone Width
(LB/RB)

Could improve due to the nature of mitigation projects
(conservation easements, reforestation), but not directly a
function of flow restoration. 

0(c) points 0-10(c)

additional
points

 

(a)Recall that stream mitigation credits in the conventional USACE crediting protocol used in this study are directly
tied to habitat quality, such that an increase in habitat quality (Table 1) results in an increase in stream credits via
Equation 2.
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(b)Quantitative changes in RBP may be less likely to improve than other RBP categories over typical monitoring time
scales of mitigation projects.
(c)Could potentially improve via conservation easements, reforestation and other inherent components of mitigation
projects.  Flow regime and water table shifts could also induce changes to the riparian plant community.   

In some reaches, low-tech approaches such as hand-placed logs and live stakes (Figure 12) could
potentially provide enough supplemental improvements to habitat quality to attain an even higher quality
class than could be achieved through �ow restoration alone.  Whereas the EPA/ORD case study above
increased habitat quality from poor to average, complementary log structures could conceivably improve
the habitat quality to excellent similar to the Kentucky mitigation example in Figure 12.  General ranges of
potential RBP improvements associated with log structures and live stakes, in addition to �ow restoration
RBP improvements, have been added to Table 3.

Categorical Lifts in Flow Class

The most direct way to create stream restoration credits via hydrologic restoration is by facilitating
improvements in �ow class. The EPA/ORD pilot study mentioned above documented extended base�ows
(Hawley et al. 2017) and the subsequent establishment of �sh in several summer pools (Hawley 2018).
 Despite such tangible improvements, the pilot project may not have been su�cient to completely shift
the jurisdictional �ow class from intermittent to perennial (i.e. it may have shifted the stream from a “low”
intermittent to a “high” intermittent, which would not correspond to higher �ow class credits).  However,
two additional �ow restoration projects from the region have been associated with changes in �ow class.
 

The �rst example is at the Single Point Urban Interchange (SPUI) at North Bend Road and Burlington Pike
in Boone County, Kentucky, where an ephemeral roadway ditch was converted into an intermittent stream-
wetland complex (Figure 13, see Appendix A for locations maps).  The highly impervious drainage area
(~32% TIA) contains approximately 1.2 hectares of roadway and associated right-of-way.  In
approximately a dozen site visits since construction, the stream-wetland complex has had �ow
discharging to the downstream ditch on all but one occasion. Additionally, the channel and surrounding
area now support wetland vegetation indicative of wetland hydrology.

Unfortunately, the mowed ditch downstream of the project is not a jurisdictional stream, and as such, no
credits would be generated from this project (despite the clear improvement in �ow class). However, the
example shows how more sustainable management of stormwater �ows could improve the �ow class in
jurisdictional channels. For example, if the ~450-ft (~135 m) receiving channel was jurisdictional, a �ow
class change from ephemeral to intermittent would be associated with a range of additional credits
depending on the Initial Quality and Mitigation Ratio.  

On the low end, converting a poor-quality ephemeral stream (Quality value of 0.5) to a poor-quality
intermittent stream (Quality value of 1.0) would generate 112.5 AMUs if credited as enhancement (450 ft
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x 0.5 x (1.0 – 0.5)) and 225 AMUs if credited as rehabilitation (450 ft x 1.0 x (1.0 – 0.5)).   An average-
quality ephemeral stream (Quality value of 0.75) that was transformed into an average-quality
intermittent stream (Quality value of 1.5) would create 168.75 AMUs if credited as enhancement (450 ft x
0.5 x (1.5 – 0.75)) and 337.5 AMUs if credited as rehabilitation (450 ft x 1.0 x (1.5 – 0.75)).  On the high
end, an excellent-quality ephemeral stream (Quality value of 1.0) that transitioned to an excellent-quality
intermittent stream (Quality value of 2.0) would produce 225 AMUs if credited as enhancement (450 ft x
0.5 x (2.0 – 1.0)) and 450 AMUs if credited as rehabilitation (450 ft x 1.0 x (2.0 – 1.0)).  

These hypothetical stream mitigation credits would increase even further if the non-jurisdictional
receiving ditch could have been re-established as a jurisdictional stream via complementary habitat
restoration, which would have coincided with improvements to habitat quality in addition to �ow class
(see next section).  In the case of the SPUI project, if the ~450 feet (~135 m) of poor-quality ephemeral
roadside ditch could have been re-established as an excellent-quality intermittent stream the project
would have generated 900 AMUs if credited as re-establishment (450 ft x 1.0 x (2.0 – 0.0)). The reach
would have had no associated debits due to the fact that the former ditch was not jurisdictional.
 Furthermore, by creating a jurisdictional connection to the stream/wetland complex, the ~200-ft long
intermittent stream with excellent habitat that was re-established within the wetland could have
generated an additional 400 AMUs (200 ft x 1.0 x (2.0 – 0.0)) and had no debits due to the non-
jurisdictional ditch that it replaced.  

Categorical Lifts in Flow Class and Habitat Quality

A �nal example involves improvements in both �ow class and habitat quality.  It was facilitated by
construction of a two-cell stormwater wetland as a part of a stream mitigation project in Boone County,
Kentucky (USACE ID: LRL-2009-329-pgj, see Supplemental Material for location maps). The stormwater
wetland intercepts formerly undetained impervious surfaces that drain to the Boone Woods mitigation
project.  The two cells are connected via pipe, which allows the upper wetland to slowly release �ows to
the lower wetland over a 48-hour period, which in turn gradually discharges to the receiving stream
network.  Onsite monitoring in 2014 revealed signi�cant reductions in peak discharges, reducing one rain
event (91 mm over 24 hours) from a peak in�ow of 1.57 m3/s to a peak out�ow of only 0.01 m3/s (Brown
and Hopfensperger 2014).  In addition to mitigating erosive �ows, the stormwater wetland discharges
perennial base�ow to the stream network.  

The substantial improvements to the �ow regime coincided with re-establishment of a jurisdictional
stream in place of a non-jurisdictional ephemeral swale.   According to the project’s Year 5 Monitoring
Report (2016), the re-established 144 ft (44 m) of average-quality perennial stream was associated with
324 AMUs (144 ft x 1.0 x (2.25 – 0.0)) and no debits because the pre-project swale was not jurisdictional.
  Furthermore, the �ow class bene�ts of the stormwater wetland have persisted since the completion of
the Mitigation Project’s monitoring—the basin outfall was independently observed with trickle �ow during
summer low-�ow periods on 7/8/19.
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In summary, the three examples of potential �ow class improvement showcased herein document a
range of potential mitigation credits (Table 4).  In cases where the receiving channel was not
jurisdictional, or the �ow improved but did not switch �ow classes, no restoration credits would be directly
attributable to �ow restoration.  However, in all cases, the potential stream credits substantially expand
when considering the additional AMUs associated with both indirect and direct habitat improvements.

Table 4 – Summary of flow class improvement examples and associated mitigation credits (with
and without supplemental improvements in habitat quality)

Project Project Observations related to Flow
Class

Potential Credits Generated
Exclusively by Flow Class

Improvement (excluding any
credits from habitat

improvement)

Potential Credits
Generated with

Observed/Potential
Habitat

improvements
EPA/ORD Pilot
(i.e. Toyota)

Changed immediate receiving stream
reach (“Spur”, 800 ft, 244 m) from low
intermittent to high intermittent.     DS
reach (1,200 ft, 366 m) remained
perennial.  

0 AMUs
(No change in flow class)

650 AMUs(a)

 

SPUI
Stream/wetland
Complex

Changed both the on-site ditch (200 ft,
61 m) and the downstream ditch (450
ft, 137 m) from ephemeral to
intermittent flow class.

162.5 AMUs(b)

(If the ditches would have
been jurisdictional streams)

1,300 AMUs(c)

(If the ditches were
re-established as

jurisdictional
streams)

Boone Woods Changed reach (144 ft, 44 m) from
ephemeral to perennial flow class.

72 AMUs(d)

(if channels were
jurisdictional without the
concurrent habitat work)

324 AMUs(e)

(actual mitigation
project credits)

(a) Credits associated with improving both the Spur and the DS reaches from poor quality to average quality using an
“Enhancement” Mitigation Ratio of 0.5, i.e. (800 ft x 0.5 x (1.5 – 1.0)) + (1,200 ft x 0.5 x (2.25 – 1.5)).  Credits could
increase to 1,300 AMUs if credited as “Rehabilitation” and up to 2,600 AMUs if rehabilitated with complementary log
structures and live stakes (i.e. an associated improvement from poor quality to excellent quality). 
(b) Hypothetical credits if the pre-project and post-project ditches were jurisdictional streams.  Credits assume a pre-
project and post-project habitat quality of poor, a change in flow class from ephemeral to intermittent, and an
“Enhancement” Mitigation Ratio of 0.5.    Credits include both the receiving ditch (450 ft) and the ditch within the
SPUI wetland (200 ft), i.e. (450 ft x 0.5 x (1.0 – 0.5)) + (200 ft x 0.5 x (1.0 – 0.5)).
(c) Potential credits with the SPUI project if the non-jurisdictional ditches could have been re-established as excellent-
quality intermittent streams.   This would require complementary log structures, live stakes, and/or re-meandering of
the downstream reach. This calculation uses a “Re-establishment” Mitigation Ratio of 1.0 with no associated debits
(pre-project ditches were non-jurisdictional), i.e. (450 ft x 1.0 x (2.0 – 0.0) + (200 ft x 1.0 x (2.0 – 0.0)).  
(d)  Assumes that the pre-project swale and post-project swale without any concurrent re-establishment work would
have been jurisdictional.  Hypothetical credits are based on the difference between poor perennial (Quality Value of
1.5) and poor ephemeral (Quality Value of 0.5) and an “Enhancement” Mitigation Ratio of 0.5, i.e. (144 ft x 0.5 x (1.5 –
0.5)).  
(e) Credits that were actually associated with the mitigation project, which combined a flow class lift (ephemeral to
perennial) and a habitat lift from non-jurisdictional to average using a “Re-establishment” Mitigation Ratio of 1.0 with
no associated debits (pre-project swale was non-jurisdictional), i.e. (144 ft x 1.0 x (2.25 – 0.0). 
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[1] All credit calculation examples included herein assume the associated stream length is protected by a
conservation easement (or equivalent) that includes the conventional buffer width (50 ft, 15 m) on both
sides of the stream (Table 2).
[2] For re-establishment reaches where AMUs are both “credited” (Equation 2) and “debited” (Equation 1),
the Initial Quality in Equation 2 is valued as 0. “Debits” and “Credits” are used to account for potential
differences in stream length between post-project (e.g. re-meandered) and pre-project (e.g. channelized)
conditions. For preservation reaches, there is no deduction for the Initial Quality (i.e. Preservation AMUs =
Length x 0.1 x Quality).

Conclusions
Stream mitigation crediting protocols in the US are a legal mechanism to compensate USACE-approved
mitigation projects for stream restoration interventions using fees generated by stream impacts.
 Crediting protocols have traditionally been applied to conventional stream restoration projects that
physically restore habitat via in-stream construction.  However, USACE stream mitigation protocols could
also be applied to hydrologic-based mitigation activities that create demonstrable improvements in
stream integrity.  For example, �ow restoration can generate stream mitigation credits via the Central
Kentucky Assessment Protocol by:

1. lifting the �ow class of a restoration reach(es), e.g. from ephemeral to intermittent,

2. restoring process-based habitat recovery, e.g. bench development, bank re-stabilization, and an
overall shift from channel degradation (CEM Stage 3) to geomorphic equilibrium (CEM Stage 5,
Figure 3), and/or

3. supplemental in-stream habitat restoration efforts such as channel re-establishment, installation of
hand-placed wood structures, etc.

Similar to conventional habitat mitigation projects, judgment is required to determine a mitigation ratio
that is commensurate with the level of intervention.   For example, in the case of a simple retro�t to a
single existing stormwater detention basin, enhancement (Mitigation Ratio of 0.5) may be most
appropriate.  In cases where existing stormwater facilities are retro�t more substantially (e.g. expanded
storage through grading, conversion to a wetland or �ltration basin, etc.), new stormwater controls are
installed (e.g. construction of new stream-wetland complexes), and/or stormwater interventions are
supplemented by in-stream habitat restoration (e.g. hand-placed log structures and live stakes),
rehabilitation (Mitigation Ratio of 1.0) may be more appropriate.  Finally, projects that re-establish a
jurisdictional stream in place of a non-jurisdictional swale should likely be credited as re-establishment
(Mitigation Ratio of 1.0) and would not be associated with any debits due to the lack of a jurisdictional
channel prior to mitigation.
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Any credited stream lengths would inherently require conventional protection instruments (e.g.
conservation easements or equivalent), and reaches with limited buffers would coincide with reduced
mitigation ratios (Table 2).  Site protections and/or maintenance agreements would also need to be
tailored to the associated stormwater interventions to ensure that the hydrologic bene�ts persist beyond
the monitoring period of the project.   

Monitoring plans will need to be designed to capture the �ow class changes and/or habitat
improvements of representative project reaches and how far downstream they persist.  Although there is
unlikely to be a clear threshold, it is reasonable to assume that hydrologic interventions need to intercept
a meaningful portion of a watershed’s impervious area and/or drainage area to be likely to show
measurable improvements in receiving stream habitat and/or �ow class (i.e. recall that the Toyota retro�t
only controlled ~13% of the drainage area to the “DS site” but intercepted ~47% of its impervious area).
 The scale of stormwater intervention, complementary in-stream habitat mitigation, the hydroclimatic
setting, and weather during the monitoring period, among other factors, could all affect the rate of
measurable geomorphic recovery in the receiving streams (i.e. recall that the Toyota project documented
quanti�able habitat improvements over a �ve-year recovery period following the stormwater retro�t).  

Similar to conventional in-stream habitat mitigation projects, hydrologic-based stream mitigation will
likely require customized Mitigation Plans tailored to the ecological potential of the urban setting (e.g.
Paul et al. 2009).  Although each project will be unique (e.g. how to proportion credits in the case of
multiple project stakeholders?), the examples herein suggest that stormwater mitigation projects could
use mitigation protocols, success metrics, and monitoring timeframes that are comparable to
conventional mitigation projects.  Like any new approach, adaptive management (i.e. corrective actions
to address mitigation de�ciencies identi�ed during monitoring) could be used to accommodate particular
needs of stormwater mitigation strategies.  Furthermore, project partners could be encouraged to
participate in conventional knowledge transfer venues to help share lessons learned and continue to
advance the state of the industry toward more sustainable stream restoration outcomes.
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Figure 1

Channel degradation in S. CA coinciding with a shift from ~2 to 10% watershed imperviousness--see
Hawley and Bledsoe (2013).

Figure 2

Conventional “peak matching” detention can prolong durations that exceed Qcritical and mobilize
streambed particles (2-yr, 2-hr event for Ft. Collins, CO, adapted from Bledsoe (2002)).

Figure 3

Channel Evolution Sequence in response to increased �ows from urbanization (adapted from Schumm et
al. (1984) and Hawley et al. (2012)).
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Figure 4

Kentucky’s Macroinvertebrate Index for Biotic Integrity (MBI) at a Northern Kentucky reference site is
signi�cantly correlated to the number of days since a bed-mobilizing event (adapted from Hawley et al.,
2016).

Figure 5
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MBI in northern Kentucky streams signi�cantly decreases with watershed imperviousness, particularly
when segregated by sample year, underscoring the role of exceptionally frequent benthic disturbance in
wet years such as 2011 as compared to years with less frequent Qcritical exceedance such as 2009
(adapted from Hawley et al., 2016).

Figure 6

~7.5mm of rain in ~1 hour creates visually apparent differences in the hydrologic and hydraulic
responses of two Northern Kentucky streams: a 5.7 km2 watershed with 29% TIA (A) and an undeveloped
4.7 km2 watershed with 3% TIA (B).

Figure 7

Precipitation and discharge hydrographs for pre-retro�t (A) and post-retro�t (B) events of a conventional
detention basin piloted by EPA/ORD and collaborators document the reduced �ashiness and restricted
discharges with the SCM retro�t (adapted from Hawley et al., 2017).
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Figure 8

Detention basin retro�t devices such as the Detain H2O (co-patented between US EPA and Sustainable
Streams, Hawley et al., 2019) can be optimized to restrict most events to discharges that no longer cause
downstream erosion via a restricted primary outlet (A). Additional photos document the device in advance
of (B) and during (C) the 6/4/14 event from Figure 7, underscoring the attenuated discharges and
prolonged ponding induced by the restricted outlet (adapted from Hawley et al., 2017).

Figure 9

The immediate receiving stream downstream of the Toyota detention basin (“Spur”) was on a
degradational trajectory prior to the stormwater retro�t installation, with bank erosion, channel widening,
limited habitat complexity, little wood, and nominal benches evident in the 8/26/13 photo (A). Following
the SCM retro�t on 12/21/13, monitoring has documented a recovery trajectory with the development of
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vegetated benches, increased wood retention, and the beginnings of a meandering low-�ow channel
evident in the 7/8/19 photo (B). Both photos are looking upstream.

Figure 10

The upstream control stream (“US site”), upstream of the con�uence draining the retro�t detention basin,
experienced a degradational trajectory in the period following the retro�t installation. Vegetated benches
that were evident in the 8/26/13 photo (A) have since been scoured away, with bank erosion and channel
widening evident in the 7/8/19 photo (B). Both photos are looking downstream.

Figure 11

The reach downstream (“DS site”) of the con�uence with the Spur and US control site also experienced a
recovery trajectory that followed the installation of the detention basin retro�t. The photo on 4/29/13 (A)
documents bank erosion, channel widening and habitat homogenization; however, the photo on 7/8/19
(B) documents bench development at the toe of a formerly eroding bank. Both photos are looking
downstream (photo (B) adapted from Hawley et al. (2020)).
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Figure 12

Pre-restoration (A), log installation (B), and post-restoration after one growing season (C) photos from a
recently completed mitigation project in KY (USACE ID: LRL-2014-500-pgj) where abundant hand-placed
logs and live stakes were used on four project reaches to improve habitat quality from poor to excellent.
All photos are looking upstream on project reach C16b.

Figure 13

(A) Looking downstream at the SPUI project site prior to restoration documenting a mostly dry, grassed
swale on a winter day (2/23/17). (B) Looking downstream at the restored stream-wetland complex on an
autumn day (11/3/17) with wet pools and ri�es. (C) Looking downstream at the restored stream-wetland
complex with ponding and wetland vegetation on a summer day (7/27/18). (D) Looking upstream at the
receiving ditch with wetland vegetation that is too wet to mow despite summer conditions (7/8/19).
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