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1. Introduction

Hydromodification has been defined in a varietyvalys. For example, Webster’s on-line dictionary
(www.websters-dictionary-online.orgffers the following definition of hydromodificain: “Alteration of the
hydrologic characteristics of coastal and noncoasiters, which in turn could cause degradatiowater
resources. In the case of a stream channel ttig igrocess whereby a stream bank is eroded Wnfiowater.
This typically results in the suspension of seditaémthe water course.” This definition has atg@rsonality:
It starts with the general topic of alteration gtllplogic characteristics but quickly focuses aeatn channel
erosion.

The two parts of this definition indeed represeawild and narrow perspectives on hydromodificatibhe first
two sentences, representing the broader definiiome directly from USEPA’s Office of Water (USEP¥993),
which defines hydromodification as the “alteratmfrthe hydrologic characteristics of coastal and-noastal
waters, which in turn could cause degradation démaesources.” The second two sentences refleatraw
perspective, focusing on whether “a stream bamkaded by flowing water” and thus on the influen€ehanges
in the hydrograph on channel form and sedimensgpart. This narrower approach has been takenvayiety of
regulatory agencies in California and elsewhereszthe nation, reflecting the dominant focus @rddic
research and engineering practices over the pasiéwades. The distinction between the narronwbaoad
perspectives is significant, as it determines ype bf hydromodification management plan that wliimately
result: a narrow perspective results in a focusaitching the pre-development hydrograph, whilecadr
perspective can lead to holistic management teepresvaterbody functions.

USEPA (2007) further refined their definition ofdrgmodification to include a variety of specifidiaties and
processes that may impact the health of strearheselwere grouped into three categories:

1. Channélization and channel modification, which “include activities such as straighteninigening,
deepening, and clearing channels of debris andnsedi” This can include activities in streams trat
being done to maintain the stream’s conveyancectgpauch as removal of snags.

2. Dams, defined as artificial barriers on waterbodieg thgpound or divert water for whatever purpose.
This includes both larger regulatory dams, as éeffin Title 33 of the Code of Federal Regulati@ms]
smaller dams, such as those used to create fards @od authorized under the NRCS program.

3. Streambank and shoreline erosion, the former of which “occurs when the force ofilng water in a
river or stream exceeds the ability of soil andetatjon to hold the banks in place”, and the latter
occurring in open waterbodies due to the impaetaifes.

Note that the narrow definition of hydromodificati¢.e., changes in the hydrograph that affect nbbn
geomorphology and sediment transport) falls entivelder item 3 in USEPA’s (2007) list. None ofdbdéhree
categories, however, embraced the full range ofdmuactivities that can result in the “degradatibwater
resources” broadly defined in the earlier documéittus, USEPA’s Office of Research and Development
(Mohamoudet al, 2009) subsequently has proposed a yet broadeititef of hydromaodification that explicitly
includes urbanization, climate change, water wiladis, and inter-basin transfers. The stated tiotetis to use
the term for a wide range of anthropogenic watetshisturbances that alter natural flow regimes degrade
water quality,” providing a basis for integratedmagement of multiple stressors. Under this definjtwater-
guality impairment caused by hydromodification imdgs increased sedimentation, higher water temperat
lower dissolved oxygen, degradation of aquatictiaaband loss of fish and other aquatic populations
Hydromodification (as broadly defined by USEPA) nadso include decreased water quality due to isaea
levels of nutrients, metals, hydrocarbons, bactaria other constituents.

The Central Coast Water Board has taken a broagp@etive on hydromodification, with the overarchgtgategy
of the hydromodification management approach toifitazn and restore key watershed processes” to bwebt
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resource protection goals and regulatory requirésnenhis can only be accomplished by addressiagdhiety
of changes in watershed functions and processgsi@alh, chemical, and biological) that result franban
development. In this way, hydromodification mamagat becomes a key component in protecting andriegt
watershed functions and maintaining appropriateefieial uses—and not just a tool to address strebhamnel
stability.

The remainder of this document provides a reviewasknowledgment of key relevant studies and aghes
on assessing the impacts of hydromodification anakbping hydromodification control criteria, inding
ongoing work in California and nationwide, withactis on how this work can inform and provide a fiation
for the Central Coast’s watershed-based appro&ebtion 2 discusses the extensive literature onah®w,
stream-stability perspective on hydromodificatiparticularly examples from California. For the mpart, this
section presents summaries of the findings of ¢hiwed literature and does not provide opiniormuskvhether
or not the approaches are useful for the CentrasCaoint Effort. Instead, the entire approacguismarized and
discussed in the context of the project in Sec?idn

Section 3 then lays the foundation for the broadpective approach. Because this approach hashbten
fully developed for hydromodification managemenCialifornia, the papers reviewed in Section 3 ersi#ea
underlying tools and methods rather than examgldgect application. The relevance for the Canfraast
Joint Effort is typically provided at the end of mnyaof the summaries. While much of the currentkaam
hydromodification relates to assessment methodddtarmining watershed or stream “health,” thigieac
instead highlights those studies that have focoseithe watershed processes that are integral tegbmeg and
enhancing watershed health. The goal of this ptdgenot to identify a comprehensive list of st@ms and
impacts; rather, it is to identify the specificattbnships between watershed conditions and watgrbealth. A
better understanding of watershed processes awtidos will ultimately inform the broader array of
management options that provide flexibility in deyenment planning, such as fee-in-lieu, mitigati@mking, and
other tools that may help balance land uses anid aumulative impacts. Management options thabaed on
sound watershed science are also less likely tdtriesadverse social, economic, or other environtale
consequences.
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2. Stream Stability—The “"Narrow Perspective” on
Hydromodification

As noted above, the narrow perspective on hydrofication focuses on stream-channel stability anatee
geomorphology issues. This is a subset of thedopeaspective on hydromodification but is often oféhe
major sources of impact. Maintaining stream siglis commonly a necessary component of hydronicatibn
management, but it is not alone sufficient to aohitne broader objectives for watershed manageméné
Central Coast Region. This section begins withrareary of literature and approaches from three
regions/agencies, starting with seminal work danié Pacific Northwest, followed by a review détature
used to support development of the Santa Clarayalfban Runoff Pollution Prevention Program
(SCVURPPP) Hydromodification Plan report, and gy with literature and an assessment framewark fthe
Southern California Coastal Water Research Préf€CWRP). This section then concludes with a disicun
of hydromodification control implementation in tBan Francisco Bay Region, and a summary that pee\ad
forward-looking view to the broad perspective olfoynodification, discussed in Section 3.

2.1. Literature and Management Approaches from the Pacific
Northwest

The climate and topography of the Central Coa&aiifornia is much more akin to those of the SaamnEisco
Bay Area and southern California than to the Padibrthwest. However, studies of urbanization emannel
stability in the Pacific Northwest and the restregulatory framework have a much longer histbantfarther
south. They also have formed much of the founddtio subsequent work in California, with uneveoagnition
of the degree to which the results can (and carreot)anslated into a different geography. Sonthef
significant efforts are summarized below.

2.1.1. Oregon Watershed Assessment Manual

While the method developed for the Oregon Watergtssgssment Manual (1999) has a fish habitat fatuss
designed to address ecological health by includiager quality. Its goals were to understand hoth Inatural
processes and human activities affect fish hahitdtwater quality within the context of the histoffland
management activities. Reach-scale informatiarsesi to classify streams into 15 channel habipgsynd is
applicable to the entire state. The classificatigstem helps identify which streams are most Seadd
disturbance. Several existing stream classificagigstems were adapted to account for a variesyredm types
across the state.

2.1.2. Flow control in western Washington and the 2005 Stormwater Manual

The use of flow-duration matching in pre- and paestelopment conditions to maintain channel stabiias first
suggested in 1989 in watershed plans being devekapehe greater Seattle area. Although the aealyvere
supported by use of the HSPF hydrologic modelptioader development and engineering consulting aamityn
were familiar only with much more rudimentary piettie hydrologic tools (particularly those basedSS
curve-number methods) that did not yield flow-dimaoutputs. Regulatory application was therefonited
until a simplified version of HSPF was developdte(King County Runoff Time Series model, or KCRaS,
geographically limited precursor to the Western Wagton Hydrology Model (WWHM), which incorporated
additional pre- and post-processing software toesidsizing of stormwater controls to meet HMP ireguents
(Booth and Jackson, 1997). The range of flowsetodntrolled was initially 0.5Qhrough Qqo(with the upper
limit later reduced to €, a concession to cost concerns over the sizecibititss needed to manage very high-
magnitude flows). The basis for 0.585 the lower threshold for control was an unpublisreview (Booth,
1993) of six studies of sediment mobility in hunnétyion gravel-bedded rivers, for which a rangeriical
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discharges for incipient motion averaged to thisiedut with significant variation about this mgdd to 90
percent of Q).

Following this evaluation of the range of urbanehced flows requiring control, the (in)stabildfstream
channels draining urban and urbanizing watershedsinvestigated. Booth and Henshaw (2001) preddrite
years of repeat cross-sectional measurements ohaihels in western Washington (a record latemebeie to 20
years; Bootlet al, 2008),, and Henshaw and Booth (2000) documerd#dthe local conditions leading to
channel instability and the period of time over evhrestabilization of those channels might be etqubaiven a
static urban watershed land cover. They foundttietate of channel change (typically, incisiod andening)
in watersheds with some urban development was gliyneot well correlated with the absolute magnéuwd that
development (a result also found subsequently lB\BRP), and that urban channels did tend to regtabii
the decade or so following urban build-out. Howetleey emphasized that “Restabilization does mply a
return of the channel to its natural state, anthb#i&zation alone is not a sufficient goal for fcting aquatic
communities.”

The current stormwater control manual for westemsWihgton State (WADOE, 2005) explicitly recognittés
fundamental limitation of flow control:

“The engineered stormwater conveyance, treatmadtdatention systems advocated by this
and other stormwater manuals can reduce the impadesvelopment to water quality and
hydrology. But they cannot replicate the natusadrblogic functions of the natural watershed
that existed before development, nor can they rensoificient pollutants to replicate the water
quality of pre-development conditions.” (p. 1-25)

Nevertheless, flow-control regulations in this malnuere limited to the requirement for flow-duratioontrol
from 0.5Q through @y and include an exemption for channels drainingiorbanized watersheds (and thus
presumably restabilized), suggesting that thisicaaty note on the limitations of “channel stapilias a
surrogate for waterbody protection was acknowlednedot embraced.

A recent ruling by the Washington State Pollutian@ol Hearings Board, however, overturned theavarr
regulatory focus on flow-duration standards. ladtet “require[s] non-structural preventive ac8and source
reduction approaches, including Low Impact DevelephTechniques (LID), to minimize the creation of
impervious surfaces, and measures to minimize igterdance of soils and vegetation where feasible.”
(WAPCHB, 2008, p. 71) These measures will nedaetoncluded in the next round of NPDES permits sl
of western Washington.

2.2. Literature Supporting the Santa Clara Valley Hydromodification
Plan Report

SCVURPPP produced a Hydromodification Plan (HMpre (SCVURPPP, 2005) to address NPDES permit
requirements for managing changes in runoff respénesn new or redevelopment. SCVURPPP adopte&alye
Area Hydrologic Model (discussed in detail in Sect2.4) for meeting HMP goals; however, an extansiv
literature review was also conducted to supporettgmment of the HMP. The purposes of the reviewewe
threefold—to meet permit requirements, to presecttrtical background for reference during plan maspan,
and to provide an educational reference for stadfstakeholders. The literature review (publisagdppendix
B to the HMP, available dittp://www.eoainc.com/hmp_final_drgfis useful as background reading for detailed
principles about hydromodification, primarily fratme narrow perspective of stream stability but algb a nod
to achieving a broader scope of watershed and badgrhealth. The document also provides detailsdweral
stream-stability assessment approaches and tdhks authors favored sources from peer-reviewedpiarand
local/regional sources. They noted that most efrésearch was conducted outside of the Bay Agarr¢see
Section 2.3), where the climate, geology, and migrsiphy represented by the sources could devigidisantly
from those of the Bay Area.
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2.2.1. Overview of Hydromodification Processes and Issues
The authors provided a summary of the following:
» hydrologic processes and how they are affectedydyadmodification;
* geomorphic processes and how they relate to hydiication;
» the link between riparian ecology and hydromodtima and
* primary urbanization factors affecting channel sitgb

Much of the information need not be summarizedfics report, but readers seeking background infaona
about hydromodification would likely benefit fronreview of chapters 3—6 of Appendix B of the HMP.
However, there are some key points worth notintpeg relate to the Central Coast Region work.

e The Central Coast has a similar Mediterranean t#raa the Santa Clara Basin, with a wet season from
November to April and a pronounced dry season fwag to October. Annual rainfall is also highly
variable in both regions, ranging from less thardl&ver 50 inches per year. Short- and long-term
droughts are common. As a result, riparian ecols@dapted to major fluctuations in water balance.
Urbanization can change riparian ecology by upsgttie natural flow regime—not only due to erosive
flows and unstable channels but also from condtas¢flow during normally dry periods introduced by
irrigation return flow.

» Disturbance events (i.e., fire, flood, and drougin®§ common in California and occur naturally. nPla
communities are adapted to disruption, so somegasaoccurring in stream channels may result and are
not always due to urbanization. Practitioners naist care to interpret data correctly in lightatural
disturbance.

» Several studies are summarized where increase=alnffpw were related to percent impervious arad, a
they generally all noted that the relative increaggeak flow and runoff volume is greater for etgewith
shorter recurrence intervals (first documented ntiose three decades ago by Hollis, 1975). In other
words, the percent increase in peak flow and ruvaifime for the 2-year events is much greater than
the 5-year or 100-year events. This finding hgsartant implications since the flows that do thesimo
work for sediment transport are typically citedasging from the 1-year to the 2-year event.

» Urbanization can change the flow regime of recg\streams, often resulting in flashier events but
longer aggregate durations of high flows over therse of a year Channels adapt with changesdthwi
and depth to accommodate the additional flow. €lesnges may lead to catastrophic failures with
channel incision and bank collapse. However, udagion may also result in slower changes (quasi-
equilibrium expansion) that are harder to deteunt} &ith sufficient time under a stable urban lander,
channels may attain a true (re)stabilized form @temv and Booth, 2000).

» The dynamics of a changing flow regime due to uidzion can lead to channel instability due to
increases in peaks and the duration of erosive ifiosthannels. But changes in sediment supply tsn a
affect channel stability. Excess sediment can teadcreased bank shear stress as flows are édvert
around deposits. On the other hand, reducing seditoad can lead to channel degradation if tresastr
does not have a steady supply to move in dynamitilegum. Urbanization can cause both increases
and decreases in sediment supply; the construghiare of development projects often results inngpla
sediment erosion, while an increase in imperviauwtase and conversion of headwater channels to
culverts and drains can decrease overall sedinopplys Channel-crossing infrastructure (culvend a
bridges) can also interrupt the downstream flugpatfticularly coarse) sediment, leading to imbaésnc
within the downstream channel without any net cleangvatershed sediment delivery at all.




Development and Implementation of
Literature Review

Stream bank erodibility remains difficult to preidighen assessing channel stability. Bank erosion ¢
result for many reasons. The review lists theofeihg factors:

“...undercutting, abrasion during flow, slumping frgrositive ground water pressure during waning
flood flows, water forced into bank from obstructiosuch as boulders or large woody debris, and
collapse of bank vegetation by wind throw, diseéise, or floating large woody debris during high
flows.”

By the same token, many factors contribute to stakility:

“...soil materials, stratigraphy, vegetation densibgt strength and apparent cohesion, the amount of
clay or cementing of the matrix particles, banlgheiand slope.”

The result is that it is difficult to develop quiative measures of the risk of bank erosion. fdwew
indicated that the most successful predictorsrefsh stability relate bank failure to degree of
development, often measured as effective impervines.

Stream type is an important factor. The same adsmigcontrolling variables on two different stream
types may produce different results. The authossige an example where flow increases for an
armored bed with an erodible bank versus sand litadresistant bank. The armored bed stream temnds t
widen, whereas the sand bed stream tends to iiolk®ved by bank failure).

The response of riparian ecology to urbanizaticommplex and depends largely on both changes to the
flow regime and changes to the channel itself. f@kherosion and siltation can alter aquatic edesys.
Urban runoff and loss of bank vegetation can ireeesater temperatures. As noted previously, itioga
return flow can introduce flow during naturally dsgasons, thereby altering hydro-periods and
plant/aquatic communities.

In summarizing the effects of urbanization on stredannel physical characteristics, the authothef
SCVURPPP HMP (2005) provided the following factasshaving the greatest effect on stream stability:

2.2.2.

An increase in effective impervious area

Increased drainage density resulting from addiébdownspouts, curb and gutter, storm drains, and
culverts

Proximity of development to stream channels, amdgmce of stream buffers
Extent of development in areas with sensitive qeilg., high infiltration rates)
Changes in watershed vegetation affecting inteifme@ind evapotranspiration

Overview of Hydromodification Assessment Methods and Tools

In their review, the authors of SCVURPPP (2005pfad tools that assessed hydromodification fronstheam-
stability focus. They gave little attention to essing hydromodification from a broader waterbaaty (
watershed) health perspective. Watershed-basedsasents are tied to stream stability to develogala
relationships (e.g., correlation between contritiyimpervious area and channel erosion). Thisaect
summarizes their findings, with consideration oportant factors for this project. Please note thatcitations
included here are as reported by the literatureveveport authors, and not all have been indepsthdehecked
for this summary.
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Stream Classification

Application of a stream classification system ipartant for grouping stream types and organizingssessment
system. The authors discussed the Montgomery affithBton (1993) system and that of Rosgen (1996).
Montgomery and Buffington classified streams bycpss-based characteristics, with a focus on uraahelisig
controlling variables and likely response to changethe watershed, and thence for identifying guotive
management strategies. Their system used a sktssifications of decreasing scale:

1. Geomorphic Province — areas with similar climatgygiography, landforms, and erosion processes.
2. Watershed Scale — area bound by topographic higag;have variable geomorphic provinces.

3. Valley Scale — describes fill material, sedimengy, and transport capacity. Valley segments are
categorized by fluvial process—erosional zonesspart zones, and depositional zones.

4. Reach Scale — a segment of channel with similaracheristics. Six channel types are used (cascade,
step-pool, plane bed, pool-riffle, dune-ripple, &mdided channel). Further information is usedefine
seven types of possible change (width, depth, skipaosity, bed surface grain size, roughness, and
scour).

The recommended application of their method inv®l&ombination of field work, soil maps and slope
measurements, historical information about changebannels, and comparison to reference reaches.

Rosgen’s approach has some similarities to thitaftgomery and Buffington, but it used criteria dd®n
channel form (rather than channel processes) ssifyastreams into 41 types, with a focus on evofubf stream
types. His method has gained widespread appealpraictitioners of stream restoration projectseréhare four
levels in his system:

1. Geomorphic Characterization (Level 1) — integrddesiform, valley and channel morphology
incorporating climate and depositional history ulefhces. Streams are classified into major typeg us
entrenchment ratio, slope, cross section morpholagg sinuosity.

2. Morphological Description (Level 2) — subclasses@¥el 1 based on channel materials and finer slope
ranges, producing the 41 stream types.

3. Stream State or Condition (Level 3) — Uses sev@rahm characteristics related to channel stabpility
response potential, and function

4. Verification (Level 4) — Direct field measurementised to support a comprehensive and detailed
evaluation.

Discharge Thresholds for Channel Stability and Assible Velocity Threshold

The authors of SCVURPPP (2005) cited several stutiat relate storm event discharge to sedimenspiart,
but results varied by location and were not conetisThe authors noted that any attempt to mateh p
development flow duration across the entire spaetwtidischarges would be problematic, since devetyg
leads to an increase in the total runoff volume smdome flows must increase in their total durattbaccount
for the extra total discharge.

Some of the earliest work in assessing risk of lEmkion was done in the 1920’s to support irragatanal
design. The authors included a table showingrsatkrial type, and corresponding maximum veloaity shear
stress.
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Bed Mobility Indices

Shields criterion is discussed in detail in Secioh A limitation of the Shields method is thatvas developed
on uniform grain sizes, but it is commonly appliednixed grain beds usings§Xthe diameter of the median
particle size) as “representative” of the entird.belowever, smaller particles tend to be locatetsvben and
underneath larger particles and are thereforexpised to the full force of the shear stress. example,
Andrews (1984) developed a modified measure thedipis variable shear stress by particle size:

. .(pY
i =To, Hp—
50

wherer, is the critical shear stress for particle sizaeross a distribution of sizes, gfidvas determined by
observations on natural rivers to fall between &n8 -0.9, accounting for selective transport agisi These
results, however, form but one of a host of emalrand theoretical results that provide broadlyt ¢(mt entirely)
consistent guidance (see Buffington and Montgorfie®97] for a comprehensive review of research en th
subject through the mid-1990s).

Channel Stability Erosion Indices

Booth (1990) identified an empirical threshold bfionel erosion based on unit stream power (Spheattas
follows:

sp= XS
w

wherep is the density of water, g is the gravitationahstant, Q is the bankfull channel discharge, and w is the
bankfull channel width. His analysis of stream$\ashington State found that eroding versus nodiego
streams were well-discriminated by a value of Speakfull discharge of 80 watts’mOther authors have found
that erosion indices can be improved with a meagtistream resistance, withy{being a common choice. For
example, Bledsoe and Watson (2001) provided a bauitity index derived from a study of 270 streamani
worldwide locations:

s |
D50

where @y is stream flow and S is slope (note that thisaedewas summarized in tBed Mobility Indices
section of SCVURPPP [2005]). Their regressionysisldiscriminated “stable” from “unstable” streawish 80
percent accuracy. The index was developed usitegadatream-bed sediment and thus is less apfgitab
systems with eroding stream banks or high vegetatemsity. While the index may be useful for pcddg
whether or not a stream is stable, it does notatdithe root cause of the problem. Bledsoe andda
indicated that the method could be refined withenaformation, but that the parameterization shi@delated
to local conditions and data.
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MacRae (1993, 1996) contended that erodibilityghoéds should reflect the most sensitive boundateral in
the basal layer. MacRae developed a method cdlistiibuted Runoff Control”, a strategy that seéss
maintain the same sediment transport characterigdtiveen pre-development and post-developmenitaorsd
The method uses a “time integrated” erosion indéych was adopted by the Ontario Ministry of the
Environment and Energy:

Z (qsout ~ Usin )post CAt .
Es= =ar, -
Z (qsout - qsin )pre LAt q [ﬁ b )

where s out— G in) represents the change in stream reach sedinmeagst(for pre- and post-developed

*

conditions)r is critical shear stress, is the bed shear stress, anandb are empirical coefficients. The critical
shear stress is based on the resistance of thanoeelach stratigraphy layer in the banks.

Use of GIS Data and Spatial Analysis

The authors of SCVURPPP (2005) discussed concelpted to the use of GIS analysis for stream assads
and summarized the work of two researchers. ithportant to note that the literature review wadgened as
early as 2002, so the science of using GIS andigsistream assessment was not well developedatithe, and
several of their source documents were preparegidefore GIS came into common usage. For exarBpleth
(1990) was limited to site-scale observational dagafound that local geology, channel slope, togpiy,
channel roughness, and flow were effective at iflenty stream reaches at risk of (or already exgires
significant erosion, but he incorporated no spatih sets beyond that of regionally mapped geology

In contrast, Stein and Ambrose (2001) used GISyarsaWith historic land-use change data and aphatos, and
demonstrated that the cumulative impacts from sdeielopment projects over time caused degradafitme
entire stream system. This study suggests tharsted impacts are likely to be influenced by fiseohy and
nature of development in a watershed, and not siegirelated with current conditions or spatialadat

San Francisco Estuary Institute Watershed Sciemgedach

The San Francisco Estuary Institute (2000) develdpeir approach using data from several streariseimBay
Area. Their method relates changes in historid lase, hydrology, and sediment supply sourcesstaliility in
channel geomorphology. It uses a decision-trelysisaand streamline graphs to track channel cardiy
thalweg, right bank, and left bank. Initially déwmeed using detailed field data, a modified apphoa@guiring
less data was created to address time and budggit@iots. The method relies heavily on data titaak
sediment and sediment changes in the systemsdtusles GIS-based analyses of geology, soils,,shopdand
use, and tracks impacts from receding groundwald#es. Their approach demonstrates the importaince
incorporating historical information in an assesstnbecause it provides information about likelgpense to
hydromodification.

2.3. Literature from the Southern California Coastal Water Research
Project

SCCWRP has recently published a number of repeldasad to hydromodification in southern Californigarly
work focused on assessing the link between devedapand channel morphology (Colenstral, 2005). A
workshop was held as a venue for sharing knowledgeidentifying knowledge gaps and future research
direction (Stein and Zaleski, 2005). A literatvegiew was published focusing on classification avapping
systems related to risk of hydromodification, watsouthern California focus (Bledse¢ al, 2008). The work
culminated in the development of a framework topgwpimplementation of hydromodification management
measures. The framework is made up of two compiéang tools—one for GIS analysis of land cover,|ggy,
and slope to assign sediment production poterBiabthet al, 2010), and another field-scale screening tool for
assessing risk of channel hydromodification (Bledstcal, 2010a).
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2.3.1. Coleman et al. (2005) - “Effect of increases in peak flows and imperviousness on the
morphology of southern California streams”

The objectives of the study were to create a strdassification system applicable to southern Gatif, to
develop a predictive relationship between incréasmpervious area and stream channel enlargeraedtto
produce a conceptual model of stream channel behthat would support later development of a nuoaeri
model. To carry out the study, the researcherggdistoric analyses with detailed field strearargerphology
data. Eleven sites were selected in eight watdssimeLos Angeles, Orange, and Ventura countidg Site
catchments ranged in size from about 1 to 18 tmigeting ephemeral and intermittent streamgedh
conclusions were drawn from the study:

1. There is a predictable relationship between bah#fstharge and channel geometry measures, such as
width and cross section area. This finding is ziaat with the oft-noted observations (first retax by
Hammer, 1972) that urbanization, which normallyr@ases discharge, typically also results in entharge
channels due to widening and/or downcultting.

2. Ephemeral and intermittent streams in southerrf@ala appear to be more sensitive to increase in
impervious area than values typically cited frome@ch. They estimated a response threshold of 2
percent to 3 percent impervious area, much lowaan thrange of 7-10 percent reported from some
studies in other regions of the U.S. (althoughGe#neyet al.[2010] for a more recent interpretation).
They noted this conclusion applies to drainagdessf than 5 i

3. The relatively undisturbed streams of their stuthssdisplayed a measurable annual average dedrease
channel elevation over the 3—18 years for whicleaggd cross-sectional surveys were available. €Thes
channels maintained their basin channel morpholatygreas streams in developing catchments showed
instability in response to changes in both peak t#od duration.

Their stream classification system produced 84iplesdesignations, based on three catchment sizses,
seven channel-form types, and four channel-resistaategories (i.e., resistant versus susceptildldad versus
bank). They provided three recommendations fansi@ter management strategies for new developnfandt,
disconnect impervious area to the extent possibiedintain effective impervious area below the Zeet to 3
percent “threshold.” Second, design the entieewith a goal of hydrograph matching for stormgyiag from
the 1- to the 10-year discharge. Finally, provadaufficient stream buffer zone to allow for natun@vement
and migration, for which a corollary is that inestim controls should be used only when necessary.

2.3.2. Stein and Zaleski (2005) - “Managing runoff to protect natural streams: the latest
developments on investigation and management of hydromodification in California”

This summary of a two-day workshop provided a remfapformation presented during the main sessidrich
was focused on presenting approaches to managargingdification. It also summarized the findinds o
working groups for identifying knowledge and infation gaps, and developing priorities for researuth tool
development. The report included a section onrtieahapproaches for assessing hydromodificatioeluding
continuous simulation modeling, geomorphic metficsepresenting physical processes, and risk-based
modeling. Much of the thinking here was built gpeoaches discussed in the Santa Clara Vallewliies
review.
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Bledsoe et al. (2008) — “Stream channel classification and mapping systems: implications
for assessing susceptibility to hydromodification effects in southern California”

This literature review focused on geomorphic maggind classification systems for assessing rigtreim
hydromodification in southern California. Ningproaches were explored:

1.

Planform classifications and predictors

The narrative focuses on the issue of predict@sdiscriminate between braided and meandering
streams. Braided planforms are common in soutBatifiornia and should be managed differently than
meandering planforms. The authors concluded thaparoach detailed by Van den Berg (1995, as cited
by Bledsoeet al, 2008) provided a good framework for identifyingognorphic thresholds for

meandering and braiding channels.

Ener gy-based classifications of overall channel stability
The authors discussed several methods of relatiegn power and other commonly used measures
(slope, material size, drainage area, channel meg)sto predictions of channel stability.

General stability assessment procedures

While no field assessment protocols for channdlilgyawere found that were developed for semi-arid
climates, several systems were reviewed with prioignislements for southern California streams.
Examples of elements included bank angle/slopestatign/amount of protection, degree of bank
wasting/failure, presence of obstructions thatetgfor hold back flow, and bed-armoring/bed-materia
consolidation.

Sand vs. grave behavior/threshold vs. live-bed contrasts

Channels dominated by sand versus gravel exhiitlgtdifferent geomorphic behavior. A key
difference is that sand channels (live-beds) trarispaterial even at low flows, while gravel bedguire
a higher flow event to initiate transport (thresholManagement implications pertinent to southern
California streams were discussed in this section.

Channel evolution models of incising channels

The science of channel evolution models (CEMs) exqdored. CEMs describe predictable stages that
channels undergo as a response to hydromodificatimlerstanding channel evolution concepts
provides managers with a framework for choosingperomplementation measures when addressing
unstable systems.

Channel evolution models combining vertical and lateral adjustment trajectories

The CEMs discussed in the preceding section focasedtrtical changes and bank collapse/mass
wasting. The authors discussed CEMs that inclad®fs to account for lateral change due to fluvial
detachment. The utility of various systems wasudised; however, the authors concluded that channel
form-based approaches are not appropriate for eoutbalifornia streams since they do not account fo
the stream types or complex flow and sediment regifaund there.

Equilibrium models of supply vs. transport-capacity / qualitative response

Researchers have developed various qualitative Ismtitlt predict probable direction of stream resgon
to changes in flow regime and sediment supply. &l@w, these frameworks typically do not address the
magnitude of change. Incorporating these congefiss management framework is important, however,
since actions should be tailored to the stream tffm instance, bedrock-controlled streams will
response differently to urbanization than sanddisgams. Changes in sediment supply have not been
incorporated in the BAHM and Contra Costa approa¢Hbescussed in Section 2.4)—doing so would
greatly complicate the analyses.

11
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8. Bank instability classifications
Systems that assess and classify bank stabilitg imeefly discussed. The best known is the Bank
Erosion Hazard Index (BEHI) developed by Rosge®{20

9. Hierarchical approachesto mapping using aerial photographs/geogr aphic information system
The authors discussed examples of the use of Gétadaupport analyses at large landscape extents.
GIS is especially useful for screening-level anadysince it can assess measures such as slope and
riparian vegetation. For projects spanning largeggaphic areas, GIS could be used to developusrio
stream and landscape metrics; field data could leamsed to correlate the metrics with risk of
hydromodification susceptibility. Detailed assesats and management efforts could then be targeted
areas with higher risk.

2.3.4. Bledsoe et al. (2010b) - “Hydromodification Screening Tools: Technical Basis for
Development of a Field Screening Tool for Assessing Channel Susceptibility to
Hydromodification”

SCCWRP developed a comprehensive approach to egsebannel susceptibility to hydromodification, iain
includes both a GIS component (see Section 2.8dadield manual (Bledsaat al, 2010a).

The field tool uses a set of quantitative fieldiogadors as inputs to a set of decision trees, atigwsers to
classify reaches as having Low, Medium, High, oryMdigh risk of hydromodification, with separate
assignments for deepening versus widening. Sornableofeatures include:

» Metrics were based on analysis of a large amoulatoad data and scientific literature

» Braiding/incision threshold were calibrated to magil data and based on surrogates for stream paovder
boundary resistance

* The tool is founded on a CEM that is based on ofasieins of responses in southern California
» Critical decision points in the trees are suppleeemwith probabilistic diagrams and checklists.

* Many problematic or time-consuming field determioas are avoided, such as bankfull determination
and cross section surveys

* The tool assesses risk of mass wasting
» Bank vegetation is not used, a conservative assomgiven uncertainty in future root reinforcement

The most important geomorphic thresholds identifiethe analyses that supported the developmethieof

method were a criterion based on a screening ineiesus [3, and the threshold based on bank height and angle.
The ratings (Low through Very High) translate tavleersus high ratios of disturbing to resistingcis, risk of
exceeding geomorphic thresholds, rapid versus flelagation time, low versus high potential for piosi
feedbacks/nonlinear response/sensitivity to ind@iditions, and limited versus widespread spatiabagation.

2.3.5. Booth et al. (2010) - “Hydromodification Screening Tools: GIS-based catchment analyses of
potential changes in runoff and sediment discharge”

The GIS-based screening tool presented in thistépdesigned to assess watershed conditionsrthatead to
downstream channel changes in the event of futilr@nization, while the field screening tool (seeti®m 2.3.4)
assesses the resistance of the channel to hydriicatidn. The tools can be used independentlyn or
combination, to address management concerns. hdda GIS screening tool would be used to suplamid-use
planning decisions at a watershed scale and highdigeas of potentially greater concern, whilefikiel
screening tool would provide information about sfeceaches.

12
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The GIS screening tool is broadly analogous tactimeept of Hydrologic Response Units (HRUSs), whioh
defined as units of land with relatively homogenbydrologic properties (typically based on landegwsoll
properties, and/or slope). This concept was mediifo represent units of land with similar infertedels of
sediment production, called Geomorphic LandscapesWW@LUS) in previous applications in southernifoahia
(see, for example, Stillwater Sciences 2007). Gekjwess the unique combinations of a limited nurobbe
geology types (e.g., shale, sandstone, and unédata, which are related to erodibility), slopasses, and land
cover. Using GIS, these are combined into Low, iMieg and High classes of relative sediment prodadtiased
on observed erosion and mass-wasting processesltypieach GLU across watersheds of southerndtiail.

A change analysis of net sediment production can tie conducted by modifying the land cover tcerffuture
development, which normally tends to reduce thénset contribution from hillslopes into stream chals. By
the same token, current conditions can be compgarpre-development land cover to better understéstdric
changes in sediment delivery, providing insighdiatirrent geomorphic changes in the streams.

2.4. Hydromodification control implementation in the San Francisco
Bay Region

Management approaches developed in the PacifihiWest (see Section 2.1) provided the frameworkrfoch
of the subsequent California work and model devekamt, which was adapted to better address Calgorni
conditions. As such, most of the early efforthydromodification management in California took tiagrow
perspective of focusing on stream stability. Keyrkin this area was driven by the San FrancisopRegion
Water Quality Control Board, which in 2001 issueteadments to municipal stormwater permits thataiont
requirements to implement hydromodification manageinplans. This work proceeded from the perspec¢huat
“hydromodification refers to the effects of urbaatinn on runoff and stream flows that in turn mayse erosion
and/or sedimentation in the stream channels” (SCRPIR 2005, Appendix B)—which well describes theamar
perspective on hydromodification. The governingaaptual model is that urbanization increases ¢ad flow
and volume of surface runoff by adding impervioudaces and drainage facilities. This in turn gages stream
flow energy imposed on the stream channel, cawsiogjon of the streambed and banks.

The hydromodification control standards for pogststouction new and redevelopment established iBtye
Area municipal permits generally require that gmstiect runoff shall not exceed pre-project ratedwations
over a defined range of storm event sizes fromten# of the 2-year recurrence flow up to the 18rfow.
The change in hydrology associated with developmmrdt be evaluated over a long timeframe using a
continuous simulation hydrologic model. The resoltthe modeling are used to size control meadaresmtch
the pre-project flow duration patterns.

Several counties in the Bay Area (Alameda, SareaaChnd San Mateo) developed the Bay Area Hydimlog
Model (BAHM; Clear Creek Solutions, 2007) as a tmomeet hydromodification control requirementsAH
is a version of WWHM (see Section 2.1.2), whicltium is an implementation of the continuous-siniatat
Hydrologic Simulation Program—Fortran (HSPF) modgbntra Costa County took a somewhat different
approach to hydrograph matching and has develdpied €harts for Integrated Management Practideiffito
meet the requirements (Contra Costa, 2005), us@g@mputed hydrographs that can be used for asalf/s
sizing requirements. Computation of the hydrogsaptthe Contra Costa approach was also done tkSiR}-.
Thus, the BAHM and Contra Costa approaches both hpplications of HSPF hydrograph modeling at their
core; however, the results obtained by the two @ggves differ.
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Of the San Francisco Bay Area jurisdictions, Coftosta offers the widest range of alternative aggines for
demonstrating compliance with hydromodification ttohrequirements:

No increase in impervious area.

2. Implementation of infiltration-based integrated mgement practices (IMPs) based on sizing factors
described in the HMP.
3. Site-specific modeling to show that post-projectafii durations and peak flows do not exceed pre-

project runoff durations and peak flows, using atcmous simulation model such as HSPF.

4. Detailed site-specific study to demonstrate thatgioject will not result in accelerated erosion of
receiving stream reaches.

Option 3 in the Contra Costa HMP is similar to tB&AHM” approach as implemented in Alameda, Santarg|
San Mateo counties, although Contra Costa doespeaify use of a specific modeling package. Haswadh
applications, however, post-project runoff durasiame to be controlled for flows between one-terttne two-
year peak flow (0.1¢) and the 10-year peak flow {2 The lower end (0.1{Dis based on studies and data
specific to Bay Area creeks, as discussed below.

Option 2 is expected to be employed for most ofstinaller projects in Contra Costa County, and,caschabove,
focuses on integrated onsite IMP controls. Thet@o@osta Clean Water Program developed an IMP&izi
Calculator, which facilitates iterative calculatiotd make the design process faster and easied development
professionals report the IMP Sizing Calculator, dreldesign procedure in the Stormwater Guidebaek,
straightforward and easy to use. Based on Corasa success, all 21 municipalities in San Di€ganty,
working through the San Diego County Project Clé&ater, have developed a similar design procedutle an
calculator to implement stormwater treatment arditgraph modification management requirements (DalC
P.E., Dan Cloak Environmental Consulting, pers@oatmunication, January 13, 2011). The sizing fachor
the design of IMPs to control post-development bgdaphs are calculated on flows ranging from @.5Qto

Quo, and thus they do not directly address the rargga 0.1Q to 0.5Q. The rationale is stated as follows in the
cover letter to the 15 May 2005 submittal: “IMPailtbbe designed to provide even more control ofiows in
the range of flows below 0.5Q This would be accomplished by reducing allowalsiderdrain outflow and
increasing the sizing factors. The Program regetites idea because (1) we believe the curremgitactors
achieve the HMP standard, as evidenced by a cosgpeaif the resulting runoff curves, and (2) it wbmake the
IMPs less attractive to applicants, thereby undeimgi the advantages to be had by promoting theuBéPs.”

A review of the flow-duration curves provided iretontra Costa HMP shows that ihist always the case that
the proposed sizing factors provided protectionmém0.1Q. For this to be true, the post-development flow-
duration curve calculated at the proposed sizingpfavould need to remain at or below the pre-dgwelent
flow-duration curve out to the 0.2@ow. This appears to be true for some of the ag@ment devices analyzed
(in-ground planter, infiltration trench, dry wellhfiltration basin), but it is clearly not true ftne flow-through
planter (and unclear for several others).

It is worth commenting on the original specificatiof the range of flows to be controlled (0,12QQ,),
particularly as it differs from recommendations Ydestern Washington (which has been Q.5@, since the
mid-1990’s, as described below in Section 2.3)e @tigin of this range is GeoSyntec’s 2004 analgbis
Thompson Creek in Santa Clara County (SCVURPPRP;,2Déchnical Memorandum Eyaluation of the Range
of Storms for HMP Performance Crite}jdncluding calculation of effective work curveSubsequent analyses
were developed for Ross and San Tomas Creek, siithilar” results. The final justification in theaBta Clara
HMP sets the upper limit at;gbecause 90-95 percent of the work on the streasrfovand to be accomplished at
flows less than . The lower limit is set at 0.1®ased on an analysis of critical flow that ingserosion of
the bed or bank (individual cross sections in tired study sites had estimated critical flows thaged from 2 to
18 percent of the {peak). “Critical flow” is defined as the flow gesponding to the critical shear strassthat
initiates erosion. The calculation of effectiveralso depends on the critical shear stress. Betlselection of
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the value ofic and the form used in the effective work calculatidfect the range of flows that must be
controlled.

To establish the lower limit for control, separaséculations were made for the bed and bank migerizor bed
materials, GeoSyntec estimatedrom Shields’ criterion, which establishes therfizd resistance that must be
overcome to initiate movement of a particle of\egidiameter. The method performs well for sarmingrand
gravel, but deviates from observations for clay sitiparticles because cohesion between partialegh
increases resistance to movement, is ignored (1888). For bank materials; was estimated from literature
values listed in the ASCE Manual of EngineeringcHea, No. 77. Testing of shear stress measurebyeatet
test device in Alameda and Sacramento Countie806 2onfirmed that the bank values provided by ASCE
were appropriate to the region, although the mimnwalue oftc is usually determined by the movement of bed
sediment (rather than the erosion of bank sedinieay Area streams.

The upper limit for control is calculated from difeetive work index, which integrates an estimatéedload
movement as a function of shear stress (and thilevaf under the frequency distribution of sediment
transporting flows. The effective work indé¥/,(in units of mass transport rate times velociyjiven as
follows:

w :CDZn:(rbi -1, )V A,
i=1

where C is a constant coefficieny,is the effective shear stress at the boundatg,the critical shear stress for
initial transport or erosion of the boundary matk# is the mid-channel velocity,s time, and the summation is
over all observed flows. The erosion potential,is then calculated as the ratiowffor post-development
conditions tow for pre-development conditions. The goal citethin BAHM development is to maintalt less
than 1.0.

Although not cited in the document, the mass trartgpart of the effective work index is the genizedl DuBoys
equation for bedload transport. It is the oldastd(simplest) of many empirical relationships theate been
developed for bedload transport. For example@eeTools suite (Bledsae al, 2007) provides five different
sediment transport options for calculatiWg However, many of these have a similar formedliffg primarily in
the coefficient (which cancels out when calculatizg. These types of formulations are most applieabl
stream systems with relatively large width-to-deyaitios and a limited amount of fine-grained cohesnaterial
(i.e., clay and silt; Simons and Senturk, 1992heyralso provided results that commonly divergenfroeasured
values by an order of magnitude or more (GomezGinatch, 1989).

Bedload transport equations are essentially engbirdnd thus they are dependent on the specifec s for
which they were developed. Calculation of effeztivork also depends on the estimation of critibals stress
for the bank and bed material: because the calonlaf the effective work index has a non-linedatienship to
T, €rrors in estimating. will also affect the calculation of how much waskdone at and above;§)

The estimate of, directly determines the specification of the loweundary of effective flows, because that
specifies the flow at which bedload motion sta@lection of the 0.10 Qo range for hydromodification
control appears likely to be protective of moséain channels in the Bay Area with sand and graaed.b For
streams where significant amounts of fine-grainedemal are present in the bed, however, the Sheggroach
may underestimate the lower range of flows thatinedoe controlled, and the upper range of floved #fhould
be controlled might need to be higher than the Q

It should be noted that the erosion potential cphapproach depends on accurate selection of asempative
stream reach, cross section, and bed and bankiatdteestimate the flow that will mobilize sedinterit also
requires characterization of erosion in that raacatalibrate the model. Importantly, the approaahnot be
applied meaningfully to streams that are alreadstabie and eroding — a condition that characterizasy
streams in the Central Coast Region. The erosienpial concept is also incomplete without considgthat
reductions in upstream sediment load can leaddara#l instability — channels may degrade withostb@rce of
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sediment to replace the eroded material. Thistpeas reviewed extensively during the preparatibtihe San
Diego Hydromodification Management Plan (Brown &aldwell, 2010).

2.5. Summary and Relevance to Watershed Goals for the Central Coast

The last twenty years of stormwater managemeritarPacific Northwest has been shadowed by the recsnt
trajectory throughout much of California. Recogmitof the inadequacies of historic stormwater-ngemaent
goals and strategies were documented most fulbutiir measurement of physical channel characteriatid
their rates of change. More restrictive standéwdstormwater release focused on those flows pnesito erode
the channel boundaries, and new analytical teclesiguere developed that could express the apprepriat
hydrologic parameters in user-friendly softwarekaaes. But even as these criteria, approachedeahdiques
were being refined, a growing scientific awarengas warning that “stream stability” (what we chaesize in
this report as the “narrow” focus of hydromodifica) is an inadequate goal for the protection ofdfieial uses
and achievement of the goals of physical, chemaal, biological integrity of the Clean Water Adh the state
of Washington, this was freely acknowledged byghmary stormwater regulatory body (the Washindgsoate
Department of Ecology) without any correspondingrade in regulatory focus; a broadening of regujagimals
has required the subsequent actions of a supedaigry body.

In contrast, the regulatory bodies in Californieaén primarily or exclusively absorbed with the noav focus of
hydromodification control. The Central Coast RegioWater Quality Control Board is presently alome
articulating the broader goal of achieving “longatevatershed protection” through its HMPs. Althbube
Board is arguably a leader in the California retpriparena, their goal is hardly unprecedentede dpproach
being taken in this project to analyze watershedlitimns and identify the key watershed processeslimg
protection has a long history in the scientifiedéture, which we now review in Section 3.
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3. Watershed Health—The “"Broad Perspective” on
Hydromodification

The broad perspective on hydromodification takemtagrated watershed approach to managing pokentia
impacts resulting from human activities. Inde¢dpay include flow control to protect stream stitypifthe
“narrow perspective,” discussed in Section 2),dnly as one aspect of a broader approach to hyditificetion
control, and only where this component is necesieairghe protection of beneficial uses in a patacwvatershed
setting. As the previous section makes clearafipications of flow control has been largely fosti®n
maintaining stable stream channels by limitingalgregate erosional work done on the channel boyhgeahe
post-development hydrologic regime. In some cabéesis the end goal itself; for others it hasrbescognized
as simply an indicator of a broader suite of desaaetcomes, albeit without any additional analydestified.

For the present Central Coast Joint Effort, howgther explicit intent is to develop a frameworkttban be used
to protect and maintain the full suite of beneficises and ecosystem services associated withythvelbgic
network (“watershed health”) from adverse impastoaiated with human activities. To develop suth a
approach it is first necessary to identify the Wetershed processes (and their spatial distributioross the
region that will require protection if watershedalib is to be maintained. This framework will geigffective
control strategies to achieve this protection, #xedmethodology for determining appropriate hydrdification
control criteria throughout the Central Coast RegitVe note that these later “implementation” sps$ot have
much representation in the regulatory (or sciesjtifterature; their development is the primarylgafaPhase 1 of
the present Joint Effort. We also note that tleegss-based studies reviewed below do not, in atiebmselves,
provide any guidance or assessment of watershedthiie Such assessments, ultimately necessaryaio&te
the success of management actions, are widelyadaifor physical, chemical, and biological atttésiof
(particularly) streams and lakes, and to a lesdeinéfor groundwater and nearshore areas. Thikp&invoked
in subsequent phases of the Joint Effort but at¢heofocus of the present literature review.

Although recent efforts to develop hydromodificatimanagement plans in California provide littleqe@ent for
an overall watershed health approach, there iseasgntific precedent. In addition, such a brapproach is
consistent with USEPA'’s (1993, 2007) national gamon hydromodification.

The tools needed to support the development ofaaemshed-health approach” to hydromodification curare
largely articulated in published scientific litawed, and they focus on the spatial analysis ofdeapes.
Stratification of a landscape into discrete catigofand the identification, or presumption, ofqud
characteristics associated with each group) imiadational principal of large-scale environmentatges.
Identifying and grouping dominant landscape charéstics into discrete spatial units has been doeadation of
soils and geologic mapping for hundreds of yeditse use of such units in hydrological and geomolqfioal
applications is more recent, however, althougbattias been explored for more than 40 years (dew)pe

With the advent of more widely available spatiaiadsets, spatial analysis is now receiving progresgreater
attention in both scientific studies and managerapptications. A variety of applications basedtus general
approach have been demonstrated to efficientlyvaigrshed researchers and management agenciesisnigp
their attention on the dominant physical procegsesent within a relatively small number of langszareas, or
“units,” which can then be extrapolated to unitargig similar characteristics across a larger aféaterest. In
effect, this “landscape-unit delineation” approaciables one to group spatially defined landscapgoaoents
together (such as topography, land cover, and ggptbat are expected to exhibit similar hydrologic
geomorphic characteristics in a given watershédan reduce the seemingly infinite complexity ddiadscape
into tractable groupings, and it can allow an asialyo focus on the most important processes thacive
within each unit.
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Once these units are established, specific watgnstoezesses (whether hydrological, geomorphologiral
ecological) can be qualitatively evaluated or détety measured within a sampling of each unit typdese
results can then be extrapolated to the greatarlatign of common landscape units within the rerdairof the
watershed or region. Overall, this approach prewid useful, rapid framework to identify key walheic
processes and, potentially to estimate their tineraged rates under both undisturbed and humameimied
conditions. This can provide the basis to identifyether, and where, hydromodification control nueas (in the
broadest sense) may be needed.

To date, a range of peer-reviewed publications ld@veloped or applied such watershed-process franksw
Although many are not specific to southern Califaror the Central Coast Region, they provide boildance
for the present study and support for its applicatiere.

3.1. Hydrological Processes

The delivery, movement, storage, and loss of waikin a watershed constitute a set of key watatgirecesses
that are most commonly represented by the hydrologile.

~ HYDROLOGIC CYCLE
.'I:..:. P — - ]

From King County, WA

Components of the hydrologic cycle constitute thedimental hydrological processes that are actiegmy
watershed: precipitation, surface runoff, infilica, groundwater flow, return flow, surface-wattrage,
groundwater storage, evaporation and transpiratidthough present virtually everywhere across éevaned,
these individual processes vary greatly in thepontance to watershed health and functions. Reziogptheir
magnitude and spatial distribution has been a &iageing effort of landscape studies.

The term “Hydrologic Response Units” [HRUs] hasrenthan four decades of use in the scientific and
engineering literature. It first appeared in pimEngland and Holtan (1969) who noted “Soil prigs
significant to processes of infiltration, moiststerage, drainage, and the hydraulics of surfane élre related to
topographic position. Areal and elevational dsitions of soils provide a basis for interpretativeuping of
soil mapping units in computations for watershegimeering...Profile characteristics, areal distribatiand
relative elevation position of the units determivetershed response to storm rainfall.”

Thus, these authors were drawing a direct corogldietween soil properties and the hydrologic respof a
watershed, and they inferred those soil propebtjeassessment of their position on the landscapey cited
nearly 40 years of prior research that establisasis for this inference, and they used this caoegpasis to
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define HRUs as landscape areas that “are interhaltyogeneous enough to be used as computationglimni
mathematical models simulating the hydrologic penfance of agricultural watersheds.” This is theiest,
explicit statement of the approach that has seetirt@d development and refinement up through thegnt
day. The studies described below all proceed tltisncommon foundation.

3.1.1.  Beighley et al. (2005) - “Understanding and modeling basin hydrology: interpreting the
hydrogeological signature”

Beighleyet al. (2005) presented an approach for modeling basinohygy by determining the fundamental
hydrologic components of a watershed and mappiegsathat are expected to exhibit similar runoff naeisms
and runoff. The authors’ primary goal of devela@pthis approach was to create a new rainfall-rumaftiel that
could simulate both surface and subsurface runddfrnixed rural and urban setting, which was sulseity
applied to four gauged coastal watersheds neaa&ambara, California to validate their modelinggach.
The authors have essentially presented an enhappedach to the hydrological response unit (HRUjhod—a
process of differentiating the landscape into @isecunits possessing similar rainfall-runoff (isurface)
characteristics—by including hydrogeological intetptions to incorporate interflow and groundwateroff
sources, in addition to surface sources, to estistatamflow at the outlet of a study watersheklis $tudy is
especially noteworthy relative to the Joint Effairice its field area is wholly contained within @@entral Coast
region.

In general, the HRU approach holds that landscppssess an identifiable spatial structure (or “bgdplogical
signature”), and that the corresponding patternsiodff and stream chemistry are strongly influehbg climate,
geology, and land use. The primary sources ofadta used in their study were topography, dgénnetwork
(both natural streams and storm water systemsyplogic soil characteristics, land use, and lorgate
precipitation; all of these datasets were freelilable from state and local agencies. The autappied the
HRU approach along with their hydrogeological iptetation approach to simulate streamflow fromehre
sources of runoff (i.e., surface, interflow, andurdwater) in their study watersheds. This waseaekl by: (1)
determining the fundamental hydrologic componehts watershed and mapping areas that are expexted t
exhibit similar runoff processes and pathways; @)dleveloping, parameterizing, and calibratingiafall-
runoff model using streamflow and suspended sedicmtentration measurement data, which was adsdyfr
available from USGS stream gauging stations loctiexlighout the study watersheds. The authorsndrthat
by grouping the watershed into regions of similaraff processes and considering only those activegsses
found to occur in each unit, they were able to cedihe parameterization and calibration of nonteris
processes while providing physically meaningfulatitative measures that aid in characterizingrfesred
processes. Overall, this enhanced approach alléevedmore efficient hydrological modeling proceelwhich
ultimately was found to produce reasonable streasnfiredictions that agreed well with observed cboonis
(mean errors in peak discharge and runoff volumel6Pso).

This study demonstrates an approach to landscabgsenthat is entirely analogous to that contetepldor the
Joint Effort—namely, analyzing specific landscapialautes that can be readily characterized in & Gl
environment in order to infer the key watershedtpsses at every location across a region. Thily shy virtue
of its limited extent, not only applied such anlgs&@ but also validated the results with measustegamflow
data. It therefore provides a proof-of-conceptthar approach, one that further supports the Edfott by virtue
of being conducted within the same geographical.are
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3.1.2.  Shiels (2010) - “Implementing landscape indices to predict stream water quality in an
agricultural setting: an assessment of the Lake and River Enhancement (LARE) protocol
in the Mississinewa River watershed, east-central Indiana”

In this paper, Shiels (2010) sought to link langscidices to stream water quality in a predomigate
agricultural landscape in central Indiana. ThecHpeandscape indices consisted of three natarak extent
characteristics (e.g., land cover) and three nbéwea disturbance characteristics (e.g., draiaadd), while four
water-quality variables were considered (i.e.,ltpk@sphorus, nitratds. coli, and macroinvertebrates).
However, the author found that regressions werdaurtd to be significant for any of the four watgrality
variables. He suggested that the inability to wagptelationships between the indices and respaarsables may
have been based on the uniformity of the studydeae, where homogenous agricultural land coved%>®w
crop land use) likely prevented successful coriatadf the landscape indices to water quality. Plaaisible
finding of this study is that, unlike the flat, ovimly farmed landscape of the mid-west regionhaf tUnited
States, those landscapes with varied physical ctearstics (such as the southern Coast Range meyvare
likely better suited for application of a landscajét methodology to predict local or regional wageantity and
guality conditions. For the Joint Effort, howevitralso provides a reminder that specific measaféwatershed
health” (in this case, water-quality constituemts)y not provide direct causal relationships. Is gxample, the
authors found that relative modest differencesundicover dmot produce a discernable signal in those health
measures. This raises the potential that thetsgtysof the metrics may not always meet the neefdsuch an
approach.

3.1.3.  Wolock et al. (2004) - “Delineation and evaluation of hydrologic-landscape regions in the
United States using geographic information system tools and multivariate statistical
analyses.”

Wolock et al. explored the value of using geographic informasgstem (GIS) tools and statistical analyses to
identify and group similar landscape areas. Thesevapplied to land-surface form, geologic texture
(permeability of the soil and bedrock), and climaeiables that describe the physical and climsgiting of
43,931 small (approximately 200 Rmwatersheds in the United States. They usedblagaf topography,
geology, rainfall, and potential evapotranspiratiopredict the dominant hydrologic runoff procésgerland
flow, shallow subsurface flow, and groundwater fipthey also explored correlations with severalegical and
water-quality response variables.

Their “hydrologic-landscape regions” [HLRs] werengqmared to various physical and biological attrilsutem
the entire area of the continental United Statesyged into (1) 19 square geometric regions @eas with no
intrinsic “meaning” or internal similarities) and)(the 21 U.S. Environmental Protection AgencyeldV
ecoregions. Hydrologic-landscape regions genevadiie better than ecoregions at delineating regidistinct
land-surface form and geologic texture. Hydroldgizdscape regions and ecoregions were equallgtaféeat
defining regions in terms of climate, land coverd avater-quality characteristics.

They note, “The approach used to define HLRs isaibje in the sense that it is based on statistiecahods
applied to digital geospatial data. Subjectiveegkfjudgment, however, is required in making selvelnaices
required for the analysis: (1) the particular Jetaviables used, (2) details in the statisticallgses, and (3)
details in the GIS analyses.” Thus, it is notlyyfautomated process, and a different choice iéria would
result in a different suite of attributes and clatiens—the outcomes (and, presumably, their y}ikire
dependent on the framework of the analysis. Feddint Effort, the lesson here is that the mefoodrouping
and analyzing watershed attributes is neither ‘faatec” nor obvious, but that a successful appradaiuld
provide significantly better discrimination and gietion of response variables (i.e., indicatorévaditershed
health”) than simply assuming that all parts of Region are equivalent and will respond identictdlyhe same
disturbance (or the same mitigation).
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3.1.4. Carlisle et al. (2010) - “Predicting the natural flow regime: Models for assessing
hydrological alteration in streams”

The objective of this study was to evaluate whesiedgcted streamflow characteristics could be ptediat
regional and national scales using geospatial datatistical models were developed to predictvtilae for a
variety of streamflow metrics in undisturbed, gagedersheds by using natural watershed charaatsristhese
characteristics were those that form the basiedoregions and for hydrologic-landscape regionsitl\Wolock
et al. 2004], and they comprised attributes of basin gogphy and geographic location, climate (monthlg an
annual means), soil properties, and geology.

They compared the performance (i.e., bias and gioeiof national- and regional-scale predictivedels to that
of models based on landscape classifications, dimedumajor river basins, ecoregions and HLRs. dfor
hydrologic metrics, landscape stratification mogetsduced estimates that were less biased and pnecise
than a null model that accounted for no naturaktdity. Prediction error rates ranged from 130%, but were
25% for most metrics. They present three exampleiow how the models accurately estimate pretiatice
conditions and are sensitive to changes in streamfhariability associated with long-term land-ubaege, and
how the models can be applied to predict expecitaral flow characteristics at ungaged sites. Bmto the
previous study, these results emphasize the véldisaiminating different parts of the landscapere®ize does
notfit all.

3.1.5. Vacarro (2006) — “A deep percolation model for estimating ground-water recharge”

Although the primary focus of the preceding refesmis surface and near-surface flow, groundwateement
and aquifer recharge are important hydrologic ees in parts of the Central Coast region. Oworthe
complexity (and obscurity) of most subsurface hialyiz systems, the development of watershed-process
frameworks that explicitly include groundwater teagged behind those of surface water. Those egigtiforts
either address a limited range of groundwater mse® (typically, near-surface recharge rates amlgjse
embrace a level of complexity that is unlikely ®fieasibly applied across a large and heterogerseeas
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Conceptual daily time-step routing of precipitation used in the Deep Percolation Model
water-budget calculations. From Vacarro 2006

This figure displays the range of parameters theuaed to characterize surface water—groundwatinaictions
in the US Geological Survey’'s “Deep Percolation Migtwhich is designed to estimate the potentiarity of
recharge to an aquifer via the unsaturated zome. nfodeled region, watershed, or area is subdividetd) the
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same conceptual framework (and terminology) of ke the references previously discussed: Hydjiolo
Response Units (HRUs) are defined such that theolggic response is assumed to be similar oveetitiee
area of an HRU, which is characterized by land lasel cover, and soil properties. Meteorologicalperties
that are used to predict the delivery and neamasermovement of water are precipitation, tempeeatumd solar
radiation.

Although this analytical approach is likely too @iétd for regional application, it indicates theeg of
landscape-scale indicators that have been judgedriemt for characterizing the magnitude (and, more
qualitatively, the importance) of groundwater-rethhydrological processes across a watershedsolpeovides
further affirmation that this overall framework fanalyzing hydrological processes has a firm bagise
published scientific literature.

3.2. Geomorphological Processes

Geomorphological processes are a second set ofsliatkprocesses that strongly influence watershatihhand
function. They broadly refer to the movement goakdtion of sediment, driven largely but not exalely by the
movement of water, that affect the land surfaceth@Central Coast region, these primarily includesien,
landsliding and other mass wasting, and sedimansgport and deposition in stream channels. Thagnitude
and distribution across different landscapes has laden the focus of much scientific study, alfmeinot nearly
as long as for their hydrological counterparts.

3.21.  Montgomery (1999) — “Process domains and the river continuum”

Much like the Hydrologic Response Units (HRUs,) Mymmery (1999) introduced the conceptpuaicess
domainsandlithotopo unitsto provide a framework for analysis of complexdacapes. Although the author
presented these concepts in the context of intindun improved means to understand the linkagedes
geomorphic processes and the ecology of (spedifjaabuntain drainage basins, the framework descritan
also be applied to other physiographic provindgiimately, the suite of landscape-forming procesbat are
distributed over a landscape, and that govern wlaer characteristics and processes, are infludncelimate,
geology, and topography. Within a given watershielrger region of a given geomorphic province, tidctonic
setting and climate history exerts a primary cdraxer bedrock type, soil development, and topolgyap
Geomorphic provinces discriminate areas havinghfit physiography, bedrock type and structure céinthte.
At a finer scale, lithotopo units define areas vsitimilar geology (i.e., lithology) and topographyinally, process
domains define specific areas where distinct gephiorprocess zones occur.

Overall, the Process Domain Concept (PDC) providea means to define and map domains within ansiaésl
characterized by different geomorphic processasydiance regimes, response potential, and rectinegy The
article presented an example of applying the PD&deneric mountain drainage basin where: (1) gaelWaters
domain is characterized by convex planform hills®gvith hollows dominated by colluvial sedimentdrotion
in which fire and wind are the dominant geomorpthigturbance processes; (2) the channel network itoma
situated down-gradient of the headwaters domaihasacterized by steep, confined colluvial andvédiu
channels dominated by scour by debris flows origngain upslope hollows; and (3) the fluvial lowthdomain
that represents the downstream portion of this eptual watershed is characterized by low gradiumgial
channels that have built a laterally extensivedjadain and experience channel migration and avoudsilsiven
primarily by large flood events. The article offdurther support the PDC by showing several exasifstbm
other published studies that have shown strongadgatrespondence between landscape units aniicagm
differences in landscape attributes, such as $ppatiterns of landslides, soil moisture, and vetitacover types
(see also Hack and Goodlett 1960).

The relevance of this study to the Joint Effors lie its promise that “domains,” where one or aaptieomorphic
process is dominant, can be inferred and then ntblppeeference to basic topographic and geolodarimation.
This is the fundamental task of any effort at lavagie stratification—given the great variabilityldcal
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conditions and resulting processes, how can marergepatterns be recognized in an efficient andnimgful
fashion?

3.2.2.  Warrick and Mertes (2009) - “Sediment yield from the tectonically active semiarid Western
Transverse Ranges of California”

The principles of landscape stratification as dbscrby Montgomery (1999) have been well-displaiyea local
application by Warrick and Mertes (2009), who faign estimating sediment yields from three major
watershed regions that drain the Transverse Maunasiges in southern California: Santa Clara RVentura
River, and Santa Ynez Mountain drainages. Ovdradl ,tectonically active, semiarid region exhilsitgh
sediment yields in comparison to those in the sumding areas of California—a product of relativielgh uplift
rates, steep drainages, weak lithologies, and éimyntocations) intensive land-use impacts. Thaastused
statistical correlation methods to investigate Wwhetombinations of certain landscape attributiderd¢o
sediment yields from a given drainage. The autbormgend that, in the absence of significant s@mmnes,
sediment yield is generally greatest in areas hiigh relief, high rates of uplift, and intensiveathuse, whereas
precipitation and other climatic factors have bemmd by other researchers to have nonlinear effect
sediment yield (e.g., Langbein and Schumm 1958n&o2001). Their study area overlaps with thahef
Central Coast region, and their results shouldrbadly applicable here as well. Their list of pairy controls on
the geomorphic processes in the region providexaellent starting point for selecting indicatorsctwaracterize
these processes within the Joint Effort.

Using available stream flow and sediment dischdega collected by the USGS at several locatiorsutiitout
the authors’ study watersheds, they were abledatermean annual water and suspended-sedimenttbudde
results of their correlation analyses, which relipdn GIS-ready topography, precipitation, geol@md land-use
data, revealed that sediment yield is variabldvénstudy watersheds and is consistently correlaigulithologic
and land-use characteristics of the watershedecifgglly, the authors found that sediment yielasvbest
correlated with the youngest marine sedimentarydimdd(i.e., the weakest rocks) and barren or humadiied
land uses (i.e., minimal vegetation cover but mbanized). Extensive large-scale mass wastingessss,
including landslides and debris flows, are a ulimus feature on landscapes underlain by the yowargm
sedimentary formations, which also coincides wli tegions of greatest reported uplift (>5 mm/yn) are also
highly correlated with barren lands. This is aparant (though perhaps obvious) result, insofa dsnse
vegetation coverage that would otherwise act tddmnrrosion by binding soils and intercepting doarov
moving sediments cannot establish on highly eredlikteep surfaces.

In contrast, the authors found that landscapesrlaidédy older granitic and metamorphic formati@xhibit the
lowest sediment yields in the region. With resgedand-use effects, the authors cite the woretbér
researchers who have found that landscape denodaties, and in turn sediment yields, are highdeun
grassland cover than under native chaparral @abet and Dunne 2002). The authors found otherralzed
characteristics to be statistically significan@yated to measures of sediment discharge, inclutfiaigage basin
area and slope, yet these were found to have enlynsl-order effects across the study area.

In conclusion, the authors cautioned other reseasalvorking in semiarid regions exhibiting high iseeht
yields against naive extension of sediment-dis&heggults from one watershed to another using teaha such
as uniform sediment yield or transferred sedimatihg curves, because subtle differences in lap#sca
characteristics or processes may significanthuifice denudation rates. Therefore, one shoulddmr&mple
process-based evaluations of landscape denudatiimtinate these localized errors. These findargs
particularly relevant for the Joint Effort, becatisey emphasize the value of “simple” (yet releyant
characterization of landscape conditions to idgratifd quantify geomorphic processes. They alshligiot the
importance of choosing the correct scale for amalyBetailed, site-specific data are likely tode the best
information for the site at hand but will also mduce unavoidable biases, suggesting high predmibnot
necessarily more accurate data for a region asoéewh
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3.3. Integrated Landscape Processes

3.3.1.  The Center for Watershed Protection (2003) - “Impacts of Impervious Cover on Aquatic
Systems”, and the use of biological indicators to assess watershed health

Although an admittedly simplified approach for grzahg the complexity of human impacts on watershed
processes, the use of imperviousness can be reeogas a watershed-scale index for the impacthafruand
suburban development (in particular) on a broadeasf landscape processes. As summarized in Nétion
Research Council (2009), “The Impervious Cover M@i{&M) is a management tool that is useful for
diagnosing the severity of future stream problemas subwatershed. The ICM defines four categafiesban
streams based on how much impervious cover exigteir subwatershed...the ICM is then used to dgvelo
specific quantitative or narrative predictions $tream indicators within each stream category.s&lpgedictions
define the severity of current stream impacts &edorospects for their future restoration. Préalist are made
for five kinds of urban stream impacts: changestieam hydrology, alteration of the stream corridtneam
habitat degradation, declining water quality, amsklof aquatic diversity” (p. 190). The impactudbanization
on water quality should be emphasized, sincedften linked to declines in watershed health. Dewaent
usually leads to an increase in runoff volume actange in land surface composition that increpebstant
loading and transport.

In other words, watershed imperviousness can b asa simple-to-measure index of the variety @faats to
watershed processes; research both preceding baédggient to the 2003 publication have emphasigdataad
applicability, together with reminders of the vayief individual watersheds that do not match rsdictions of
waterbody conditions precisely. To test those ipteohs of watershed health, many of those stuldge® utilized
biological indicators because of their similarlyggrative expression of waterbody condition. Agedan the
introduction, a complete exposition of their deysi@nt and application is beyond the scope of thigew, but
the development of multimetric biological indices fuch applications is described in Karr and Cf899); its
application to urbanizing watersheds of the Padificthwest is reported (for example) in Morley agatr
(2000), and to southern California coastal strebyn®deet al. (2005).

3.3.2.  Istanbulluoglu (2009) - “An eco-hydro-geomorphic perspective to modeling the role of
climate in catchment evolution”

This review paper emphasized the importance ofrated ecological, hydrological, and geomorpholalgic
processes to the development of landscapes amdttevior under current and future climates. Figaire 1
(reproduced below) provides a worthwhile conceplahework that embraces much of the multi-scaspeats
of Montgomery (1999). It also highlights a potahtimitation of the present hydromodification sjudamely
that significant elements of his framework nmat be included (particularly the full characterizatiofithow
ecological processes interact with the physicashn@hus, it should provide a reminder of the tations, as
well as the opportunities, that the present approaay have.
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Fig. 1. A conceptual diagram depicting the interactions among biological and physical Earth
surface processes in landscape evolution. Dashed lines represent the two-way interactions
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He concluded, “To guide and promote field obseoratiand modeling, an eco-hydro-geomorphic basin
classification system, involving certain aspectsegfional climate, hydrology, ecology, and geologguld be
critical to advance this exciting new landscapeespanodeling endeavor (p. 1168).” Although thisgantly lies
beyond our reach, it invokes the very approach,gvewincomplete, that our present study is pursuing

3.3.3.  Puget Sound Watershed Characterization Project

This ongoing project, a Washington State and USE&gport project focused on the land area and weddss
draining to Puget Sound, has the overall goal afatterizing the key watershed processes in therrég assess
their relative importance to aquatic resourceskakficial uses and to determine their relativeaimpent as a
result of human activity. Its approach is to idgrareas of the landscape that are important faintaining
specific watershed processes, with intended agjgitato land-use planning and prioritization atogation
projects and conservation acquisitions. It is exat entirely in a GIS environment, drawing onfiieowing
data sources:

= Geology and soils

» Topography and hydrography
= Climate

= Stream confinement

=  Wetlands

= Land cover

= Fish distribution

To date (Stanlegt al, 2009), a complete “analysis module” has only bemmpleted for one watershed process,
namely water flow. It has been applied in sevpilat projects for selected watersheds in bothritweh (ESA
Adolfson, 2007) and south (sktp://www.co.thurston.wa.us/stormwater/chara/cHaoae.htm) Puget Sound.
The second phase of this project, which is runcmacurrently with the Central Coast Joint Effordas
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scheduled for completion in June 2011, will additaiuhl data sources and analysis modules to eiathe
watershed processes associated with water-qualigtitons and, potentially, those influencing seeifin
movement and (important in the Pacific Northwesg) flux of large woody debris. The scale of thfere is

driven by the analysis area (the Puget Sound wadrsibout 6000 mivhich is comparable to the Central Coast
region) and the “grain” of the component data laygypically 10-m to 30-m pixels for the rastera)atThe data
sets being used are broadly (and, in many casessply) equivalent to those anticipated for thetJ&ffort.
However, the Puget Sound effort has a wider sdoge ¢ven the “broad” definition of hydromodificatie.g.,
various water-quality constituents; delivery andveroent of large woody debris). At the same tirtse, i
applications are explicitly limited to addressirigmqming-level decisions rather than seeking to ragenge of
regulatory obligations.
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